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Chapter 1
 

General Introduction
 
 
1.1. Vocalizations in songbirds: Innate calls and learned song
 

Song of male songbirds is a learned and culturally transmitted behavior (Bonner, 1980) as is 
human speech. In relation, song learning of songbirds is frequently compared with how humans 
learn to speak (Marler, 1970b; Marler and Mundinger; 1971; Nottebohm, 1972a; Petrinovich, 1972; 
Doupe and Kuhl, 1999; Todt, 2004). Next to learned songs all birds of both sexes produce innate 
calls. The distinction between songs and calls is somewhat arbitrary. Some researches (e.g. Ehrlich 
et al., 1988) have stated that songs are longer and more complex than calls. Others (Howell and 
Webb, 1994) make the distinction based on function: Calls tend to serve functions as alarming or 
keeping members of a flock in contact while songs (of males) are used for territorial defense and 
mate attraction (Catchpole and Slater, 1995), and male-female pairs use songs for pair-bonding and 
cooperation (Marshall-Bal and Slater, 2004; Hile et al., 2000). 

Many songbird species,  for  example zebra finches,  go through a  critical  period of  song 
learning. During this sensitive phase juveniles learn songs from their adult conspecifics by forming 
an internal representation of song: a song template (Thorpe, 1958; Marler, 1970a; Marler and Tamu-
ra,  1964; Marler and Peters, 1987; Konishi,  1965, 1985; Price,  1979). In songbirds,  the critical 
period may be as short as two months in marsh wrens but also as long as one year such as in 
canaries, thereby extending into the next breeding season. Even though the father usually serves as 
a tutor, song may also be learned from multiple adult males or even from taped song. Young males 
such as chaffinches and white-crowned sparrows that are raised in the complete absence of tutor 
song pro-duce abnormal and simplified “isolate” songs (Thorpe, 1958; Marler, 1970a). 

During the second or “sensorimotor” phase of song learning the young birds start to sing. 
The songs that the juveniles start to produce, are matched to the memorized song using auditory 
feedback (Konishi, 1965). Initially, the juveniles produce simple songs that are unstructured, sung at 
a low volume, and do not resemble adult song yet: This songtype is called subsong and has been 
compared to the “babbling” of human infants. The young birds listen to their own vocalizations and 
compare these to their internal template. In this way, they can correct errors. Songs produced during 
the late sensorimotor phase are called plastic songs. During the sensorimotor phase, birds must be 
able to hear themselves; if they are deafened after exposure to tutor song but before vocal practice, 
they develop abnormal songs that show no evidence of learning (Konishi, 1965; Price, 1979). It has 
been suggested that deafening forces song behavior and the brain's motor circuit responsible for 
song production into a plastic state (Brainard and Doupe, 2000a). Stability in auditory feedback is 
necessary even in adulthood: Zebra finches presented with delayed auditory feedback show song 
degradation (Leonardo and Konishi,  1999; Sakata and Brainard,  2006).  Human speech shows a 
similar requirement for auditory feedback. For instance, if children become deaf even late in child-
hood, speech deteriorates markedly (Waldstein, 1990; Cowie and Douglas-Cowie, 1992). In some 
species of songbirds (such as the canary and the zebra finch) the periods of sensory and sensori-
motor  learning overlap,  while  these are separate in other songbirds,  such as the white-crowned 
sparrow (Marler, 1970a). After the sensori- and sensorimotor periods of song learning adult song 
remains unchanged, or “crystallized” in some species such as the zebra finch. 

In canaries,  the basic  song pattern emerges  even in the absence of conspecific  auditory 
models (Metfessel, 1935; Poulsen, 1959). Young canaries imitate the song of adult canaries they can 
hear, and when reared in groups they develop song patterns that they all share (Nottebohm, 1977). 
Inbred lines of Roller and Border canaries and their hybrid crosses have been used to study the 
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relative contribution of genetics and learning in canary song (Mundinger, 1995). The Rollers were 
cross-fostered to Border hens and vice versa to control for effects of maternal behavior. The Roller 
and Border males preferred to sing innate song patterns instead of copying their tutors. The hybrids 
preferred to learn some of both songs. Furthermore, canaries are capable of learning syllables of an 
alien song but have a definite preference for their own songs (Güttinger, 1979; Güttinger et al., 
1978). So, birds can be trained to sing a different song syllable, but genetic mechanisms determine 
the song's temporal pattern and have a strong tendency to override learning. Further, species such as 
the canary seem to reiterate the processes of sensory and sensorimotor learning seasonally during 
adulthood, presumably under the regulation of seasonal variability in hormone levels (see below). 
Those species are so-called ‘open-ended learners’ since they are able to add new motor units to their 
song throughout life. 
 
 
 
1.2. Song  of  songbirds  as  a  testosterone-dependent  sexual  specific 
behavior
 

One of the first endocrine phenomena discovered was the fact that male sexual behaviors are 
dependent on testosterone (Berthold, 1849). He showed that castration of adult roosters induces 
changes in their secondary sex characteristics that could be reinstalled by transplanting testicles into 
such castrates. The development of sexually salient selected male traits is in many animals depen-
dent on male sex hormones (androgens) such as testosterone. Examples include the development of 
impressive horns or antlers, bright coloration of body parts such as skin, feathers, wattles, combs 
and bill, or the ability to sing or perform a courtship dance (Folstad and Karter, 1992; Andersson, 
1994). All these ornaments displayed by sexually mature males are thought to function as honest 
indicators of male quality to conspecific females (Johnstone,  1995; Maynard-Smith and Harper, 
2003). One of the best-studied male sexual behaviors is birdsong. In most birds that live and breed 
in the temperate zones, only the male bird sings in order to defend its territory against other males 
and to attract and court females. The intensity of their singing behavior fluctuates seasonally with 
the levels of testosterone in the blood: During the breeding season, testosterone levels are high and 
male birds of the temperate zone will sing more vigorously than outside the breeding season, when 
testosterone levels are low. 

In 1957, Herrick and Harris (Herrick and Harris, 1957) reported in the renowned magazine 
Science about some local pet-shop owners’ troubles with singing behavior in otherwise non-singing 
female canaries. When these pet-shop owners purchased these canaries from breeders, the birds 
would sing in a male-like fashion. Since singing behavior is a male trait in canaries, the singing 
birds were considered males, and sold as such to customers. However, these supposedly male cana-
ries stopped singing after a while, and angry customers exposed them as the females. Herrick and 
Harris happened to know that female poultry treated with male hormones would vocalize in a male-
like fashion. Based on this knowledge, they suspected that the singing female canaries had been 
secretly slipped male hormones in order to make them sing: In this way, they could be sold, for a 
higher price, as males. This led to one of the first studies reporting that female canaries can sing in a 
male-like fashion when treated with the male hormone testosterone. 

Female canaries normally do not sing at all during the breeding season, but they may sing 
spontaneously at the end of the breeding season and during molting (Pesch and Güttinger, 1985). 
Spontaneous female canary song is rare, very soft, highly variable (i.e. not stereotyped or crystal-
lized),  and  the  males  produce  variable  small  song  repertoires.  Testosterone  treatment  increases 
singing behavior of female canaries,  and masculinizes the songs they produce,  i.e.  increase the 
stereotypy.  However,  while  male  canaries  may  learn  their  songs,  vocal  learning  has  not  been 
demonstrated in females, neither during ontogeny nor in adulthood. Similar, in male canaries the 
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production of “stereotyped song” (this term will be used for this type of song throughout the thesis) 
is induced by elevated testosterone levels (Nottebohm and Nottebohm, 1978; Heid et  al.,  1985; 
Brainard  and  Doupe,  2000b;  Leitner  et  al.,  2001).  The  seasonally  occurring  switch  from non-
stereotyped to stereotyped song of adult canaries and other songbirds is believed to be the result of 
changes in the blood levels of testosterone that increase in spring in birds of the temperate zone 
(Nottebohm et al., 1986, 1987).
 
 
 
1.3.  Song  of  songbirds  is  controlled  by  a  sexually  dimorphic 
specialized brain circuit
 

Vocal learning is thought to have evolved separately in both birds and mammals.  Avian 
vocal learners include the songbirds, parrots (Brauth et al., 2001; Gahr, 2000; Hall et al., 1993) and 
hummingbirds (Jarvis et al., 2000; Gahr, 2000) that have independently evolved the ability to learn 
vocalizations. The mammalian group consists of the cetaceans (dolphins and whales), pinnipeds 
(seals  and sea lions,  see Fitch,  2000),  humans,  possibly bats  (Boughman,  1998),  and elephants 
(Poole et al., 2005). The neural pathways involved in vocal learning are not known in non-human 
mammals  but  the vocal  control  pathways of parrots,  hummingbirds and songbirds have similar 
neural  circuits  for  vocal  control  and  similar  connectivity  patterns  (Gahr,  2000).  In  all  species 
studied, vocal control centers can be found within the telencephalon. However, there are differences 
between the three bird taxa are present, especially at the level of auditory inputs to the vocal control 
system (Striedter, 1994). The evolutionary origin of the songbird vocal control system is, however, 
unknown. Interestingly, in non-vocal learning birds, such as pigeons and doves, neuronal activation 
during vocalizing does not involve the forebrain/telencephalon, but is restricted to the brainstem and 
midbrain. The forebrain, that differentiates into a song system in those avian clades that perform 
vocal learning, is now recognized to be functionally and developmentally similar to the mammalian 
neocortex (Reiner et al., 2004). Unlike mammals, birds do not have a six-layered cortex but rather a 
nucleated structure with pockets of grey matter in their cortex-like forebrain. 

Singing behavior in songbirds constitutes a rhythmic behavior that is thought to be governed 
by a central pattern generator driving periodic neuronal spiking activity (Price, 1979). The song 
control system of songbirds is a specialized neural pathway that consists of discrete interconnected 
nuclei (figure 1.1) that are sensitive to steroid hormones. Functionally,  we distinguish two sub-
pathways:  A caudal  sensorimotor  pathway (green in figure 1.1) connects  nucleus HVC (proper 
name) to premotor nucleus RA (nucleus robustus of the arcopallium) and eventually innervates the 
bird’s sound-producing organ, the syrinx (Wild, 1994, 2004a; Nottebohm et al., 1976; Vu et al., 
1994). While this motor pathway is involved in song production, a second discrete circuit of song 
nuclei exists, which is thought to be a sensory pathway of the song system. This rostrally-situated 
anterior forebrain pathway (AFP; yellow in figure 1.1) is thought to be involved in song acquisition. 
For a more detailed description of the song control system we refer to the Annex.

One of the functions of HVC is the generation of higher-order song patterns such as syllable 
sequences (Vu et al., 1994; Yu and Margoliash, 1996; Hahnloser et al., 2002). When the zebra finch 
HVC is  unilaterally  stimulated  during  singing,  the  sequence  of  the  song  syllables  is  affected, 
whereas stimulation of the RA during singing causes only a brief distortion of ongoing syllables, but 
does not change the syllable order or the timing of the song (Vu et al., 1994). Further, since HVC 
contains  mirror  neurons it  appears  involved in cognitive aspects  of  acoustic  communication of 
songbirds (Prather et al., 2008). Since both sub-pathways converge in HVC and RA and in light of 
the above functions of HVC, HVC is generally considered to be the master nucleus of the song 
system. Alternatively, it has been suggested that the entire song motor pathway, and not just the 
HVC,  collectively functions as  the song central  pattern  generator,  although HVC might  play a 
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privileged role  in  this  process (Farries,  2006).  In  relation,  it  has  been reported that  even weak 
unilateral stimulation of RA could trigger song-level effects that were just as prominent as when 
HVC was stimulated. Even the stimulation of the brain stem respiratory nucleus paraambigualis 
(see  figure  1  from Ashmore  et  al.,  2005)  can  trigger  effects  on  both  song-  and  syllable  level 
(Ashmore et  al.,  2005). Nuclei  in the brainstem that control respiration may also function as a 
feedback system that coordinates activity patterns generated by HVC.

Singing  behavior  of  birds  is  male-specific  in  canaries,  zebra  finches,  and  several  other 
species. While the male may sing elaborately, the female may sing little (canaries) or not at all 
(zebra finches). This behavioral difference in song production correlates well with neural differen-
ces in the song system that mediate singing behavior: Even though female songbirds have a song 
system, their HVCs and RAs are smaller than those of males, regardless of whether the female sings 
or not (Nottebohm and Arnold, 1976; Bottjer et al., 1986; Gahr et al., 1998). Nonetheless, the sex 
differences in the song control nuclei of songbird species where only the male sings,  are more 
extensive than in songbird species where both the male and the female sing. For example, nucleus 
Area X is undetectable in female zebra finches but measurable in female canaries (Nottebohm and 
Arnold, 1976; Konishi and Akutagawa 1985).

The “rule” that brain size correlates with behavior is not applicable to species where the 
female  sings.  When  female  canaries  are  treated  with  testosterone  in  order  to  induce  singing 
behavior, their song control nuclei increase in size, but do not reach the size of male song control 
nuclei. In African bush shrikes (Laniarius funebris), the male and the female both have the ability to 
learn their song and have an equally sized song repertoire and song complexity. However, the male 
shrike has song control nuclei that are about twice the size of those of females with twice as many 
neurons (Gahr et al., 1998). From these observations it has been suggested that female songbirds 
need a minimal HVC- and RA size in order to produce song, but beyond this minimal size the 
volumes of HVC and RA are independent of singing behavior (Gahr et al., 1998). The differences in 
song nuclei volumes can not be explained by differences in body size (MacDougall-Shackleton and 
Ball  1999;  Gahr et  al.,  1998).  Canaries,  for example,  have no sexually dimorphic body weight 
(personal observation) but the song areas of female canaries are significantly smaller than those of 
male conspecifics (Nottebohm and Arnold, 1976). 

The song system might play a different or additional role in female songbirds. Non-singing 
females are thought to use their song system for song perception and discrimination in order to 
select a good mate. It has been reported that female canaries with bilateral lesions of HVC lose their 
ability to recognize conspecific song (Brenowitz, 1991) and to recognize and respond to sexually 
salient song (Halle et al., 2002). In female canaries, a correlation has been observed between the 
volume of HVC and the ability to discriminate between the quality of the sexually salient songs of 
males (Leitner and Catchpole, 2002). 
 
 
 
1.4. Androgenic and estrogenic action on the song system
 

In mammals, both androgens and estrogens play an important role in the masculinization of 
the  morphology and function of  the brain  (MacLusky and Naftolin,  1981;  Morris  et  al.,  2004; 
Arnold et  al.,  2004). Similarly,  in the avian song system many attributes have been reported to 
change under the influence of gonadal hormones, including the volumes of song nuclei HVC, RA, 
Area X, and nXIIts (the tracheosyringeal part of the twelfth cranial nerve nucleus); the rate of the 
incorporation of new neurons into HVC; the total number of neurons in HVC; the neuronal density 
in RA and Area X; the size of neuronal somas of HVC, RA, Area X, and lMAN (lateral part of the 
magnocellular nucleus of the anterior nidopallium); the number, length, and shape of synapses and 
dendrites in RA; the overall metabolism in HVC, RA, and Area X; and the spontaneous spiking 
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activity of neurons in RA (see DeVoogd and Nottebohm, 1981; Canady et al., 1988; Gahr, 1994; 
Gahr, 2004; Ball and Balthazart, 2006; Fusani and Gahr, 2006). In the following, these observations 
are discussed in more detail in relation to the mechanisms of testosterone action.

Steroid hormones are lipophilic molecules that are synthesized from cholesterol. The fact 
that  these hormones are lipophilic  allows them to easily pass  the cell  membrane and enter  the 
nucleus of a cell. Steroid hormones have been grouped into five groups, based on the receptor to 
which  they bind:  glucocorticoids,  mineralocorticoids,  progestins,  androgens  and  estrogens.  The 
latter  three  are  known as  sex  steroids,  or  gonadal  steroids.  Testosterone  is  the  most  important 
androgen, while 17β-estradiol is the most important estrogen. Sex steroids are maily produced in the 
gonads, but also in the adrenal glands. Sex steroid production in the brain may entirely or partially 
depend on peripheral steroid precursors (Labrie et al., 1995; Baulieu, 1998; Schlinger et al., 1999). 
The  brain  is  able  to  convert  testosterone  into  the  non-aromatizable  androgen  DHT  (5α-
dihydrotestosterone) by the enzyme 5α-reductase, or into the estrogen 17β-estradiol by the enzyme 
aromatase (figure 1.3 and see Callard et al., 1978; Steimer and Hutchison, 1980; Hutchison and 
Steimer,  1984;  Balthazart,  1991, 1997; Schlinger,  1997a,  1997b;  Ball  and Balthazart,  2002).  In 
songbirds, the highest level of aromatase activity and -expression is found in the NCM (caudal part 
of the medial nidopallium, see figure 1.2) but aromatase expression is not found within HVC or in 
any other song control nucleus (Fusani et al., 2000). There is practically no overlap between areas 
that  express  estrogen  receptors  (HVC)  and  areas  that  express  aromatase  (NCM),  even  though 
androgen receptor expression is present in both the NCM and in the HVC (Metzdorf et al., 1999). 
The production of estrogens in the brain is substantial (Schlinger and Arnold, 1991). In the songbird 
brain,  both  testosterone  and estradiol  play an  important  role  in  singing behavior  and neuronal 
plasticity (see for reviews Ball et al., 2004; Fusani and Gahr, 2006).

Androgens, like testosterone and 5α-dihydrotestosterone, bind to the androgen receptor (AR) 
and estrogens, such as 17β-estradiol, bind to the two types of estrogen receptors (ER): ER-α and 
ER-β.  When a sex steroid passes the cell  membrane and binds to its  intracellular  receptor,  the 
receptor usually dimerizes. The two receptor subunits then join each other again and move from the 
cytoplasm into the cell nucleus, where the receptor binds to a specific DNA region, the so-called 
hormone  response  element.  In  this  way,  androgen-  and  estrogen  receptors  can  function  as 
transcription factors that regulate gene expression (for reviews, see Evans, 1988; Carson-Jurica et 
al., 1990; Tsai and O’Malley, 1994). Alternatively, steroid hormones may bind to their receptors by 
a non-genomic mechanism, where the steroids bind to cell membrane receptors and activate second 
messenger pathways (Wehling, 1997). 

ARs are expressed in most nuclei of the song control system: these nuclei are depicted as 
solid red nuclei in figure 1.1 (see also Arnold et al., 1976; Balthazart et al., 1992; Brenowitz and 
Arnold 1992, Nastiuk and Clayton 1995, Smith et al., 1996; Gahr and Metzdorf 1997, Metzdorf et 
al. 1999). However, HVC is the only nucleus that also expresses ER-α (Gahr et al., 1987, 1993, 
1996;  Bernard  et  al.,  1999;  Metzdorf  et  al.  1999).  ER-β  is  not  expressed  in  the  song  system 
(Bernard et al., 1999). Sex steroids can upregulate or downregulate their own receptors (Nastiuk 
and Clayton, 1994): Seasonal changes in the blood levels of testosterone are thought to affect the 
expression  of  androgen  receptors  (Soma  et  al.,  1999),  and  a  higher  number  of  cells  express 
androgen receptors in spring than in autumn. However, even though a positive correlation has been 
reported between testosterone levels and androgen receptor expression, this finding is controversial, 
and might  be due to methodological  differences  concerning the detection of  androgen receptor 
mRNA and protein (Gahr and Metzdorf, 1997; Soma et al., 1999; Krongrad et al., 1991). 

ER-expressing neurons in HVC always project to Area X (Gahr, 1990b). This suggests that 
androgens and estrogens control different functions in HVC. Since no other song system nucleus 
expresses estrogen receptors, it is argued that any estrogen-mediated influence on song structure 
should  be  anchored  in  HVC  (Fusani  and  Gahr,  2006),  even  though  anterograde  transport  of 
estrogens and/or estrogen-mediated factors to RA or Area X is a possibility.
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Song is generally more frequent and more stereotyped in the spring breeding season when 
steroid hormone levels in the blood are high (e.g. Catchpole and Slater, 1995, Smith et al., 1995, 
1997a). In several songbird species of the temperate zone, these fluctuations in singing behavior are 
accompanied  by  changes  in  the  song  nuclei  (Nottebohm,  1981;  however,  cf.  Gahr,  1990b). 
Testosterone does, however, not act uniformly throughout the song system but is believed to have 
different  temporal  and sequential  effects  on  singing behavior  and neural  plasticity.  It  has  been 
observed that testosterone may affect some neuronal aspects more quickly than others. For example, 
when wild Gambel’s white-crowned sparrows (Zonotrichia leucophrys gambelii) are exposed to 
testosterone  and  spring-like  day  lengths,  both  HVC  volume  and  general  singing  behavior 
significantly increase after one week of treatment, while the volumes of RA and Area X are not 
significantly increased until three weeks after initiation of treatment (Tramontin et al., 2000). Also 
the production of reproductively relevant song is not fully present until three weeks after treatment 
initiation  Tramontin  and  colleagues  (2000)  have  suggested  that  testosterone  activates  HVC 
sufficiently for song production in general, but that the stimulation of RA and Area X by HVC is 
delayed, probably due to the time it takes to initiate the axonal connections between HVC and RA 
and Area X. In the male song sparrow (Melospiza melodia), HVC and RA may increase in volume 
without a simultaneous increase in testosterone levels (Smith et al., 1997a; Tramontin et al., 2001). 

When female canaries are treated with testosterone, not only do they start to sing in a male-
like  manner  but  the  volumes  of  some  of  their  song  nuclei,  mainly  HVC  and  RA,  increase 
significantly (Nottebohm, 1980). When testosterone implants are removed from female canaries, 
these females will stop singing and their song control nuclei will shrink back to their untreated size 
(Bottjer and Brown, 1993). Similarly, seasonal variations in the volume of the song nuclei HVC and 
RA have been postulated to correlate with seasonal variations in the song of domesticated adult 
canaries (Nottebohm, 1981; Nottebohm et al., 1986, 1987). On the other hand, the songs of wild 
canaries change seasonally without measurable changes in HVC- and RA volumes (Leitner et al., 
2001). However, this difference may be (partially) explained by the use of different delineation 
methods (Gahr, 1990a): Gahr suggested that permanent populations of neurons exist in the HVC 
and RA, that show seasonal morphological changes, but that are not significantly affected by the 
loss and addition of neurons and thus do not change in real size. Alternatively, it was suggested that 
the volumetric changes reflect increases in the size or number of dendrites or synapses (Nottebohm, 
1981), but this vision was later revised into the proposal that seasonal loss and addition of neurons 
might be the underlying mechanism (Goldman and Nottebohm, 1983, see below). 
 
 
 
1.5. Growth factors that are steroid-sensitive
 

Steroid hormones control cellular events via genomic mechanisms, which involves cognate 
receptors, and via non-genomic mechanisms. Thus, steroid hormones might activate or inhibit a 
large variety of cellular signaling pathways. Steroid hormone-stimulated endothelial cells are sour-
ces of secreted chemokines and trophic agents, such as FGF-2 (fibroblast growth factor 2) and IGF-
1 (insulin growth factor 1; Gensburger et al., 1987; Drago et al., 1991; Biro et al., 1994). In HVC, 
IGF-2, a growth factor involved in the support neuronal recruitment and survival, is expressed only 
by estrogen-receptor containing neurons, but is sequestrated by neighboring androgen receptor ex-
pressing neurons (Holzenberger et al., 1997). Also PDGF (platelet-derived growth factor) and IL-8 
(interleukin 8) are secreted by endothelial cells and may serve as respectively a differentiation fac-
tor and a survival factor for newly generated neurons (Araujo and Cotman, 1993; Johe et al., 1996). 

The most interesting trophic factor that is secreted by the steroid hormone-stimulated HVC 
vasculature is BDNF (brain-derived neurotrophic factor; Leventhal et al., 1999). Testosterone and/ 
or an estrogenic metabolite induce the production of both VEGF (vascular endothelial growth fac-
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tor) and its receptor VEGFR2/KDR in the adult songbird HVC, which leads to expansion of the 
HVC microvasculature. The activated endothelial cells then produce BDNF, which in turn supports 
neuronal recruitment. In the mammalian brain, too, estrogens were shown to affect the expression of 
neurotrophins such as NGF (nerve growth factor) and BDNF and their receptors (see Gibbs, 1997; 
Gibbs and Pfaff, 1992; Gibbs et al., 1994; Miranda et al., 1994, 1996; Sohrabji et al., 1994a, 1994b). 
 
 
 
1.6. Vascular endothelial growth factor (VEGF) 
 

Vascular endothelial growth factor (VEGF) is an important signaling protein that plays a role 
in  both vasculogenesis  (the  de novo formation of  vessels,  predominantly within the  embryonic 
circulatory system: Carmeliet et al.,  1996; Ferrara et al.,  1996) and angiogenesis (the growth of 
blood vessels  from pre-existing vasculature).  The family of  vascular  endothelial  growth factors 
consists  of  seven  members  of  structurally  related  proteins,  which  regulate  the  growth  and 
differentiation of multiple components of the vascular system, especially blood- and lymph vessels. 
Their  angiogenic  effects  are  thought  mediated  primarily  through  VEGF-A (or  simply  VEGF: 
Ferrara, 2004a; Hicklin and Ellis, 2005; Relf et al., 1997; Stimpfl et al., 2002).

VEGF ligands mediate angiogenic effects by binding to specific VEGF receptors. Binding of 
VEGF induces conformational changes in these receptors, which results in receptor dimerization 
and subsequent signal transduction via a tyrosine kinase domain. There are three primary receptors 
and two co-receptors that bind members of the VEGF family: Two primary receptors, VEGFR1 and 
VEGFR2 were identified years ago and are mainly associated with angiogenesis. The third primary 
receptor,  VEGFR3, has been identified more recently and is associated with lymphangiogenesis 
(Ferrara, 2004a; Hicklin and Ellis, 2005; de Vries et al., 1992, Shibuya et al., 1990; Terman et al., 
1991; Aprelikova et al., 1992). All primary VEGF receptors are receptor tyrosine kinases (RTKs). 
They have seven immunoglobulin homology domains whereas the prototype of receptor tyrosine 
kinases, platelet-derived growth factor receptor (PDGF-R), has only five. This structural difference 
between the VEGFR2 and other RTKs has placed the VEGFRs in a separate sub-family. Another 
name for VEGFR1 is feline sarcoma virus-like tyrosine kinase receptor (Flt-1), and VEGFR2 is also 
known as fetal liver kinase (Flk-1) or kinase domain region (KDR: see reviews by Ferrara and 
Davis-Smyth,  1997;  Robinson  and  Stringer,  2001;  Ferrara  et  al.,  2003;  Xie  et  al.,  2004).  As 
mentioned, members of the VEGFR receptor family have seven immunoglobulin-like domains in 
their extracellular parts. Additionally, they have a single transmembrane region, and a consensus 
tyrosine kinase sequence interrupted by a kinase insert domain. Signaling involves ligand binding, 
which induces conformational changes in the receptor's external domain, and results in receptor 
dimerization (Ullrich and Schlessinger, 1990). This is followed by receptor transphosphorylation at 
specific tyrosine residues and activation of the catalytic domains for the phosphorylation of cyto-
plasmic substrates. The phosphorylated tyrosine residues probably serve to control the receptor's 
kinase activity and also to create docking sites for cytoplasmic signaling molecules. These signaling 
molecules  are  often  co-factors  or  enzymes  and  can  either  phosphorylate  effector  molecules  or 
couple activated RTKs to other effectors (Heldin, 1995). After ligand binding and dimerization, the 
RTKs are internalized for either degradation or recycling in order to attenuate signaling (Cadena 
and Gill, 1992). The third primary tyrosine kinase receptor, VEGFR3 or Flt-4, is not a receptor for 
VEGF-A, but binds VEGF-C and VEGF-D. The neuronal effects of VEGF appear to be mediated 
predominantly by VEGFR2 that has been found in neuronal somata, growth cones of regenerating 
axons, and axonal processes (Lafuente et al., 2006). In vitro studies have demonstrated extensively 
the expression of VEGF and VEGFR2, but not of VEGFR1, by cultured neurons (Jin et al., 2000c; 
Wick et al., 2002; Svensson et al., 2002; Jin et al., 2002). Additionally, VEGFR2 is localized on 
endothelial cells, monocytes and hematopoietic stem cells (Millauer et al., 1993).
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1.7.  Brain-derived  neurotrophic  factor  (BDNF)  in  the  brain  of 
songbirds
 

The neurotrophins, or “neurotrophic factors”, are a family of growth factor proteins that 
affect the survival, differentiation and growth of neurons (and their progenitors: Ahmed et al., 1995) 
by prohibiting these from entering the cell-death program (apoptosis) (Barde, 1990; Thoenen, 1995; 
Bonhoeffer, 1996; Lewin and Barde, 1996; Marty et al., 1997; Kiprianova et al., 1999). The family 
of neurotrophins consists of four members: NGF, BDNF, neurotrophin 3 (NT-3), and neurotrophin 4 
(NT-4). The neurotrophins are also involved in the regulation of neuronal plasticity and neuronal 
recruitment, and are believed to modulate synaptogenesis and synaptic functioning (Poo, 2001), 
both during development, and in adulthood (Ernfors et al., 1990; Hofer et al, 1990; Hohn et al., 
1990).  By acting as  regulators  of  neuronal  plasticity,  neurotrophins  may allow an  organism to 
respond to internal and external stimuli (e.g. Tyler et al., 2002; Yamada et al., 2002). Studies of 
retrograde and anterograde transport of the neurotrophins have revealed that neurotrophins may be 
secreted  presynaptically  as  well  as  postsynaptically  (Schinder  and  Poo,  2000).  However, 
neurotrophins are not only secreted by neurons, but may also be secreted by other tissues, such as 
by microglia, astrocytes, endothelial cells, macrophages, cancer cells, muscle cells, and many others 
(e.g. Oppenheim,  1991;  Reynolds  et  al.,  2000;  Louissaint  et  al.,  2002;  Leventhal  et  al.,  1999; 
Rabizadeh and Bredesen, 2003). 

Two  classes  of  neurotrophin  receptors  have  been  described:  A  single  low-affinity 
neurotrophin receptor and three high-affinity neurotrophin receptors. The low-affinity receptor p75 
can bind to all members of the neurotrophin family (Chao, 1992). The high affinity receptors have 
specific receptor tyrosine kinase proteins: TrkA, TrkB, and TrkC. These receptors have different 
specificities for different members of the neurotrophin family (figure 1.4). TrkA is the receptor for 
NGF; TrkB is the receptor for BDNF and the main receptor for NT-4/5; TrkC is the main receptor 
for NT-3. NT-3 can also bind to TrkB, but with lower affinity than to TrkC. Similarly, NT-4/5 also 
binds to TrkA but with lower affinity than to TrkB. In addition to these "classical" receptors, the 
issue is complicated by the existence of isoforms of TrkB and TrkC, which lack a cytoplasmic 
tyrosine kinase catalytic region (see Barbacid, 1995). Furthermore, all four neurotrophins also bind 
to the low affinity nerve growth factor receptor, p75 (Johnson et al; 1986). In contrast to the Trk 
receptors, p75 has no cytoplasmic tyrosine kinase domain (Chao and Hempstead, 1995; Greene and 
Kaplan, 1995; Segal and Greenberg, 1996) but can still mediate neurotrophic signals. Nonetheless, 
the  role  of  p75  remains  controversial  (see  Reichardt,  2006).  Of  all  neurotrophin  receptors, 
especially  signaling  through  the  TrkB  receptor  has  been  implicated  in  the  control  of  cell 
proliferation and survival in the adult mammalian hippocampus (Lee et al., 2002; Gustafsson et al., 
2003; Sairanen et al., 2005) and in the song system (Dittrich et al., 1999). 

In the song system, BDNF mRNA can be found mainly in HVC (Dittrich et al., 1999), and 
the receptor for BDNF, TrkB, has been found throughout the somata, neuropil and fiber bundles 
(but not the nuclei) of RA, and in the HVC (Rasika et al., 1999). TrkB is also expressed by RA-
projecting neurons of lMAN, but not by most RA-projecting neurons of HVC (Dittrich et al., 1999). 
The low affinity receptor p75 was also found throughout the RA, but primarily in the neuronal 
somata. TrkC only labeled fibers (probably axons) that run through RA (see Johnson et al., 1997). 
There are at least two major sources of BDNF in the HVC: Neurons that project to RA (Dittrich et 
al., 1999; Li et al., 2000) and the endothelial cells that line capillaries within HVC (Louissaint et al., 
2002). Additionally, a small number of HVC neurons that project to Area X also express BDNF (Li 
et  al.,  2000).  However,  BDNF  might  be  anterogradely  transported  to  RA and  Area  X.  Also 
retrograde transport may occur (see Vates and Nottebohm, 1995; Nixdorf-Bergweiler et al., 1995; 
Livingstone and Mooney, 1997).    

BDNF is present in the HVC of male but not female canaries. BDNF expression has been 
implicated  in  the  male-specific  development  of  song  nucleus  HVC  and  can  be  induced  by 
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testosterone and estrogen treatment (Rasika et al., 1999; Dittrich et al., 1999; Li et al., 2000; Fusani 
et al., 2003). This indicates that testosterone increases the expression of BDNF in HVC through an 
estrogen intermediate (Dittrich et al., 1999; Fusani et al., 2003). In relation, Dittrich and colleagues 
(1999) reported that the expression of BDNF mRNA in HVC is increased significantly from post-
hatching day 30-35 onwards. When the expression of BDNF in the RA of adult male zebra finches 
is increased, the expression of juvenile-like song phenotypes is reactivated and synaptic density in 
RA is increased. (Kittelberger and Mooney, 2005). The changes in vocal plasticity include song 
variability, syllable deletions and changes to the patterning of the song. These correlational and 
experimental data suggest a role of BDNF in the development of the song system and of song 
maturation. 

Similar to what has been observed in the mammalian brain, BDNF supplies trophic support 
for migrating new-born neurons and increases their survival in the songbird HVC. In adult birds, Li 
and colleagues (2000)  showed that BDNF expression in HVC is proportional to the amount of 
singing and that a  decrease in blood levels of testosterone is accompanied by a decrease in HVC 
BDNF (Alvarez-Borda and Nottebohm, 2002; Alvarez-Borda et al., 2004). Furthermore, the amount 
of  song  produced  by  male  canaries  correlates  with  the  amount  of  neurogenesis  in  their  brain 
(Alvarez-Borda and Nottebohm, 2002). When adult female canaries are treated with testosterone, 
the  expression of BDNF increases in HVC, and  the recruitment and survival of new neurons are 
stimulated (Li et al., 2000; Louissaint et al., 2002; Alvarez-Borda and Nottebohm, 2002; Alvarez-
Borda et al., 2004). From these observation it is thought that neuron recruitment into HVC occurs in 
a seasonally regulated, steroid hormone-dependent manner (see Alvarez-Borda et al., 2004). BDNF 
appears to exert its positive effects on the survival of new neurons only during a restricted time 
window at 14 to 20 days after the birth of the new neurons, when the new neurons have reached 
HVC and start to become integrated in existing neuronal networks (Alvarez-Borda and Nottebohm, 
2002; Alvarez-Borda et al., 2004). 
 
 
 
1.8. Neurogenesis may play a role in singing behavior
 

Until about 25 years ago, it was thought that most tissues of the adult vertebrate body were 
able to renew themselves but that  neural  tissue was an exception:  Neurons were thought to be 
generated  only  during  development  but  not  thereafter.  The  birth  of  new neurons  is  a  process 
commonly  referred  to  as  neurogenesis.  Neurogenesis  comprises  the  birth,  proliferation,  and 
differentiation of neurons, followed by their migration through the nervous tissue, their functional 
integration  into  neuronal  circuits,  and  their  overall  survival  during  this  multi-step  process. 
Throughout this thesis, the term neurogenesis without further specification will refer to this entire 
process. The term neuronal recruitment is used to designate the combined actions of migration and 
integration into pre-existing neuronal networks.

Even though it was already known that neurogenesis occurs in the nervous systems of fish, 
amphibians and reptiles (see Alvarez-Buylla and Lois, 1995 for a review) it was not until 1983 that 
neurogenesis was also demonstrated in the avian brain (Goldman and Nottebohm, 1983). Earlier 
studies had reported that neurogenesis could occurrence in the rodent nervous system, these results 
were received with a lot of skepticism since the authors could not unambiguously demonstrate that 
the new cells they observed were in fact neurons (e.g. Altman and Das, 1965). However, over the 
past  few  decades  researchers  have  been  able  to  show  that  neurogenesis  continues  into  and 
throughout adult life in birds and in mammals by attaching a label to cells that are born during a 
certain period of time and simultaneously use antibodies that specifically recognize neurons: Cells 
that both carry the label for new born cells and that have bound the antibody specific for neurons, 
are new born neurons (see for a review Taupin, 2007). The availability of these new and reliable 
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techniques for labeling new born neurons and the paper by Goldman and Nottebohm (1983) boosted 
the research into adult neurogenesis and caused researchers to wonder about the functions of these 
new neurons. 

New neurons that are to be added to existing neuronal circuits in the adult brain are born in 
so-called neurogenic niches. These niches contain multipotent neural stem cells, which are able to 
self-renew and to generate progenitor cells that can give rise to all the cell phenotypes comprising 
the central nervous system (see Doetsch et al., 2002; Kucia et al., 2006; Kempermann et al., 2003, 
2004a, however, cf. Bull and Bartlett, 2005). In the mammalian brain, these niches are found in the 
subventricular zone that gives rise to new neurons of the olfactory bulb, and in the subgranular zone 
of the hippocampus (Taupin and Gage, 2002). In songbirds, a neurogenic niche can be found in the 
wall  of  the  lateral  ventricle,  which  is  homologous  to  the  subventricular  neurogenic  zone  of 
mammals.  Neurons  that  are  born  in  this  niche  migrate  through  the  brain  tissue  to  their  final 
destination, which can be the song nucleus HVC (Alvarez-Buylla and Nottebohm, 1988) from the 
ventricular zone to HVC). In insects, crustaceans, bony fish and many other species, neurogenesis 
has  been observed throughout  the brain.  Protracted neurogenesis  is  thought  to  be an important 
mechanism  underlying  neuronal  plasticity:  It  enables  an  organism  to  adapt  to  environmental 
changes and influences learning and memory throughout life (see Barnea and Nottebohm, 1994; 
Gould et al., 1999c; Gross, 2000; Lemaire et al., 2000; Shors et al., 2001; Santarelli et al., 2003, 
however, cf. Meshi et al., 2006). The possible functions of new neurons remain to be elucidated: 
New neurons may change (the output of) existing neuronal circuits, may simply replace dying cells, 
or may be an epiphenomenonon of ongoing gliogenesis (Parent, 2002; Zhao et al., 2007). A primary 
focus  of  neurogenesis  research  in  mammals  and  birds  is  the  potential  role  of  new neurons  in 
learning and memory. 

In male canaries, the rate of neurogenesis increases seasonally and coincides with elevated 
levels  of  blood  testosterone  and  an  increase  in  breeding-season  specific  song  production  (as 
discussed above and see for example Goldman and Nottebohm, 1983; Nottebohm et al., 1986, 1987, 
1994; Louissaint et al., 2002). However, there are various data that also suggest an important role 
for  estrogens  in  the  recruitment  of  new  neurons  into  the  HVC  (e.g. Louissiant  et  al.,  2002). 
Neurogenesis has been associated with the seasonal integration of newly learned song element into 
their  repertoire.  Nottebohm (1981) suggested that canaries “forget” old song elements after the 
breeding season during a time when many neurons in the HVC die. The vacancies that these dying 
neurons leave behind are then occupied by new born neurons that code for newly learned song 
elements that will be used in the song repertoire of the next breeding season. However, in later 
literature it has been suggested that the canary does not necessarily learn new song elements, but 
rather modifies and restructures old ones (Kirn et al.,  1994; Leitner et al.,  2001a). Therefore, it 
remains  unclear  what  new neurons in the canary HVC do exactly and what  their  role  in  song 
learning  and  singing  behavior  is  (see  also  Alvarez-Buylla  and  Kirn,  1997;  Tramontin  and 
Brenowitz, 1999; Scharff et al., 2000; Gahr et al., 2001; Wilbrecht and Kirn, 2004; Abrous et al., 
2005).  Similarly,  the functional  role  of new neurons in mammalian model  systems is  currently 
under debate. Even though there is some evidence that the new neurons contribute to the functions 
of  the  neuronal  structure  in  which  they  are  integrated,  such  as  learning  and  memory  in  the 
hippocampus and olfaction in the olfactory bulb. For example, when ongoing adult neurogenesis is 
disturbed by radiation, some studies reported that certain types of learning were disrupted (and thus 
thought to be neurogenesis-dependent: Shors et al., 2002; Santarelli et al., 2003), while others found 
no effect (Meshi et al., 2006). 
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1.9. The experiments conducted in this thesis
 

This thesis will report a series of experiments that were conducted in order to understand 
how testosterone influences song development and learning in the adult female canary on the neural 
level, in particular whether song development and learning involves the recruitment of newly born 
neurons. Figure 1.6 gives a model of our interpretation of the current literature on this topic. An 
overview of the experimental procedures to which the female canaries were exposed is shown in 
figure 1.5. It should be pointed out that not all females underwent each step shown in this figure, as 
will be explained in detail in the chapters below. 

In Chapter 2, I  will  describe a set  of experiments that was conducted to investigate the 
effects  of  VEGF and  BDNF on  singing  behavior  of  testosterone-treated  female  canaries  since 
VEGF and BDNF are upregulated by testosterone in the HVC. Female canaries were given implants 
containing either testosterone or nothing and then injected with an inhibitor of the VEGF receptor or 
with a control substance.  Further,  a group of such animals obtained a vector expressing BDNF 
locally in the HVC in order to compensate for the decreased BDNF expression in the HVC. The 
sounds produced by all birds were recorded over the course of the experiments, and analyzed with 
customized sound analysis  software.  We compared the song repertoires  and the repetition rates 
produced by birds treated with various treatment paradigms.

In Chapter 3, I will describe a set of experiments that was designed to investigate if female 
canaries learn their songs. Even though female canaries do not regularly sing they do know the song 
of their species: They probably memorize the songs of their fathers when they are young and have 
the capacity to express singing behavior (just like male canaries do) but lack the hormonal stimulus 
(i.e. testosterone) to do so under normal circumstances. Female canaries that had never heard male 
canary song were treated with testosterone and BDNF and were then exposed to a tutor song. The 
songs produced by the females were recorded and the syllables and song temporal pattern (the 
rhythm) was compared to that of the tutor song. This set-up enabled us to investigate 1) the ability 
of female canaries to copy song features as adults and 2) the influence of BDNF on song learning. 

In Chapter 4, I will describe how testosterone via VEGF and BDNF signaling affect the 
neuroanatomy including the recruitment of adult born neurons into HVC of those animals of which 
I analyzed the behaviors in Chapter 2 and 3. Again, female canaries were treated with testosterone 
and an inhibitor of the VEGF receptor and in addition locally infused with an expression plasmid 
for  BDNF.  These  measurements  should  show  if  the  experimentally  induced  lack  of  singing, 
respectively the occurrence of singing correlates with gross-anatomical features and/or the number 
of new HVC neurons. 

Finally, in Chapter 5, the results of the experimental work described in this thesis will be 
discussed in reference to the literature. 
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Chapter 2
 

The effects of VEGF and BDNF on testosterone-induced singing 
behavior in the adult female canary

 
With: Anton Pieneman, René Jansen, Falk Dittrich, and Manfred Gahr

 
 
2.1. Introduction
 

As discussed in detail in the introduction, adult male canaries sing seasonally in order to 
defend their territories and to attract and court a female. In the breeding season, their songs are 
more stereotyped compared to songs of the non-breeding season. The song characteristics of the 
breeding  season  in  male  canaries  are  dependent  on  testosterone.  Female  canaries  rarely  sing 
spontaneously, but male-like singing can be induced in these females by treatment with testosterone. 
In relation, we use the testosterone-induced singing of female canaries as a model to study the 
cascade of neuronal events that are triggered by testosterone in song control regions and that lead to 
singing.  The  advantage  of  studying  female  canaries  instead  of  castrated  males  is  that  females 
provide a homogeneous baseline since they normally do not sing. 

Canaries, like all songbirds, have a specialized steroid-sensitive network of brain nuclei for 
song production. Nucleus HVC is involved in the control of higher-order song patterns such as 
syllable sequences. Testosterone induces a number of plastic changes in the HVC of the male and 
the female canary, such as morphological changes, changes in the recruitment of new neurons, and 
changes in angiogenesis. In addition, testosterone rapidly induces the production of both vascular 
endothelial growth factor (VEGF) and its receptor (VEGFR2; Louissaint et al., 2002), which in turn 
leads to expansion of the HVC microvasculature. The activated microvasculature will respond by 
producing  the  neurotrophin  brain-derived  neurotrophic  factor  (BDNF).  In  this  chapter,  we  will 
investigate  the  effects  of  testosterone,  VEGF,  and  BDNF  on  song  production  in  adult  female 
canaries. Morphological changes resulting from testosterone, VEGF and BDNF manipulations on 
the HVC will be discussed in Chapter 4.
 
2.1.1. Testosterone and reproductive behaviors 

Courtship  and  reproductive  behaviors  occur  in  most  species  in  the  spring,  when 
temperatures are relatively mild and food availability is highest (reviewed in Wingfield and Kenagy, 
1991):  Male songbirds’ testes are larger,  better developed, and more active during the breeding 
season,  and  will  regress  when  a  male  bird  is  put  under  short-day  photoperiod  in  winter-like 
conditions  (Wingfield  et  al.,  1996).  In  wild  canaries,  the  levels  of  testosterone  increase  at  the 
beginning of the breeding season, decrease after egg laying and hatching, and drop even further 
outside  the  breeding season (Leitner  et  al.,  2001).  Increased day length in spring activates  the 
songbirds’ testes  (Ball  and  Balthazart,  2002)  and  thereby  increases  the  levels  of  testosterone 
circulating in the blood (see Ball, 1999; Ball and Balthazart, 2002). These endocrinological changes 
are associated with increases in sexual behaviors, such as singing behavior (Ball and Balthazart, 
2002; Logan and Wingfield, 1995, and see for a review Ball et al., 2004), but also in territorial 
behaviors, such as male-to-male aggression (Johnsen, 1998). Additionally, fluctuations in hormone 
levels  have  also  been  associated  with  changes  in  the  neuronal  plasticity  of  the  brain  nuclei 
responsible for song production: Steroid hormones such as testosterone are believed to regulate 
behavioral transitions between seasons and coordinate behaviors with internal and external events. 

In many bird species, singing rates are increased in the presence of high levels of circulating 
testosterone (Schlinger, 1997b; Ball et al., 2003; Harding, 2004; Leitner et al., 2001 and figure 2.1). 
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Both  testosterone  and  testosterone’s  aromatization  product  estradiol  are  important  in  sexually-
relevant songs, such as those produced during the breeding season: Estrogens stimulate male zebra 
finches  to  sing  both  more  songs  and  faster  songs  towards  females,  which  is  not  the  case  for 
undirected songs or songs directed at other males: Particularly undirected songs do not seem to 
require estrogenic activation (Walters et al., 1991). Similar, in canaries the production of sexy song 
features appears to depend on the aromatization of testosterone (Fusani et al.,  2003). In female 
zebra finches, estrogen levels and egg laying behavior are influenced by male songs, both by the 
type of the song that is produced and by the direction and intention of the singer (Tchernichovski et 
al., 1998). This shows that the social context of a song is equally important to the singer as it is to 
its  recipient,  and  that  male  songbirds  can  hormone-dependently  alter  their  singing  behavior 
depending on their motivation to sing (sexual or non-sexual). 

Canaries  that  are  used  for  research  purposes  in  laboratories  have  usually  been  bred  in 
captivity for centuries, and have been selected for song features desired by humans. Both their vocal 
performance and their song repertoires are different from those of canaries that live in the wild 
(Leitner et al., 2001b). In certain songbird species, it has been reported that some song features are 
rarely sung by birds that live in captivity and it is suggested that the acquisition of such features is 
dependent upon context (King and West, 1983; Kroodsma, 1988; Pepperberg, 1997). For example, 
song features that are used for long distance communication are redundant in laboratory settings 
(Adret-Hausberger, 1982), and captive birds that live in close proximity of their conspecifics may 
learn  to  suppress  song  signals  that  are  used  in  male-to-male  aggression  (West  et  al.,  1997). 
Additionally, social factors may affect song development of young male songbirds (e.g. Snowdon 
and Hausberger, 1997). Such factors include the number of social partners a bird can interact with 
(Smith et al., 2002), and the availability of tutor song models, which is discussed above (but see 
also Thorpe, 1958; Nottebohm, 1968; Catchpole and Slater, 1995). Therefore, it should be kept in 
mind that caged birds might have different motivations to sing than do freely ranging birds. 

Not only androgens like testosterone, but also estrogens are involved in territorial behavior 
(Walters et al., 1991; Soma et al., 2000; Silverin et al., 2004). During autumn and winter, when tes-
tosterone levels in the blood are low, territorial behavior is also very low (DeWolfe, 1968; Smith et 
al., 1995). Elevated testosterone levels are also responsible for other male specific sexual character-
istics, such as feather- and beak coloration (McGraw et al., 2006). So, it appears that male behaviors 
with a sexual motivation, such as singing, are probably dependent on steroid hormones. However, 
elevated concentrations of testosterone are not required for singing to occur  per se (Ball  et  al., 
2003). Singing in a non-sexual context may occur in the presence as well as in the absence of 
steroid hormones. Several songbird species display high singing rates in the fall, when testosterone 
levels have dropped drastically (see Riters et al., 2000; Soma et al., 2002). For example, the wild 
adult male Gambel’s white-crowned sparrow (Zonotrichia leucophrys gambelii) is a species that 
does not develop new songs beyond the first year (DeWolfe, 1968). These birds breed in Alaska but 
spend the winter season in the southwest of the USA (Wingfield and Farner, 1978). Even though 
this species’ song is most frequent and stereotyped in structure during the spring (e.g. DeWolfe, 
1968; Smith et al., 1995), it also commonly sings in the autumn and winter (non-breeding season), 
when plasma testosterone level is low or undetectable (Wingfield and Farner, 1978; Schlinger et al., 
1992; Smith et al., 1995; Brenowitz et al., 1998). Low plasma testosterone levels might support 
winter singing if androgen receptors in the song nuclei are upregulated in the non-breeding season 
in order to increase sensitivity to plasma testosterone. Aromatase is present in the brains of white-
crowned sparrow during winter, but its role remains unclear (Schlinger et al., 1992). Additionally, 
male song sparrows that were treated with testosterone implants increased their singing behavior 
under both spring-like light conditions and fall-like light conditions, but more rapidly under spring-
like light conditions (Nowicki and Ball, 1989). This example illustrates why singing behavior, like 
many other gonadal hormone-modulated behaviors, can be considered to be facilitated by testos-
terone, rather than being regulated by the steroid in an all-or-none fashion (Ball et al., 2003). 
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2.1.2. Song pattern
Birdsong has both temporal components, such as rhythm, and spectral components, such as 

syllable morphology and frequency modulation. Both these components can be copied from tutor 
song by juvenile male canaries (Güttinger, 1981; Gardner et al., 2005). The arrangement of song 
elements in a temporal order is called the song syntax. The syntax of canary song is composed of 
several sound elements (Güttinger, 1985; Catchpole and Slater, 1995; Vallet et al., 1998; Mota and 
Cardoso, 2001; figure 2.3). Several song phrases can be recognized, which are separated from each 
other by silent pauses, especially during the breeding season. A song phrase is an uninterrupted 
singing passage of a varying duration (from a few seconds up to more than a minute). Each phrase 
is composed of several tours, which are repetitions of song elements known as syllables. Syllables 
are usually constructed of a single note (monopartite syllable), but some complex syllables that are 
sung during the breeding season may be constructed of two (bipartite), three (tripartite), or even 
more  notes  (multipartite:  Vallet  et  al.,  1998  and  see  figure  2.3).  The  song  syllable  repertoire 
comprises all syllables a bird is able to produce.

It is believed that song patterns and song repertoires have evolved through sexual selection 
and that they may be an honest indicator of male fitness (Read and Weary, 1990). Birdsong may be 
important for both territorial defense and for mate attraction, and different song components may 
have different meanings to the recipient (Thorpe, 1961; Catchpole, 1983). In canaries,  the song 
repertoire, the song structure, and the level of song activity correlate with the breeding cycle (e.g. 
Leitner  et  al.,  2001).  In  many species  of  songbirds,  such as  the  Northern  cardinal  (Cardinalis  
cardinalis),  and Carolina  wrens (Thryothorus  ludovicianus),  the males  possess  several  different 
song repertoires.  These repertoires may range from 2 up to an apparently unlimited number of 
songs, such as in mockingbirds (Mimus polyglottos). In some species of songbirds, like the common 
yellowthroat (Geothlypis trichas), males only have one song type. Having a repertoire of several 
song types may have a variety of functions (see for example Capp, 1992): Each song type may have 
a different meaning and having more song types may be an advertisement of the quality of the male. 
Additionally,  a  larger  song  repertoire  may allow for  a  more  effective  communication  between 
conspecific males, which can match their song types to those of their neighbors. Furthermore, it has 
been suggested that the production of several song types may prevent exhaustion of nerves and 
muscles and may also prevent habituation. 

The crystallized songs of male canaries are characteristically organized in phrases and tours 
of  syllables  during  the  breeding  season.  During  the  non-breeding  season,  canaries  (and  other 
songbirds) sing so-called plastic songs, which are far less organized into distinct tours and phrases. 
Furthermore, the songs of the breeding season contain syllables that are sung far less or not at all 
outside the breeding season, and that elicit high levels of sexual display behavior in female canaries. 
Such features are referred to as “sexy syllables” and  include  syllable utterance at a high syllable 
repetition rate, multipartite syllables and rapid frequency modulations over a large frequency range 
(Vallet and Kreutzer, 1995; Vallet et al., 1998). Especially tours sung at a high repetition rate and 
containing complex multipartite syllables are highly likely to induce display behavior in females 
(Vallet and Kreutzer, 1995; Vallet et al., 1998). Canaries can modulate the two  notes of bipartite 
syllables over different broad frequency ranges: The high-pitched note is generally sung between 
3.7 and 5.8 kHz, while the low-pitched note is generally sung between 1 to 3.5 kHz. This gives 
these  bipartite  syllables  a  characteristic  “two-voice”  appearance (Greenwalt,  1968;  Stein,  1968; 
Suthers, 1990) (figure 2.3B). However, male canary songs contain only a few multipartite syllables 
(Güttinger et  al.,  1978).  Further,  songs of the breeding season are characterized by short  silent 
intervals between the syllables of a tour and by increased tour length (Güttinger, 1979; Pesch and 
Güttinger, 1985; Nottebohm et al., 1986; Leitner et al., 2001). It is believed that these syllables and 
their high-speed production are energetically costly to produce and may therefore be used by the 
females as an indicator of male fitness (Zahavi, 1987; Guilford, 1995; Vallet and Kreutzer, 1995; 
Suthers  and  Goller,  1997;  Vallet  et  al.,  1998;  Drăgănoiu  et  al.,  2002).  Further,  large  syllable 
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repertoires  of  male  canaries  stimulate  nest  building  in  females  and  sexy  syllables  stimulate 
copulation solicitation display (Kroodsma, 1976; Kreutzer and Vallet, 1991; Vallet and Kreutzer, 
1995; Vallet et al., 1998; Drăgănoiu et al., 2002).
 
2.1.3. Singing in female songbirds 

Many female songbirds do not sing themselves, but listen to and judge the songs produced 
by males. Female discrimination is implicated as an important selective force in the evolution of 
male singing behavior (Orians, 1969; Leitner and Catchpole, 2002) and females might estimate and 
judge a male’s fitness from the quality of his song (Zahavi, 1975). For example, male Bewick’s 
wrens (Thryomanes bewickii) that hatch late in the breeding season develop smaller song repertoires 
than males that hatch earlier in the season (Kroodsma, 1972), and in general, birds that hatch late in 
the breeding season have a poorer chance of survival (Harris, 1966; Nettleship, 1972; Perrins 1966). 
Certain features of male canary song can stimulate reproductive behavior in females, such as nest 
building and copulation solicitation display (e.g. Darwin, 1874; Ficken et al., 1960; Lehrman and 
Friedman, 1969; Nottebohm and Nottebohm, 1971). 

Even though singing behavior is typically a male trait, female birds of some species may 
sing for a variety of reasons,  including territorial defense (particularly against other females, but 
occasionally also against males), pair-bonding, mate guarding, and reproductive coordination (for 
example to communicate with fledglings; see Langmore, 1998). Bird species in which the females 
are known to sing are for example: the alpine accentor (Prunella collaris: Langmore et al., 1996), 
the superb fairy-wren (Malurus cyaneus:  Cooney and Cockburn, 1995), and the European robin 
(Erithacus rubecula: Hoelzel, 1986). Songs of the mockingbird (Mimus polyglottos), the Northern 
cardinal (Cardinalis cardinalis), and the black-headed grosbeak (Pheucticus melanocephalus) are 
equally complex in males and females (see for example Yamaguchi, 1998, 2001). However, the 
European robin female tends to sing only at the end of the breeding season when breeding pairs 
separate and the male and female have to defend their own territories. During these periods, females 
have elevated testosterone levels (Kriner and Schwalb, 1991). If females hold individual territories 
in the winter, they may sing during winter even though they do not sing during the breeding season. 

In about 220 different species of songbirds (mostly endemic to the tropical regions), the 
male and female sing together in a duet. Duetting in songbirds is considered to be one of the most 
strongly temporally  coordinated  behaviors  known in  the  animal  kingdom (Thorpe,  1963;  Hall, 
2004). Duetting patterns vary between different species of duetting birds: Males and females may 
sing  in  alternation (antiphonal  duets),  in  synchrony,  or  with  partial  overlap (Farabaugh,  1983). 
While in most duetting species the males sing a solo song in addition to the duet they sing with their 
partner, the females do not always have solo song. Brenowitz and colleagues (1985) describe three 
different duetting species of which the females occasionally, rarely, or never sing solo songs. 

Although duetting is likely to require vocal learning of females, experimental evidence of 
female song learning is scarce. Examples supporting the possibility of female vocal learning are the 
African bush shrikes (Laniarius funebris: Wickler and Sonnenschein, 1989; Gahr et al., 1998), the 
Eastern whipbird  (Psophodes  olivaceus: Mennill  and Rogers,  2006),  and the Northern  cardinal 
(Cardinalis cardinalis: Yamaguchi, 1998, 2001). However, there is no evidence for vocal learning 
by adult females of any species. In contrary, in duetting species like the African bush shrike, the 
females (as the males) maintain their previous duet even if repaired artificially (or due to death of 
the previous mate) in adulthood (Seibt and Wickler, 2000). Nevertheless, both song preference and 
song recognition could be a learned behavior in female songbirds (for review, see  Riebel, 2003).

Even though female canaries rarely sing spontaneously (Pesch and Güttinger, 1985), they 
may sing after treatment with testosterone. Females treated with testosterone show an increase in 
singing behavior and sing more stereotyped (i.e. more male-like) songs. It is unclear whether female 
canaries are capable of sensorimotor learning; this has neither been demonstrated during ontogeny, 
nor in adulthood.
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2.1.4. Effect of testosterone on singing behavior of canaries
Adult  male canaries sing regularly,  both in the breeding season and in the non-breeding 

season, while singing by female canaries is rare and restricted to non-reproductive contexts. Canary 
songs  are  composed  of  phrases,  which  are  separated  by  silent  intervals.  Phrases  are,  in  turn, 
composed of tours. A tour is defined as a repetition of a particular song unit, called a syllable. A 
syllable is constructed of one to three uninterrupted frequency modulations, called notes (figure 
2.3). The length of the songs, the stereotypy of each tour and the stereotypy of the syllables change 
seasonally in adult male canaries. Furthermore, wild canaries sing certain syllables only during the 
breeding season. These seasonal changes appear to be dependent on testosterone and its estrogenic 
metabolites although non-gonadal hormones that reflect seasonality (such as melatonin) might be 
involved as well (Bentley and Ball, 2000; Jansen et al., 2005). 

It  has  been  reported  that  domesticated  canaries  have  low levels  of  testosterone  in  late 
summer  and  early  autumn,  and  also  exhibit  highly  instable  song  during  this  period.  In  fall, 
domesticated canaries add new syllables to their repertoire. This is accompanied by both an increase 
in the blood levels of testosterone and by the addition of new neurons to the forebrain (Alvarez-
Buylla and Kirn, 1997, and see Chapter 4). However, increased levels of testosterone during fall 
have not been observed in wild canaries (Leitner et al., 2001a). Wild canaries maintain 75% of their 
syllable repertoire both seasonally and annually, and the remaining 25% is used during the breeding 
season.  About  50% of  the syllables  that  were lost  after  one breeding season reappeared in the 
following breeding season, which indicates that they were not forgotten. Wild canaries are able to 
learn new syllables (Güttinger, see Leitner et al., 2001a), but are also believed to control the use of a 
variety  of  syllables  in  a  permanent  repertoire  and  choose  to  use  those  syllables  that  are 
(reproductively) successful (Leitner et al., 2001a; Marler, 1997).

Like  in  adults,  testosterone  affects  the  maturation  of  the  song  organization  during  the 
ontogeny of male canaries. When juvenile male canaries are treated with exogenous testostone, the 
time schedule for song development is  accelerated within 5 days after initiation of testosterone 
treatment. These birds can sing an adult-like song between day 45 and day 70 post hatching, while 
this level of song behavior is only reached at day 250 in normally developing canaries (Güttinger et 
al., 1990; Stocker et al., 1994), indicating that testosterone can enhance normal androgen-induced 
song-development (Sartor et al., 2005). The stability and rhythmical repetition of syllables produced 
by these testosterone-treated juvenile male canaries were described as similar to adult male song 
(Stocker et al., 1994). 

Female canaries have generally low levels of testosterone and do not sing at all during the 
breeding season. However, it has been reported that they may sing spontaneously, usually at the end 
of the breeding season (Pesch and Güttinger, 1985). These female canary songs are, unlike those of 
adult male canaries, highly variable with only a few different song elements, they are uttered softly, 
and they are separated by long silent pauses (Pesch and Güttinger, 1985). Songs of female canaries 
are comparable to subsongs produced by juvenile male canaries. When female canaries are treated 
with physiological doses of testosterone, they may start to sing a song that is similar to songs of 
reproductively active male canaries (Leonard, 1939). Testosterone treatment increases the length of 
the tours, the stereotypy of syllables and silent pauses, the fraction of tours composed of rapidly 
repeated syllables, and the overall syllable repertoire (Leonard, 1939; Kroodsma, 1976; Güttinger, 
1979; Heid et al., 1985; Nottebohm et al., 1986; Leitner et al., 2001b; Fusani et al., 2003). The 
production of bipartite syllables is  very rare  in testosterone-treated females,  suggesting that  the 
coordination  of  both  sides  of  the  syrinx,  which  is  necessary  for  the  production  of  these  sexy 
syllables, is highly complicated and energetically costly (Hartley, 1990; Vallet et al., 1998; Halle et 
al.,  2003;  Suthers  et  al.,  2004).  Further,  testosterone-treated female  canaries  sing mainly small 
syllable  repertoires  with  rather  low repetition  rates  (Suthers,  1990;  Hartley and Suthers,  1990; 
Fusani et al., 2003). Nevertheless, the songs of some testosterone-induced female canaries can elicit 
sexual display behavior in non-treated female canaries (Vallet et al., 1998).
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2.1.5. Regulation of BDNF expression
There is substantial evidence that interactions between steroid hormones, like testosterone 

and  estradiol,  and  growth  factors,  like  BDNF,  are  important  for  proper  neuronal  functioning. 
Testosterone can be aromatized into estradiol locally in the mammalian hippocampus (Hojo et al., 
2004), and estradiol in turn may influence the synthesis of BDNF. The interaction of estradiol with 
BDNF  may  affect  hippocampal  functioning  and  the  ultrastructure  of  hippocampal  neuronal 
networks, including synaptic remodeling and neuronal survival (see Luine, 1997; Woolley, 1998; 
Kretz et al., 2004). In ovariectomized rats, estrogen treatment results in an enhanced expression of 
BDNF  mRNA in  the  cerebral  cortex,  the  hippocampus,  and  the  olfactory  bulb  (Jezierksi  and 
Sohrabji, 2000; Singh et al., 1995; Sohrabji et al., 1995), and also in the expression of TrkB mRNA 
in the olfactory bulb (Jezierksi and Sohrabji, 2001). Similar, BDNF expression is upregulated by 
estrogens in the HVC of canaries and zebra finches (Dittrich et al., 1999; Louissaint et al., 2002; 
Fusani  et  al.,  2003).  Additionally,  estrogen  receptors  have  been  found  to  colocalize  with 
neurotrophin-sensitive neurons (Miranda et al., 1993; Toran-Allerand et al., 1992). Furthermore, in 
rats,  BDNF  mRNA levels  in  the  hippocampus  fluctuate  significantly  during  the  estrous  cycle 
(Gibbs, 1998). This indicates that estrogens regulate the expression of BDNF. They may do so by 
means  of  several  mechanisms:  1.  Direct  regulation  of  BDNF gene expression,  which  involves 
nuclear estrogen receptors (ERα and/or ERβ: see McEwen et al., 1990); 2. BDNF synthesis at other 
sites  than  the  nucleus,  which  involves  membrane-bound  receptors  or  ER-like  proteins  that  are 
associated with the plasma membrane (Levin,  2002);  3.  Indirect  effects of estrogens on BDNF 
synthesis via GABAergic interneurons; 4. BDNF synthesis through interactions with other steroid 
hormones; 5. BDNF production could possibly be mediated by the effects of estrogens on glial cells 
(see for a review Scharfman and MacLusky, 2005). 

The  structure  of  brain-derived  neurotrophic  factor  (BDNF)  gene  is  complex:  The  gene 
contains various regulatory elements with four 5´ exons that are linked to separate promoters and 
one 3´ exon that encodes the BDNF protein (see figure 2.4 and Rattiner et al.,  2005). BDNF’s 
variable 5’ exon and a common 3’ exon suggest differential splicing or promoter usage of the BDNF 
gene: This suggests multilevel regulation of expression. The four promoters of the BDNF gene are 
indeed differentially regulated and expressed in different tissues or even in different regions of the 
same tissue.  Rattiner and colleagues (2005) provided evidence for differential splicing/promoter 
usage following a  behaviorally relevant  learning paradigm. For  example:  exons I  and III  were 
upregulated in the basolateral amygdala 2 hours after exposure of the animal to a fear conditioning 
paradigm, while expression of exons II and IV remained unchanged. Other examples of events that 
increase the expression of a specific subset of the BDNF exons are seizure, exercise, ischemia, 
osmotic stress, the use of antidepressant, etcetera (see Givalois et al., 2001; Timmusk et al., 1993, 
1995; Rattiner et al., 2004, 2005). 

Due to its  complex promoter structure,  BDNF gene expression is  probably regulated by 
many different factors, including those associated with neuronal activity. An important regulator of 
BDNF gene expression is the transcription factor cAMP response binding element (CREB). CRE 
elements in the promoter region of BDNF indicate that it is a downstream target of CREB (Conti 
and Blendy, 2004). Apart from antidepressants (which are discussed in paragraph III), various other 
means to increase BDNF expression in the mammalian hippocampus have been described, such as 
steroid hormones (Kretz et  al.,  2004), the excitatory neurotransmitter glutamate (Favaron et al., 
1993), voluntary exercise (Molteni et al., 2004, Neeper et al., 1995, Neeper et al., 1996; Vaynman et 
al., 2004; Bjørnebekk et al., 2005), caloric restriction (Andrade et al., 2006; Maswood et al., 2004; 
Mattson  et  al.,  2003),  intellectual  stimulation  (Hellweg  et  al.,  2006),  and  epileptic  seizures 
(Scharfman, 2005; Binder et al., 2001).

Thus, BDNF expression levels in a certain brain region might integrate a number of different 
environmental information
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2.1.6. Experimental setup
In this chapter we will investigate the influence of testosterone, the endothelial growth factor 

VEGF, and the neurotrophin BDNF on singing behavior in female canaries. By manipulating the 
levels  of  testosterone and the action of  VEGF, we want  to  investigate  how these  three factors 
change certain features of the HVC (as will be discussed in Chapter 4), and how these changes be-
come manifested in the songs produced by the bird. In other words, we investigated how changes at 
the cellular level of a brain area resulted in changes in the behavioral output of this area.  Adult 
female canaries were implanted with slow-release implants containing testosterone or nothing. At 
the same time, the birds were infused with a vector coding for the neurotrophin BDNF directly into 
the HVC. The birds were also injected with either an inhibitor of the VEGF receptor 2 (VEGFR2-I) 
or PBS or the vehicle used to dilute the VEGFR2-I. During this period, all utterances of the females 
were  recorded  and  analyzed.  In  this  way,  we  wanted  to  obtain  information  on  the  effects  of 
testosterone on song production and whether this involves VEGF and BDNF signaling in HVC. 

To study the effects of testosterone on singing behavior and brain plasticity in canaries, one 
could either castrate a male to investigates the effects of testosterone removal or apply endogenous 
testosterone to a female in order to study the effects of testosterone addition. However, castration 
usually results in highly variable levels of circulating steroid hormones (Heid et al., 1985; Marler et 
al.,  1987; Adkins-Regan et al.,  1990), since the complete removal of gonadal tissue is difficult, 
testosterone may be secreted by tissues other than the testes (such as the adrenals), and testosterone 
may be synthesized de novo in the brain (Baulieu, 1997; Compagnone and Mellon, 2000; Tsutsui et 
al., 2006). Therefore, treating female canaries with testosterone is a more commonly used approach, 
as females have low levels of circulating androgen hormones (Weichel et al., 1986). 

 
 
 
2.2. Materials and Methods
 
2.2.1. Housing of the birds

Adult (1-year-old) female canaries were housed together in aviaries between experiments 
under a winter-like photoperiod. At the start of the experiments, the birds (n = 35) were moved into 
cages (56 x 28 x 38.5 cm, length x width x height) inside sound-attenuating boxes (inner dimension 
68 x 48 x 63 cm; outer dimensions 102.5 x 56 x 81 cm, length x width x height). The boxes were 
equipped with a  microphone through which sound was continuously recorded during the entire 
experiment. Two or three birds shared a cage. The floor of the cage was covered with sawdust and a 
bowl with (stomach) gravel was available to the birds. Water and food were available ad libitum and 
the birds were provided with a portion of fresh fruit or vegetables daily. The cages were illuminated 
with a lamp (Osram Dulux F 36W/21-840 2G10, Yokohama, Japan). The lamp was switched on and 
off by a timer. The length of artificial “daylight” the birds were exposed to was gradually increased 
from winter-like conditions (lights on for 9 hours; lights off for 15 hours) to spring-like conditions 
(lights on for 14 hours; lights off for 10 hours). When the photoperiod reached spring-like condi-
tions, the experimental procedures described below were started (day 1). We also housed ten adult 
male canaries under the same conditions: The males were housed in aviaries before the initiation of 
the experiments and were then moved into sound boxes with a (non-experimental) female.

2.2.2. Hormone implants
In  early  endocrinological  studies,  steroid  hormones  were  administered  subcutaneously, 

dissolved  in  oil.  This  method  produced  variable  hormone  levels  in  the  blood  plasma.  The 
introduction of time-release capsules  allowed constant hormone plasma levels (see for example 
Legan et al., 1975).  Silastic tubes can serve as a nonporous lipophilic membrane and have been 
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used to study the diffusion rates and permeation properties of several substances, including steroid 
hormones (see for example Megrab et al., 1995). 

At day 1, the female canaries were implanted subcutaneously with silastic tubes (Silastic Rx 
medical grade tubing, Dow Corning, Midland, MI, USA: inside diameter 0.64 mm; outside diameter 
1.20 mm; wall 0.28 mm) containing either crystalline testosterone propionate (4-androsten-17β-ol-
3-one 17-propionate, #T1875, Sigma-Aldrich, Steinheim, Germany) or nothing. The ends of the 
implants had been sealed with glue (multi-purpose, one component silicone sealant, Dow Corning, 
Wiesbaden,  Germany).  Testosterone  implants  as  described  here  are  able  to  increase  blood 
testosterone levels in female canaries to levels characteristic of normal adult male canaries during 
the breeding season, and to activate singing behavior in female canaries (A. Louissaint, personal 
communication). After the implantation, the skin was gently pulled closed and the ends were glued 
together  with  Histoacryl  (Braun,  Aesculap,  Tuttlingen,  Germany).  The  skin  was  treated  with 
lidocaine cream (Lidesthesin Cream 5%, Ritsert, Eberbach, Germany). At day 18, a new silastic 
tube with testosterone propionate was implanted to replace the initial one.

A group of females (n = 27) was implanted with silastic tubes containing various concentra-
tions of testosterone mixed with cholesterol (3β-Hydroxy-5-cholestene-5-Cholesten-3β-ol, #C3045, 
Sigma-Aldrich, Steinheim, Germany). We prepared implants consisting of 0% (n = 11), 10% (n = 
3),  25%  (n  =  3),  and  50%  (n  =  3)  testosterone  (see  paragraph  2.4.1  for  a  consideration  on 
testosterone plasma titers). Of the birds that received 0% testosterone, 2 birds were implanted with 
an implant containing cholesterol and the other 9 birds were implanted with empty implants. The 
birds were treated with the mixed testosterone/cholesterol implants (mixed by weight) for a period 2 
months and implants were replaced every 2 weeks. The birds treated with 50%, 25%, 10%, and 0% 
testosterone  were  exposed  to  taped  male  canary song  prior  to  and  during  the  first  week after 
implantation. This was done to investigate whether female canaries are capable of sensorimotor 
learning. The results of the tutoring paradigm will, however, not be discussed here but in Chapter 3. 
 
2.2.3. VEGF receptor (R2) inhibition

From day 1 onwards, daily intrapectoral injections were given with 20 mg/kg VEGFR2-I 
(vascular endothelial growth factor receptor2 inhibitor, 4-[(4’-Chloro-2’-fluoro)phenylamino]-6,7-
dimethoxyquinazoline,  Calbiochem,  Nottingham,  UK)  in  vehicle,  or  vehicle  alone  (DMSO 
[Dimethylsulfoxide, Riedel-de Haën, Seelze, Germany] : PBS 0.01M = 2:1), or PBS (0.01M). The 
VEGFR2 inhibitor we used in these experiments is highly potent and more specific for VEGFR2 
than other currently available inhibitors (Hennequin et al., 1999). At day 27, the last injections with 
either VEGFR2-I or PBS were given and the birds were sacrificed by decapitation at day 37 (figure 
1.5 shows a schematic overview of all procedures described in this thesis. Please note that day 1 
described in this chapter, corresponds with day 15 in figure 1.5). 
 
2.2.4. Vector-induced BDNF transfection
- Vectors and in vivo transfection 

Simultaneously with the start of treatment with testosterone and the VEGFR2 inhibitor, a 
BDNF carrying vector (a gift from Falk Dittrich) was injected bilaterally into the HVC of some of 
the birds (n = 15).  The efficiency and expression levels of the BDNF carrying vector have been 
tested in zebra finches (Dittrich et  al.,  unpublished).  This paragraph describes the experimental 
procedures developed by Dittrich and colleagues and used for the current experiments. Plasmid 
vectors with the cytomegalovirus (CMV) promoter and designed to express prepro-proteins of rat 
BDNF (pCMV-BDNF-stop-stop-eGFP [=  enhanced  green  fluorescent  protein])  were  used.  Two 
stop-codons  were  introduced  between  the  coding  sequences  of  the  BDNF  and  eGFP  in  an 
expression plasmid (p-eGFP-N1, Clontech Lab., Inc. Mountain View, CA, USA) coding for the 
corresponding C-terminal eGFP-tagged fusion protein (pCMV-BDNF-eGFP: see Haubensack et al., 
1998). Thus, vector-induced BDNF expression could be detected by PCR/ISH using primers/probes 
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directed against  the eGFP sequence  of  the BDNF-stop-stop-eGFP-mRNA (see below) and thus 
circumvent the detection of endogenous BDNF. Plasmid DNAs were purified from  E. coli K12 
(JM109)  cells  and used for  in  vivo transfection at  a  concentration of  3  µg/µl  when they were 
incubated  with  ExGen  500  in  vivo transfection  reagent  (#R0521,  Fermentas, St.  Leon-Rot, 
Germany). For the preparation of the transfection solution, 21 µg plasmid DNA (stock solution was 
prediluted in 9.7 μl solvent) was diluted in 40.3 µl sterile 20 mM HEPES buffer (#H3537, Sigma-
Aldrich,  Steinheim, Germany) at  pH 7.4 containing 5 % glucose (thus,  a total  volume of 50µl 
containing 21 µg plasmid DNA). Next, 3.6 µl ExGen 500 in vivo transfection reagent was added, 
and the resulting solution was immediately mixed thoroughly and centrifuged at 13.000 rpm for 1 
minute  at  room temperature.  After  incubating  for  10  min  at  room temperature,  250  nl  of  the 
transfection solution was pressure-injected per hemisphere into HVC. During the preparation of the 
transfection  solution,  female  canaries  had  been  put  under  anesthetized  by  a  steady  flow  of 
isoflurane and were constrained in a stereotaxical set up. The site of infusion had been determined 
(0 mm rostrally and 2.4 mm laterally, in both directions) and two small “hatches” were made in the 
skull. After infusion had been performed at 0.4 mm depth in both hemispheres, the “hatches” in the 
skull were closed and the skin was glued together with Histoacryl (Braun, Aesculap, Tuttlingen, 
Germany) and treated with lidocaine cream (5%, Ritsert, Eberbach, Germany). Some of the birds 
underwent a sham-operation or were injected with an empty vector: These birds were put under 
anesthesia and their skull was opened, but the birds were either not infused at all (the sham-operated 
animals) or infused with plasmid vector not expressing anything (empty vector).
 
- Expression kinetics of vector-induced BDNF 

This paragraph describes the expression levels of vector-induced BDNF expression in the 
zebra finch HVC, as described by F. Dittrich (personal communication). The time window of CMV-
promoter driven BDNF expression in HVC after  in vivo transfection was determined by real-time 
PCR and ISH experiments in adult zebra finches. Birds whose HVC was transfected in vivo with 
pCMV-rBDNF-stop-stop-eGFP were sacrificed at different time points after injection and brains 
were removed and snap frozen over liquid nitrogen; for PCR analysis 1 - 30 days post injection and 
for ISH analysis 1, 4 (two birds), 8, 11 and 26 days post injection. For PCR analysis parasagittal 
cryostat sections (35 μm) were made and a constant area of transfected HVC tissue was micro-
dissected by the means of a microlaser (PALM MicroBeam, Bernried, Germany) interfaced into a 
research microscope. Total RNA was purified by the RNeasy Micro Kit and digested on the column 
with  RNase-free  DNAse  (Qiagen,  Hilden,  Germany).  Quality  and  yield  of  total  RNA  was 
determined on the Agilent 2100 bioanalyzer using the picochip. To reduce the effect of polyethyl-
enimine-complexed, DNase-protected plasmid in non-reverse transcription control (non-RT),  the 
mRNA in 20 ng total RNA was amplified for each sample through one round using the RiboAmp 
kit (Arcturus, Basel, Switzerland). The concentration of the amplified RNA (aRNA) was determined 
on a NanoDrop ND-100 Spectrophotometer (NanoDrop Technologies,  Erlangen, Germany). The 
cDNA synthesis was carried out with the SuperScript III First-Strand Synthesis System for real-
time-PCR  (polymerase  chain  reaction)  (Invitrogen,  Eugene,  Or,  USA)  following  the  standard 
protocol and using random hexamers and 100 ng of aRNA. For each PCR run the RT (reverse 
transcription) reactions were performed in duplicate and one non-RT control was included for each 
sample.  For  the  determination  of  the  relative  amount  of  BDNF-stop-stop-eGFP-aRNA in  each 
sample equal  volumes of  RT and non-RT reactions were analyzed by real-time PCR using the 
Power SYBR Green PCR Master Mix (Applied Biosystems,  Foster City, CA, USA) and primers 
designed against the eGFP sequence (forward primer: CACATGAAGCAGCACGACTT; reverse 
primer: GGTCTTGTAGTTGCCGTCGT) at a final concentration of 50 nM. The efficacy of the 
primers was determined to be 101.2 %. The PCR reactions were run in duplicate for each RT and 
non-RT reaction in a final volume of 25 μl on a Mx3005P quantitative PCR System (Stratagene, 
Edinburgh, Scotland) using the following thermal cycling protocol: 95ºC for 10 min, 45 cycles 95ºC 
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for 30 sec, 60ºC for 1 min and 72ºC for 30 sec. For each sample the cycle threshold (Ct) was 
determined with RT and non-RT reactions and the ΔCt value was calculated (ΔCt = mean Ct for RT 
reaction – mean Ct for non-RT reaction). Based on the results of 3 PCR runs (2 runs for RT reaction 
and 1 for non-RT control reaction) a mean ΔCt was calculated for each sample (figure 2.2). 

For  the  detection  of  BDNF-stop-stop-eGFP-mRNA  in  HVC  by  in  situ  hybridization 
experiments,  parasagittal  cryostat  sections  (20  μm)  were  hybridized  with  sense  and  anti-sense 
probes for eGFP (figure 2.2).  To produce the probes an eGFP fragment of 379 base pairs was 
amplified from p-eGFP-N1 with a forward (CACATGAAGCAGCACGATTT) and a reverse primer 
(TGCTCAGGTAGTGG TTGTCG). The PCR product was cloned into the pGEMT cloning vector 
(a T-tailed PCR product cloning vector; Promega, Mannheim, Germany). Orientation and sequence 
of the insert  in  this construct  was verified by DNA sequencing.  The vector pGEMT-eGFP was 
linearized with the restriction enzymes NotI and NcoI and used as template for the synthesis of 
radioactive sense and anti-sense RNA probes. For both probes the radioactivity applied to each slide 
was 8 x 106 counts per minute. For signal detection sections were exposed together for three weeks 
to an autoradiographic film (Kodak Biomax MR, Sigma-Aldrich, Steinheim, Germany) from which 
microphotographs were taken. Hybridization with the anti-sense probe resulted for all time-points in 
a stronger signal (data not shown).
 
2.2.5. Song analysis

All acoustic events (both calls and song) in the birds’ home cages were recorded using a 
National  Instruments  PCI  6071E 12  bit  16  channel  AD converter  (recording  at  44052  Hz  per 
channel). When the sound level exceeded the trigger level, a new sound file was created and stored 
on disk. For each cage, recording continued until the sound level was below the trigger level for at 
least 1 second. Sound files were given a unique filename and organized and stored per day. Analysis 
was done manually (by auditory inspection and/or visual inspection of the sonogram). We analyzed 
all sounds that had been recorded using customized software and removed non-song sounds, such as 
movement artifacts. Figure 2.5 shows a screenshot of the sound analysis program that was used for 
these experiments (Soundexplorer®, R.F. Jansen): The diagram at the top shows the amplitude of 
the sound, while the bottom one shows the frequency modulations of the produced sounds. At the 
horizontal axis, the time is displayed in milliseconds, and the column on the left shows a list of 
sound  files.  This  screenshot  shows  3  seconds  of  song,  containing  3  different  syllable  types: 
Syllables A, B, and C. All song files were stored on disk, unless they exceeded a maximum level of 
400 song files per day. The stored files were studied in more detail with respect to the number of 
syllables: All syllables were classified based on their temporal and spectral features. For estimation 
of  syllable  repertoire  we  analyzed  at  least  500 seconds  of  songs  for  each bird.  After  separate 
syllables had been identified, the repetition rate (the number of notes or elements per second) was 
calculated for each syllable of each bird: The duration of a note was calculated by SoundExplorer 
based on grey values in the sonogram, and artifacts such as noise from the fan could be filtered out 
by changing the trigger level and/or the measuring window. Figure 2.12 shows how repetition rate 
is calculated using Soundexplorer®. Furthermore, the rate of song production was measured by 
counting the number of songs produced by each individual bird over the entire experimental period. 
 
2.2.6. Sacrifice

At the end of the experiment, the birds were killed either by decapitation or by transcardial 
perfusion for neuroanatomical studies (Chapter 4). Both bodyweight (including the head) and syrinx 
weight were determined. The brains of birds killed by decapitation were removed from the skulls, 
quickly frozen over liquid nitrogen, and stored at -80° C until further processing. Other birds were 
killed by perfusion: These birds were first suffocated by exposure to ether for 10 seconds. Then the 
thoraco-abdominal cavity was opened and 50 ml of 0.9% saline was injected into the left ventricle 
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(needles from BD MicrolanceTM 3. 21G 1.5” – number 2 0.8x40 mm, Becton Dickinson S.A. Fraga 
(Huesca) E-spain). Following the saline, 50 ml of a 4% formalin solution (36.5% in PBS; Riedel-de 
Haën AG, Seelze, Germany) was also flushed through the bird’s vascular system. The color of the 
bird’s liver and toes was used to determine whether the perfusion was performed correctly. After the 
perfusion, the dead bird was decapitated and the brain was removed from the skull. The brain was 
post-fixed in  a  4% formalin  solution for  1  week and cryoprotected  in  a  10% sucrose  solution 
(AppliChem, Darmstadt, Germany in 0.01M PBS for 5 days, and subsequently in a 20% sucrose 
solution until the brains sank to the bottom of their containers (after about 3 days). The reason for 
using two different methods to sacrifice our birds is that both methods preserve tissue in a different 
way and therefore influence the quality of different histological procedures: Freshly frozen tissue 
from animals killed by decapitation is not suitable for protein labeling, while it is excellent for 
procedures such as in situ hybridization. Tissue obtained from perfused animals is allows a better 
preservation of tissue architecture and (protein) chemical state within the CNS, but the cryoprotec-
tion that is necessary for perfused tissue leads to dehydration and a decreased volume of the brain. 
 
2.2.7. Statistics

Statistical analysis was performed using Kyplot (Version 4.0.1d; Kyence Inc., Tokyo, Japan), 
Systat version 7 (SAS Institute Inc., Cary NC, USA), and JMP version 5.1 (SAS Institute Inc., Cary, 
NC, USA). The program Kyplot tests for homogeneity of sample variances and does an additional 
test  to  compensate for this when necessary.  Most analyses were done with t-tests  (two-sample, 
assuming unequal variances, always two-tailed). To test whether the variances of two samples are 
equal, we performed an F-test that uses the value of significance levels to test for homogeneity of 
variance. When these were judged as different, we performed Welch’s modified t-test (also called 
Satterthwaite's approximate t-test). To test for the normality of the distribution, we used Shapiro-
Wilk’s normality test. All these tests were performed using Kyplot, while we designed boxplots and 
calculated their quartiles using Systat and JMP: The length of a box shows the range of the central 
50% of the syllable repertoire of birds from that treatment group, with the borders of the box at the 
first and third quartiles. The whiskers show the range of values that fall within the inner fences and 
are not outlier observations. In this thesis, mild outliers are plotted as empty triangles and extreme 
outliers are plotted as empty circles. P-values below 0.05 are considered statistically significant. 
The plus-minus symbols (±) in text are always standard deviations. Error bars in figures are either 
standard deviations or standard errors of the mean, as is indicated in the figure legends.
 
 

2.3.    Results
 
2.3.1. Singing behavior of female canaries as a result of testosterone treatment

The first aspect of the recorded sound we looked at was whether or not the birds start to sing 
as a consequence of their treatment. Since the sounds of all birds had been recorded before the start 
of the experiment in order to rule out the possibility of having a spontaneously singing female (see 
Pesch  and  Güttinger,  1985),  we  can  state  that  singing  behavior  was  indeed  induced  by  the 
experimental procedures and not spontaneous. We then analyzed the syllable repertoire (see below 
for details) and the song production, the latter being the total number of songs and the total length in 
seconds of all songs produced by each individual bird. The birds were ranked according to their 
song production. The rank numbers given for the number of songs produced and the rank numbers 
given for total length of the songs were the same. 

In a  pilot  experiment  we evaluated if  singing behavior  in  female canaries requires  high 
levels of testosterone by diluting testosterone with cholesterol.  Within each such treatment group 
(0%, 10%, 25%, and 50% testosterone), we observed singing behaviour, except in the group of 
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birds  that  was not  exposed to (0%) testosterone.  We recorded songs until  8 weeks after  initial 
testosterone/cholesterol  implantation.  The  songs  produced  by  birds  of  the  10%  and  25% 
testosterone groups never became as numerous and male-like as the songs produced by birds treated 
with  higher  doses  of  testosterone.  The  songs  of  the  10%  and  25%  testosterone-treated  birds 
resembled subsong or plastic song rather than male-like song. Furthermore, 1 of 3 females of the 
10% and 25% testosterone groups did not start to sing at all. The songs from birds of the 50% 
testosterone group were not qualitatively different from each other. Nevertheless, to be on the safe 
side, we used only 100% testosterone implants for the subsequent experiments. Thus, a lack of song 
development in testosterone-treated females is most likely not due to “too little” testosterone. 
 
2.3.2. Singing activity

None  of  the  birds  that  were  treated  with  an  empty  implant  and  no  further  treatment 
developed song during the course of the experiments (“null”: 0 of 17 birds, see figure 2.7A). These 
birds  only produced social  calls,  as  do all  female (and male)  canaries.  Birds  implanted with a 
testosterone implant and injected with PBS or vehicle in general started to sing. Since we observed 
no difference in singing behavior between birds treated with vehicle or with PBS, these birds will 
collectively be referred to as PBS-injected birds throughout this thesis (“T+PBS”). Most of these 
birds started to sing simple (left panel) or more complex and stereotyped (right panel) song: 16 of 
19  birds  (84%)  eventually  developed  song  over  the  course  of  the  experiment  (figure  2.7B). 
Treatment  with  the  VEGFR2  inhibitor  was  sufficient  to  block  testosterone-induced  singing 
(“T+VEGFR2-I”): In this group, only 3 of 15 birds (20%) started to sing (figure 2.7C, right panel) 
while  most of these birds were not observed singing (left  panel).  For a definition of song,  see 
Güttinger, 1985; Catchpole and Slater, 1995; Vallet et al., 1998; Mota and Cardoso, 2001). We had 
also injected 5 male canaries with the VEGFR2 inhibitor and compared their singing behavior to 5 
control males. VEGFR2 inhibition did not block singing behavior in male canaries.

All birds that had been implanted with testosterone and were infused with a BDNF-carrying 
vector started to sing, regardless of whether they had been injected with PBS (“T+PBS+BDNF”: 7 
of 7 birds) or with the VEGFR2 inhibitor (“T+VEGFR2-I+BDNF”: 8 of 8 birds, see figure 2.7D). 
Even though, none of the birds that received an empty implant sang, but here we report that when 
we infused the BDNF-carrying vector into these null birds (“null+BDNF”),  3 of 5 birds (60%) 
started to sing a very simple kind of subsong (figure 2.7F). In subsongs, different syllables are hard 
to distinguish (they are not sung in stable repetitions of the same syllable, which is typical for 
stereotyped song), and they are sung at a much lower volume. Nota bene: The distinction between 
subsong and stereotyped/male-like song will be discussed in more detail in Chapter 3. 

The qualities of the songs of birds from different treatment groups were quite different. The 
songs of birds treated with testosterone and infused with BDNF are much more stereotyped and 
contain more different song syllables than the songs of testosterone-treated birds not infused with 
the BDNF carrying vector. Sonograms of T+BDBF+PBS-treated females are not shown in figure 
2.7 because they were similar to the songs of T+VEGFR2-I+BDNF-treated birds (an example of 
T+PBS+BDNF-treated bird song is shown in figure 2.3A). The sonograms of T+VEGFR2-I+BDNF 
-treated birds depict that the BDNF overrules the VEGFR2-I induced inhibition of song production. 
The songs of T+BDNF-treated birds look much more like the songs of adult male canaries than do 
the songs of testosterone-treated canaries that were not infused with the BDNF-carrying vector. 
Figure 2.7E shows two 5-second sonograms of the songs of adult  male canaries:  The songs of 
T+BDNF-treated female canaries and male birds appeared much louder, of higher “quality”, and 
more stereotyped than the song of birds that had not been infused with the BDNF carrying vector. 
We can only provide qualitative observations, but no quantitative data, for the loudness of the songs 
produced  by the  birds  in  different  treatment  groups:  Recordings  were  made  with  uncalibrated 
microphones. Furthermore, the birds could freely move through their cages, resulting in the birds 
singing at various distances from the microphone.
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2.3.3. Syllable repertoire
Next we analyzed the syllable repertoire of the singing females: Apart from the percentage 

of birds that started to sing, the birds from the various treatment groups differed in the number of 
syllables  they were able  to  produce.  We measured the syllable repertoires in  two ways:  1)  the 
average syllable repertoire of all birds in a treatment group, including the non-singing birds, 2) the 
average syllable repertoire of only the singing birds in a treatment group. 

The singing behavior of the whole treatment group in comparison to other treatment groups 
was analyzed by comparing the average number of different syllables that was sung by all birds in a 
treatment group, including the non-singing birds. This allows for the observation of the ability of 
the birds to produce song under the treatment conditions they were exposed to. For this purpose, we 
used a Mann-Whitney U test (for unpaired data) with continuity correction, since the presence of 
various non-singing birds (with syllables repertoire = 0) caused a non-normal distribution of the 
data. We summarized these data into a box plot, indicating the median value and the 75% and 25% 
quartiles by the box for each treatment group (figure 2.8). We also measured the syllable repertoire 
of the singing birds (thus omitting the non singing birds) as a measure of song quality and compared 
the repertoires between the treatment groups. These data are normally distributed according to a 
Shapiro-Wilk normality test (p = 0.2482, NS) and were analyzed with t-tests. 

We found a significant effect of testosterone on the syllable repertoires of null birds (no 
song: 0 syllables) and T+PBS birds (singing birds sang on average 8.2 ± 3.1 different syllables, 
while the median value for the whole group (i.e. including non singing birds) was 7, with the 75% 
quartile = 9, and the 25% quartile = 4; p < 0.0001). Additionally, we found an effect of VEGFR2 
inhibitor treatment in testosterone-treated birds: The median value of the repertoire of the whole 
T+VEGFR2-I  group (i.e.  including non singing birds)  was 0,  with both the 75% and the 25% 
quartiles = 0. This was significantly different from the T+PBS birds: Mann-Whitney U test: p = 
0.0001). Additionally, singing T+VEGFR2-I birds sang on average 4.3 ± 3.2 syllables, which is less 
than T+PBS birds, but not significant according to a t-test: p = 0.0629. However,  two of these 
T+VEGFR2-I  females  had  the  smallest  repertoire  of  all  testosterone-treated  females.  This 
demonstrates  that  VEGFR2  inhibitor  generally  blocks  song  production  and  that  even  when 
T+VEGFR2-I birds sing, the quality of their song is low. 

The inhibiting effect of VEGFR2 inhibitor treatment on song is overruled by BDNF over-
expression locally in HVC, since all T+BDNF birds started to sing: T+PBS+BDNF birds sang on 
average 11.1 ± 4 syllables and T+VEGFR2-I+BDNF birds sang on average 15 ± 4.5 syllables. We 
found no significant difference between song repertoires of T+PBS+BDNF birds and T+VEGFR2-
I+BDNF birds (t-test: p = 0.0751, NS), even though the T+VEGFR2-I+BDNF birds had a slightly 
larger syllable repertoire. Treatment with BDNF increases singing behavior in testosterone-treated 
animals: T+PBS+BDNF birds sang more syllables than did all T+PBS birds (including non-singing 
birds;  Mann-Whitney U test:  p = 0.0148), but the significance of this difference is presumably 
caused by the T+PBS birds that did not sing. When we compared the syllable repertoire of only 
singing birds, the difference is not significant (t-test: p = 0.055, NS). T+VEGFR2-I+BDNF birds 
sang more syllables than all T+VEGFR2-I birds (Mann-Whitney test: p < 0.0001), and the syllables 
repertoire of T+VEGFR2-I+BDNF birds was also larger than that of singing T+VEGFR2-I birds (t-
test: p = 0.005). 

An overall effect of BDNF over-expression on singing behavior was observed: We compa-
red all testosterone-treated animals infused with BDNF to all testosterone-treated animals, including 
the non-singing ones, that were not treated with BDNF (T+BDNF: median value = 13; 75% quartile 
= 18; 25% quartile = 10 versus T no BDNF: median value = 3.5; 75% quartile = 8; 25% quartile = 
0; p < 0.0001). Also, the syllable repertoire of singing T+BDNF birds was larger than that of T only 
birds (13.57 ± 4.47 syllables and 7.58 ± 3.32, respectively; t-test: p = 0.0003). Birds not infused 
with the BDNF carrying vector were either infused with an “empty” vector (see Methods section, n 
=  3)  or  not  infused  at  all  (n  =  33).  Infusion  of  an  empty  vector  into  HVC had  no  effect  in 
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T+VEGFR2-I females (p = 0.91). Birds that were not treated with testosterone, but infused with the 
BDNF carrying vector (null+BDNF, n = 5) sang on average 2.7 ± 0.8 syllables if they sang (median 
of the whole group, including non singers is 2, with the 75% quartile = 3 and the 25% quartile = 0). 
Null+BDNF birds sang more than null birds that were not infused with the BDNF carrying vector 
(Mann-Whitney test: p = 0.001), but a lower singing behavior than T+PBS birds (Mann-Whitney 
test: p = 0.0123) and the singing birds had a smaller syllable repertoire (t-test: p = 0.0074). 

2.3.4. Repetition rate
Another aspect of song that was analyzed as a measure of song quality is the repetition rate 

or pace at which syllables are sung in a repetitive order to form a tour. Tours that are sung at the 
repetition rate faster than 17 syllables per second are considered to be “sexy syllables” (Vallet et al., 
1998). We measured how often fast syllables were used within the total song of birds from different 
treatment groups (see figure 2.12). We compared the number of fast syllables (i.e. sexy syllables) 
within the song of testosterone-treated female canaries that had been infused with either the BDNF-
carrying vector or with en empty vector. These data were also compared to the songs of normal 
adult male canaries. Figure 2.9 shows the percentage of tours that was sung at three different paces 
(faster than 10, 15, or 17 syllables per second). The open boxes are birds that were treated with 
testosterone, and infused with an empty vector or sham-treated (n = 13), while the filled boxes 
represent data from birds that were treated with testosterone and infused with the BDNF carrying-
vector (n = 14). The hatched boxes show data from male canaries, which are included in this figure 
for the sake of comparison. 

First, we compared the repetition rates of the T+BDNF animals to those of the T no BDNF 
animals: At all three paces, T+BNDF animals sang more fast tours than T no BDNF animals: In 
T+BDNF animals, 26.3% (median value; 25% and 75% quartiles are 16 and 39.3, respectively) of 
all syllables within the song syntax was faster than 17 syllables per second, 39.8% (median value; 
25% and 75% quartiles are 29.93 and 46.75, respectively) was faster than 15 syllables per second 
and 66.7% (median value; 25% and 75% quartiles are 51.7 and 78.9, respectively) was faster than 
10 syllables per second. In the case of T no BDNF animals only 5.2% (median value; 25% and 75% 
quartiles are 0 and 9.6, respectively) of all tours was sung at a repetition rate faster than 17 syllables 
per second (which is significantly different from T+BDNF animals;  Mann-Whitney U test:  p = 
0.0055); 7.7% (median value; 25% and 75% quartiles are 0.3 and 17.8, respectively) is faster than 
15 syllables per second (p = 0.0019) and 34.6% (median value; 25% and 75% quartiles are 9.6 and 
55.3) is faster than 10 syllables per second (p = 0.0039). 

Second, we compared the repetition rates of testosterone-treated females that were treated 
with BDNF (“BDNF”) or sham-treated (“no BDNF”) to repetition rates produced by male canaries. 
Male canaries sing a significantly higher percentage of their tours at a rate of at least 10 syllables 
per second as compared to no-BDNF females, but not compared to BDNF females (median=72.9; 
25%  quartile=66.1;  75%quartile=94.7;  Mann-Whitney  U  test:  p  =  0.0042  and  p  =  0.2322, 
respectively). At a rate of more than 15 syllables per second, male canaries sang a higher percentage 
of their tours at this rate compared to both no-BDNF and BDNF females (median=58.4; 25%=42.3; 
75%=65.3; p = 0.0003 and p = 0.0185, respectively). Additionally,  male canaries sang a higher 
percentage of their tours faster than 17 syllables per second compared to both no-BDNF and BDNF 
females (median=51.0; 25%=37.1; 75%=65.3; p = 0.0002 and p = 0.0025, respectively).

We found no  effect  of  treatment  with  the  VEGFR2 inhibitor  on  the  distribution  of  the 
repetition rate: the difference between T+PBS (n = 10) and T+VEGFR2-I (n = 3) animals is non-
significant for all three categories (p = 0.4835, p = 0.0974, and p = 0.2656 for repetition rate faster 
than 17, 15, and 10 syllables per second, respectively). The same was true when we compared 
T+PBS+BDNF (n = 7) animals to T+VEGFR2-I+BDNF (n = 7) animals (p = 0.9184, p = 0.63049, 
and p = 0.46246 for repetition rate faster than 17, 15, and 10 syllables per second, respectively). The 
repetition rate of the subsongs from animals not treated with testosterone, but infused with BDNF 
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was always relatively low: on average 20.8 ± 36.1% of all tours were faster than 10 syllables per 
second, while we never noticed tours faster than 15 syllables per second. Most tours uttered by 
these  animals  were  slower  than  10  syllables  per  second  (79.2  ±  36.1%).  The  fastest  tour  we 
recorded from these birds was 13.2 syllables per second. 

Summarizing, both the likelihood that birds starting to sing and the size of the repertoire of 
singing  birds,  was  increased  by testosterone  treatment.  Also  infusion  with  the  BDNF carrying 
vector  increased  these  two  factors.  Injections  with  VEGFR2  inhibitor  was  sufficient  to  block 
testosterone-induced singing behavior in female canaries, but this effect of the VEGFR2 inhibitor 
was completely overruled by over-expression of BDNF. Exogenous over-expression of BDNF in 
birds that had were not treated with testosterone, resulted in the production of very simple and soft 
subsong.  It  should be  noted,  however,  that  the  absolute  loudness  of  the  songs  was  difficult  to 
determine as the positions of the animals with respect to the microphone varied constantly. 
 
2.3.5. Body weight and syrinx weight

During the period of VEGFR2 inhibitor and PBS injections, we weighed the birds every 2 or 
3 days in order to determine the injectable volumes and to monitor their fitness. The birds were then 
weighed again at the time of sacrifice (which was 10 days after the last VEGFR2 inhibitor or PBS 
injection and see figure 2.10A). At the time of sacrifice, the syrinx of the bird was removed and 
weighed  (figure  2.10B).  The  songbird  syrinx  contains  androgen  receptors  and  responds 
morphologically to steroid hormone manipulation in adulthood. No effect of either testosterone of 
the  VEGF  receptor  inhibitor  was  found  on  the  bodyweight  of  the  birds:  Birds  treated  with 
testosterone weighed 22.0 ± 2.8 grams, while birds not treated with testosterone weighed 21.9 ± 2.6 
grams (t-test, p = 0.9071); birds treated with testosterone and PBS weighed 22.2 ± 2.5 grams and 
birds treated with testosterone and VEGFR2-I weighed 21.7 ± 3.6 grams (t-test, p = 0.6832). We 
detected no sexual dimorphism in body weight (male body weight was 23.2 ± 3.7 grams, which is 
not different from that of females; p = 0.2813). Additional treatment with BDNF had no influence 
on bodyweight (t-test: p = 0.5595).

Testosterone increased syrinx weight from 13.8 ± 3.6 mg in null birds to 17.5 ± 3.4 mg in 
testosterone-treated birds (t-test, p = 0.0059). Syrinx weight was unaffected by VEGFR2-I treatment 
(17.5 ± 3.2 and 17.6 ± 4.0 mg, for T-treated birds injected with PBS and VEGFR2-I, respectively; t-
test, p = 0.9241). The female syrinx did, however, never reach the size of the male canary syrinx 
(22.5 ± 3.7 mg), whether the females had been treated with testosterone (p = 0.0006) or not (p < 
0.0001). We only determined the syrinx weight of birds that had been killed by decapitation, which 
were all birds that had not been treated with BDNF. Due to the effect of the perfusion method on the 
weight of the tissue (perfusion increases tissue weight), it is not justified to compare the weights of 
syrinx obtained from perfused birds to those of unperfused birds. This is the reason we cannot make 
a statement about the effects of BDNF on syrinx weight.

Other results of the testosterone treatment were the masculinization of the female cloaca and 
an increase in aggressive behavior. We did not measure or quantify these results, but used their 
occurrence as a control for the release of testosterone from the silastic implants.

2.4 Discussion

In this  chapter  we confirm that  testosterone induces male-like singing behavior  in  adult 
female canaries. Testosterone also masculinized the syrinx and the cloaca of adult female canaries. 
Additionally, we show that systemic injections with an inhibitor of the VEGFR2 tyrosine kinase 
may  prevent  testosterone-induced  singing  behavior  in  female  canaries,  but  does  not  affect 
masculinization of the syrinx and the cloaca. However, the VEGFR2 inhibition-induced blockage of 
song production in testosterone-treated female canaries can be rescued by over-expressing BDNF 
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locally  in  the  HVC.  Moreover,  we  demonstrate  for  the  first  time that  song production can  be 
induced in female canaries in the absence of testosterone by locally over-expressing BDNF in song 
nucleus HVC. BDNF does not only rescue song production in these birds, but also increases their 
syllable repetition rate, which is a sexually salient song feature. We conclude that the inhibition of 
signaling  through  the  VEGFR2  tyrosine  kinase  blocks  the  behavioral  effects  of  testosterone, 
probably because VEGFR2 inhibition results in a lack of endothelial BDNF production in HVC and 
subsequent  deficiencies.  Local  over-expression  of  BDNF  in  HVC  advances  and  improves  the 
production of male-like singing behavior. In this thesis, the vocalizations produced by the female 
canaries were judged as song based on accepted criteria described in the literature (Güttinger et al., 
1978;  Catchpole  and  Slater,  1995;  Leitner  et  al.,  2001b).  Below,  we  will  discuss  some 
methodological  problems  and  then  potential  reasons  and  implications  of  the  VEGF  receptor-
mediated inhibition of singing. 
 
2.4.1. Methodological considerations

Concerning the methods used here, we can rule out general health problems and lack of 
testosterone release as the cause of the inhibited singing behavior of the VEGFR2 inhibitor-treated, 
testosterone-implanted females. We observed no effects of VEGFR2 inhibition on bodyweight and 
the birds appeared healthy during the course of the experiments, as judged by visual inspection. 
Furthermore, the silastic implants were recovered directly after the birds had been sacrificed and 
were found to be empty or close to empty. The release of the hormone from the implants was further 
indicated by the fact that all 100%-testosterone-treated females had degraded ovaries (no follicles 
were present) and oviducts, but a masculinized cloaca and syrinx. Testosterone has negative effects 
on the functionality of the ovaries (Shoemaker, 1939; Staub and De Beer, 1997) and increases the 
cloacal protuberance and syringeal mass (e.g. Luine et al., 1980; Tramontin et al., 2000; Brenowitz 
and Lent, 2002). For the VEGFR2 inhibitor experiment, we implanted only the 100%-testosterone 
dosages, which were high enough to induce the physiological changes described. Such testosterone 
treatment results in testosterone plasma titers of 5.3 + 1.2 ng in animals co-treated with PBS, of 6.3 
+ 1.6 ng in animals co-treated with VEGFR2-I  and in 4.9  + 1.1 ng in animals co-treated with 
VEGFR2-I and BDBF (Gahr and Goymann, unpublished results). 

The use of silastic implants for the systemic delivery of testosterone and/or cholesterol is 
regarded here.  Even though the implantation of silastic tubing for the administration of steroid 
hormones is used widely, very few papers have considered the advantages and disadvantages of this 
method. The chemical properties of cholesterol and testosterone are different and this may affect the 
passage of these substances through the silastic. For instance, even though both are steroids (typi-
cally, they are lipophilic and a-polar), cholesterol is far more lipophilic than testosterone, and testos-
terone is less a-polar than cholesterol. Sex hormones, like testosterone, rapidly cross lipid bilayers 
of cell membranes by free diffusion, since their biological action in regulating the transcription of 
target genes is in the cell nucleus (Oren et al., 2004). Cholesterol, on the other hand, associates 
tightly with the bilayers of cell membranes without crossing them (Goldstein and Sites, 2002). Sili-
cone rubbers, like silastic, are often used as models for biomembranes. Cholesterol might associate 
with the silastic in a similar way as it associates with cell membranes; it has been proposed that 
silicone membranes may function as a sink for cholesterol (Karth et al., 1985). It is unclear whether 
the association of cholesterol with the silastic affects the passage of testosterone from the implant 
into the blood stream. The implants of our female canaries were replaced every 2 weeks and old 
implants were removed when possible. We report that implants containing high concentrations of 
cholesterol were not empty at times when implants containing high concentrations of testosterone 
were (nearly) empty. This indicates that cholesterol interacts with silastic in a different way than 
testosterone  does.  In  the  present  study,  we used  identical  pieces  of  silastic  that  we  filled  with 
different mixes of cholesterol and testosterone, both in powdered form. We prepared these mixes 
based on the weight of these substances. The molecular weights of testosterone and cholesterol are 
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slight-ly different (387 u and 344 u, respectively), and therefore the mixes may have not been as 
accurate as stated. Nonetheless, the deviation is less than 3%, and since we use slow-release pellets 
the percentage of testosterone in the implants can only provide a rough estimate of the amount of 
testosterone that effectively influences neural plasticity and behavior. Factors such as metabolism 
by the liver and the amount of carrier proteins in the blood that bind testosterone all play a role. 

Next,  we need to consider  that  the VEGFR2 inhibitor  might  have some unspecific  side 
effects. The properties of the VEGFR2 inhibitor we used have only been investigated in mammals, 
apart from the 2002 paper by Louissaint and colleagues. Studies in mice have reported that the 
VEGFR2 inhibitor we used is highly potent (IC50 [the concentration required for 50% inhibition of 
the target] = 0.1 μM for VEGFR2 and 2 μM for VEGFR1), and it is more specific for VEGFR2 than 
other  inhibitors  that  were available  at  the  time we initiated  our  experiments.  Additionally,  this 
inhibitor shows less than 1% cross-inhibition of the PDGF, HGF, or FGF2 receptors (Hennequin et 
al.,  1999).  Furthermore,  VEGFR2 tyrosine  kinase  inhibitor  is  small,  has  a  low hydrogen bond 
number, and is highly lipophilic, a chemical property that allows easy penetration of the blood-brain 
barrier  (Pardridge,  1995).  Finally,  a  highly  similar  substance  has  shown  little  or  no  systemic 
toxicity,  even  at  doses  higher  than  those  used  in  the  present  studies  and  in  the  experiments 
performed by Louissaint and colleagues (Wedge et al.,  2000; Louissaint et al.,  2002). Thus, we 
think that the inhibitor we used is rather specific for the VEGF receptor 2 of the canary. 

Some  of  the  females  that  were  treated  with  testosterone  and  the  VEGFR2  inhibitor 
developed song. However, these birds had syllable repertoires that were significantly smaller than 
those of testosterone-treated singing control females. We assume that these animals may have been 
singing  due  to  procedural  problems:  For  example,  the  VEGF receptor  2  may have  only  been 
partially inhibited due to leaking out of the inhibitor during intra-muscular injections. Also, it is 
unclear why some of the 100% testosterone-treated control females did not sing. Each of these 
females  showed  physiological  changes  that  are  typically  induced  by  testosterone,  such  as 
masculinized  cloacas  and  degraded  ovaries  and  oviducts.  These  changes  suggest  that  the 
testosterone implant indeed released its content to the blood. Similar observations were made after 
previous experiments with testosterone-treated female canaries (M. Gahr, unpublished observation).
 
2.4.2.  Methodological  considerations concerning the use of  an expression plasmid to over-
express BDNF in HVC 

The over-expression  of  the  plasmid appears  to  be  both  local  and  transient  (figure  2.2). 
Further,  since some animals had been injected with the empty plasmid that did not contain the 
BDNF gene, the plasmid per se, the injection solution, and/or the injection procedure do not cause 
the observed behavioral and morphological effects. Finally, we could not observe that the BDNF-
treated females differed in their overall health from the other females and the injection with the 
BDNF plasmid did not result in major damage to HVC (see figure 2.6 B and D). 

It seems that testosterone-treated females that also received BDNF developed in part even 
better songs than testosterone-treated females not exposed to BDNF. For example, the repetition 
rates of testosterone+BDNF-treated females were more like the repetition rates of male canaries 
(Hartog et al., unpublished) than the repetition rate of females treated with only testosterone (figure 
2.9). This may be due to an earlier onset and a prolonged period of high BDNF in the testosterone 
and BDNF females: There is a delay of 2 weeks between the testosterone-induced activation and 
expansion of the HVC microvasculature on one hand, and the testosterone-dependent upregulation 
of BDNF on the other  hand. Louissaint  et  al.  (2002) have reported that BDNF mRNA is only 
significantly increased 2 weeks after treatment with testosterone in female canaries, while BDNF 
protein levels are elevated 18 days after steroid implantation. The expression plasmid used here 
results in a measurable increase in BDNF expression within a few days (see figure 2.2 and above). 
Based on these data, we expect that the levels of exogenous and endogenous BDNF result in a 
prolonged  constantly  elevated  level  of  total  BDNF  in  HVC  (figure  2.11).  Alternatively,  the 
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expression of exogenous BDNF might be different from that of endogenous BDNF in that it does 
not undergo transcriptional regulation and thus would provide a rather constant amount of BDNF 
over time (e.g. no circadian changes). Such constant levels of BDNF could facilitate a variety of 
cellular mechanisms, including neuron recruitment, as is speculated on below. 

Alternatively,  the  expression  plasmid  might  result  in  very high  local  BDNF levels  (i.e. 
potentially toxic or damaging). This is unlikely for the following reasons: First, the local application 
of BDNF protein into RA using BDNF-coated beads (Kittelberger and Mooney 2005) disrupted the 
song pattern of adult zebra finches. However, application of our expression plasmid into the RA of 
adult male zebra finches had little or no effect on their song, indicating expression of plasmid-
derived BDNF is in the physiological range compared to BDNF-coated beads (Dittrich and Gahr, 
unpublished). Second, in the visual cortex high levels of BDNF are thought to counteract functional 
development  by abolishing competition for  this  survival-  and differentiation factor  (Lein et  al., 
2000). However, in the present study BDNF promotes song crystallization but does not disrupt it. 
 
2.4.3.  How  to  explain  the  lack  of  singing  in  the  VEGFR2-inhibited  testosterone-treated 
females? 

Testosterone-treated female canaries that were exposed to an inhibitor of aromatase, which 
converts testosterone into estrogen, have a masculinized song system but do not develop the fully 
male-like songs that females treated with testosterone develop (Fusani et al., 2003). In the latter 
experiments, Fusani and colleagues suggested that the lack of estrogen availability in HVC leads to 
the reduced expression of BDNF locally in HVC. Since VEGF stimulates the production and release 
of BDNF from endothelial  HVC cells  of testosterone-treated female canaries (Louissaint  et  al., 
2002), the lack of BDNF expression following an inhibition of VEGF signaling of the endothelial 
cells  might  underlie  our  observed  behavioral  phenotype  (see  also  above  “methodological 
considerations”).  The  lack  of  BDNF-driven  mechanisms  of  HVC  neurons  shall  be  further 
investigated in Chapter 4. However, if the above assumption were correct, it would imply that the 
lack of singing in VEGFR2 inhibitor-treated female canaries is not due to systemic effects on the 
VEGF signaling somewhere in the body or the brain but locally in  the HVC. It  would further 
suggest that HVC is a prime candidate for the generation of the song pattern. Electrophysiological 
works of the zebra finch (Yu and Margoliash, 1996; Hahnloser et al., 2002) have suggested a role 
for HVC in the sequential production of syllables, but until now areas upstream of HVC have been 
considered crucial for the decision to sing or not to sing (Nottebohm et al., 1976). 

Concerning the neural mechanisms that involve testosterone-induced singing and VEGFR2-I 
treatment inhibited such singing, one would expect that VEGFR2-I inhibits the testosterone-depen-
dent masculinization of the HVC. This may concern the size of HVC and parameters that contribute 
to its size, such as the number of neurons, neuronal density, neuron size and the vascularization. In 
relation, one would expect that BDNF promotes the testosterone-induced masculinization of HVC 
and other song nuclei, which was inhibited via VEGFR2-I. Since increase in the number of HVC 
neurons is thought to involve recruitment of newly born neurons, the VEGFR2 inhibitor and BDNF 
signaling may decrease respectively increase the number of new HVC neurons. These potential 
neural mechanisms, that might explain both the lack of singing in the T+VEGFR2-I females and the 
singing of the T+PBS and T+VEGFR2-I+BDNF females, are the focus of Chapter 3. 

2.4.4. Singing behavior is induced by treatment with only BDNF
The finding that  BDNF overexpression in HVC without any further hormonal  treatment 

induces singing, albeit of simple organization, requires special attention. This is the first substance 
ever found to induce songs similar to those of reproductive active male canaries or other songbirds, 
that  is  normally only inducible by treatment  with testosterone or  its  androgenic and estrogenic 
metabolites (Gahr, 2007). This would suggest that conditions, which upregulate or down-regulate 
BDNF independently from sex hormones, regulate singing behavior. In relation, it is noteworthy 
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that promoter structure of BDNF in mammals is complex and that a variety of different factors, next 
to  estrogens,  are able to modify BDNF expression in the brain,  including  the neural excitation 
(Favaron et al., 1993), voluntary exercise (Molteni et al., 2004, Neeper et al., 1995, Neeper et al., 
1996 and Vaynman et al., 2004; Bjørnebekk et al., 2005), caloric restriction (Andrade et al., 2006; 
Maswood et al., 2004; Mattson et al., 2003), and intellectual stimulation (Hellweg et al., 2006). 
However, since the promoter of the canary (and avian) BDNF is not known, it needs to be seen if 
similar  events  regulate  the  BDNF  in  the  canary  HVC  and  thus  would  make  BDNF  an  ideal 
substance to reflect the integrated external and internal environment in the quality of the song. 

It is further notable that the effect of our manipulation was restricted to the HVC. Although 
we cannot exclude that the BDNF might be transported anterogradely or retrogradely from HVC it 
is likely that local BDNF-dependent mechanisms of HVC are involved in the induction of singing. 
The study of the neuroanatomy of HVC and related song areas of the BDNF-only-treated females 
might indicate if BDNF affects only HVC (see Chapter 4). Nevertheless, this finding further points 
to the HVC as the primary song pattern generator. 
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Chapter 3
 

Vocal learning of adult female canaries
 

With: Anton Pieneman, René Jansen, Falk Dittrich, Andries ter Maat, and Manfred Gahr
 
 

3.1. Introduction 

3.1.1. Song learning in male songbirds
The conclusion that songbird song must be learned is based on the capacity of songbirds to 

match acoustic models and on the fact that many birds raised in acoustic isolation from conspecific 
tutors develop abnormal song. The general features of song learning are remarkably similar among 
songbird species. Young birds initially produce soft, babbling sounds that are highly variable and 
disorganized in their timing and patterning. This first stage of song development is called subsong. 
During development, the young birds sing louder, more frequently, and produce sounds that are 
more and more organized into discrete clusters or tours. This stage of song development is called 
plastic  song  and  is  unique  in  that  it  may  show  the  first  evidence  that  birds  imitate  the 
characterizations of songs typical for their species. During this phase, the young birds rehearse the 
still rather variable songs they have memorized earlier in order to perfect them. The syllables and 
tours  are  still  highly  variable  in  duration,  frequency  modulation  and  amplitude.  Some  song 
parameters that have been used to describe vocal development in male zebra finches, such as vocal 
entropy, do not increase linearly with time (Derégnaucourt et al., 2005): The juvenile birds make 
more measurable advances during some periods than during others. The advances the juvenile zebra 
finches have made in their singing performance during a day are partially annulled during sleep. 
The first songs sung the next morning are used to regain the sleep-induced losses. The final stage of 
song development is the production of stereotyped song, so-called crystallized song that does not 
change much in duration, structure and (in some species) order of syllables. This crystallized song 
will remain unchanged from one year to the next in age-limited learners, such as zebra finches, 
while  open-ended  learners,  such  as  canaries,  change  their  songs  during  adult  phases  of  song 
learning that occur seasonally before each breeding season. 

Next to tutor song availability, song learning is influenced by the social-sexual environment. 
Canaries can be classified as “facultative social learners” (Baptista and Gaunt, 1997): They are able 
to  learn  species-specific  song  without  social  interactions  with  a  live  tutor,  even  though  social 
interactions enhance the accuracy of learning. Birds that are obligate social learners, such as song 
sparrows  (Melospiza  melodia),  may not  learn from tape without  contact  with a  live tutor  (e.g. 
Baptista and Petrinovich, 1984). Canaries may improvise and invent their adult repertoires, which 
may or may not be based on juvenile experiences. In addition, some features of canary song may be 
innate. If canaries (or other open-ended learners) are given the choice, they will imitate tutor songs 
of conspecific models, but in the absence of conspecific tutor song, they may copy heterospecific 
song models  (Thorpe,  1955,  1958;  Marler  and Peters,  1982)  or  even synthetic,  abnormal  song 
(Gardner et  al.,  2005). When such birds mature,  they will  however switch to the production of 
typical canary song: They largely abandon the atypical song or rephrase it into a canary-typical song 
pattern. This indicates that the processes of song imitation by juveniles and song production based 
on innate rules by adults are two distinct processes that can be uncoupled or, as stated by Gardner 
and colleagues (2005), canary song “enjoys freedom in youth, (but must obey) rules in adulthood”. 

Canaries are able to change the contents of their song repertoires seasonally, but it is unclear 
where they obtain new syllables from. Several hypotheses try to explain how canaries learn and 
change their song repertoires: First, it is possible, but not proven, that canaries go through a sensory 
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phase each year, where they form a template of their neighbor’s syllables. Second, canaries may 
memorize all song syllables they will sing throughout their lives (and possibly more) when they are 
juveniles and then use different song syllables stored in their memory each consecutive year. Some 
songbirds, such as song sparrows, are indeed known to master more songs than they will sing as 
adults and use a process called syllable attrition to compose their final adult repertoire (Marler and 
Peters, 1981, 1982). This process involves the merging of two or more syllables or the removal of 
some syllables, leading to fewer syllables that are highly stable and stereotyped. Since wild canaries 
are known to reuse certain syllables the next spring (Leitner et al., 2001b), they may choose to keep 
or discard certain syllables depending on their experience in how “successful” the use of these 
syllables has been in the context of female attraction or territorial defense (action-based learning: 
see Marler, 1990). Males may change their repertoire by improvisation, innovation, and invention, 
as is also seen in juveniles (Janik and Slater, 2000). Third, in both age-limited- and open-ended 
learning songbird species, certain song features might be innate. The type and amount of innate 
vocal patterns is thought to differ among species and to depend on social requirements. 

An innate template may exist that provides the canary with the proper “rules” of how normal 
canary song should be sung. When age-limited learners are raised without a tutor and in social 
isolation, they develop in part abnormal songs. Nonetheless, when such males are raised in peer 
groups, their adult song is more like normal adult song than that of young males raised in complete 
isolation (Thorpe, 1958; Kroodsma and Verner, 1978; Marler et  al.,  1972; Volman and Khanna, 
1995; Bertin et al., 2007). On the other hand, young male canaries raised in acoustic isolation are 
still able to produce relatively normal song in adulthood (Metfessel, 1935; Poulsen, 1959; Marler 
and Waser, 1977; Güttinger, 1979, 1981; Leitner and Catchpole, 2007), even though they develop a 
song repertoire that is larger than that of males that are raised in aviaries in the (acoustic) presence 
of adult males. On the other hand, when young male canaries are raised in small peer groups but in 
the absence of an adult tutor, they develop smaller repertoires than normally raised canaries (Leitner 
and Catchpole, 2007; see also Kroodsma et al., 1997; Leitner et al., 2002. However, cf. Nottebohm 
et al., 1976; Marler and Waser, 1977; Güttinger, 1981; Lehongre et al., 2006). The sizes of both 
large and small song repertoires can be adjusted to that of normal canaries later in life. Moreover, 
canaries raised in peer groups copy syllables from each other and develop a subset of syllables 
(which may comprise 75% of each individual syllable repertoire) that they all share (Leitner and 
Catchpole, 2007). This phenomenon has also been observed in other songbirds (Mann and Slater, 
1995;  Bertin  et  al.,  2007).  Once  canaries  have  obtained  their  adult  repertoire,  the  size  of  the 
repertoire is not changed while they grow older (Leitner and Catchpole, 2004). However, others 
have reported a significant increase in syllable repertoire as a result of aging in Waterslager canaries 
(Nottebohm et al., 1981, 1986) and a small but significant increase in wild canaries (Leitner et al., 
2001b). Older males may change the structure of their song repertoire, for example increase the use 
(not the number) of sexy syllables in their songs (Leitner and Catchpole, 2004). 

The  syllable  repetition  rate  is  abnormally  low  in  canaries  raised  in  complete  acoustic 
isolation or in peer groups without a tutor. The repetition rate does not change when the birds are 
resocialized (Leitner and Catchpole, 2007). This indicates that canaries are able to change the size 
of their syllable repertoire but not the repetition rate at which they sing their tours. 

In addition to the above, Güttinger (1979, 1981) has provided strong indications that there is 
an innate crude template of the temporal organization song: Greenfinches (Carduelis chloris),  for 
example, have a song repertoire that is similar in size to that of canaries, even though the temporal 
structure and syllable shape, duration and spectrum are species-specific. Young greenfinches cross-
fostered by canary parents will copy a significant part of their foster parents’ syllables concerning 
the shape and the duration of these syllables. However, they do not copy the temporal structure of 
canary  song.  Instead,  the  young  greenfinches  arrange  the  “canary”  syllables  according  to 
“greenfinch” temporal rules (Güttinger, 1979). Also, young males that are hybrid crosses of two 
canary stains will learn the song patterns of both strains without a preference, while purebred males 
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have a strong preference for the song pattern of their own strain (Mundinger, 1995). Furthermore, 
the songs of adult male canaries start to deteriorate almost immediately after deafening (Nottebohm 
et al, 1976; Güttinger, 1981), while deafening of closed ended learners does not result in immediate 
song degradation, but in a more gradual loss of song structure and features over a period of several 
months (in zebra finches: Price, 1979) to several years (in white-crowned sparrows: Konishi, 1965) 
(However, it should be noted that more recent literature reports that subtle changes to the song 
structure  may  occur  more  instantly:  See  Nordeen  and  Nordeen,  1992).  These  data  show  that 
songbirds (both open-ended learners and age-limited learners) need constant auditory feedback for 
the proper and constant production of song. The consequences of deafening are, however, more 
severe  in  open-ended  learning  canaries,  which  argues  for  the  idea  that  canary  song  is  not  as 
established in the canary’s memory as is the case for zebra finches. The higher susceptibility of 
canaries to adaptations could explain why canaries can more easily change their song repertoire.

Surprisingly, there is no experimental evidence that clearly demonstrates the occurrence of 
vocal learning of adult male canaries. Since open-ended learners like canaries may sing a new song 
each consecutive breeding season,  it  has  been hypothesized that  they could go through a  song 
memorization  phase  each  year  (Nottebohm  and  Nottebohm,  1978;  Nottebohm  et  al.,  1986). 
However, there is no evidence for this hypothesis (e.g. Brainard and Doupe, 2002). Alternatively, it 
is possible that canaries may memorize all songs they will sing throughout their lives when they are 
juveniles and then use different subsets of song syllables stored in their memory each consecutive 
year: It has been proposed that birds such as the brown-headed cowbird  (Molothrus ater)  choose 
specific syllables that have a socio-sexual effect on females or on intruding competitor males, and 
remove  syllables  that  did  not  have  such  effects  (West  and  King,  1988;  Marler,  1997).  This 
“shuffling” of vocalizations between the seasons may activate different vocal memories (Leitner et 
al.,  2002). Songs of the breeding seasons of canaries contain a high proportion of complex and 
multipartite syllables of rapid frequency modulations over a large frequency range (Güttinger, 1979; 
Pesch and Güttinger, 1985; Nottebohm et al., 1986; Vallet and Kreutzer, 1995; Vallet et al., 1998; 
Leitner et al., 2001b). 
 
3.1.2. The canary as a model for vocal learning 

In general, young male songbirds learn their song by imitation of older birds (tutors), and in 
some  species,  such  as  the  zebra  finch  (Taeniopygia  gutatta)  and  the  white-crowned  sparrow 
(Zonotrichia leucophrys), copying tutor song can only occur at a specific, critical age (Immelmann, 
1969; Marler, 1970a; Marler and Mundinger, 1971). These birds, called age-limited learners, sing 
the song they learned during this critical, sensitive period and do not change it later in life. The 
canary is, unlike the zebra finch and the white-crowned sparrow, an open-ended learner: Canaries 
do not sing the same song their entire lives, but preserve the capacity to modify their song repertoire 
well into adulthood (Nottebohm and Nottebohm, 1976; Nottebohm, 1977; Waser and Marler 1977; 
Catchpole  and  Slater,  1995).  Although  the  typical  structure  of  canary  song  does  not  critically 
depend on copying tutor song, juvenile male canaries copy both spectral and temporal features from 
the tutor if they have the opportunity (Güttinger, 1981; Gardner et al., 2005). 

Song learning in male canaries takes place between post-hatching days 40 and 240. The 
initial  attempts  at  singing  (subsongs)  commence  between  days  40  to  60.  Subsong  has  been 
described as “quiet, crudely structured, and quite variable in form” (Brenowitz, 2002). At around 
day 60, the organization of song in tours is present. Most of the syllables that will be produced in 
the adult song are already recognizable when the birds are about 120 days of age, even though the 
syllables are still unstable at this age (the song is referred to as plastic song during this stage). When 
juvenile male canaries are about 240 days of age, which is the time they are sexually mature, their 
song repertoires become stable and stereotyped, and the song is referred to as crystallized song. The 
development of song is delayed as compared to the rest of juvenile canary development: Canaries, 
like most songbirds, reach 90% of their adult weight by the time they are 10 days of age (Ricklefs, 
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1968; Schwabl, 1996; Kilner, 2001). Nuclei HVC and RA of the song system also develop well 
before song is crystallized (see below and see Nottebohm et al., 1986). The development of song in 
juvenile canaries is dependent on levels of testosterone, and while song development normally takes 
several months before crystallized songs are produced, experimental manipulations of the blood 
testosterone levels may narrow song crystallization down to just one week (Gardner et al., 2005). 
However, this accelerated crystallization may only take place when the birds are at least 60 days of 
age, i.e. when incipient song phrasing is present. 

Testosterone-dependent singing of female canaries (instead of males) is frequently used as a 
model for studying the relation between neural plasticity on one hand and behavioral patterning and 
learning on the other. The advantage of this model is that female canaries do normally not sing and 
thus provide a more homogeneous behavioral baseline as compared to male canaries. Furthermore, 
like in males, singing can be readily induced in females by treatment with testosterone. However, 
although these testosterone-treated female canaries develop male-typical temporal organization of 
their song (Leonard, 1939; Shoemaker, 1939; Herrick and Harris, 1959; Güttinger, 1979; Kroodsma, 
1976; Nottebohm, 1980; Heid et al., 1985; Pesch and Güttinger, 1985; Nottebohm et al., 1986; Gahr 
and Garcia-Segura, 1996; Fusani et al., 2003), they produce only small syllable repertoires that lack 
any sign of being the result of vocal learning (Nottebohm, 1980; Appeltants et al., 2003, and see 
Riebel, 2003 for a review on vocal learning in female songbirds). Thus, in order to show vocal 
learning in relation to the various treatment paradigms that were used in the previous experiments, 
we exposed adult testosterone-treated female canaries that had been raised in acoustic isolation to a 
tutor song and measured how well these birds copied the spectral and temporal structure of this 
tutor  song.  For  reasons  detailed below,  we tutored the  females  in  groups  of  two (i.e.  to  avoid 
isolation stress)  and with a tutor  tape,  which gives experimental  control  about  the amount  and 
structure of songs the tutees are exposed to.

The size of the syllable repertoire can be used as a measure of the song complexity in adult 
male canaries, which develop large and varied song repertoires (Güttinger et  al.,  1978). Canary 
songs  are  defined  as  sequences  of  syllables  that  are  longer  than  1.5  seconds  and  that  contain 
intervals no longer than 0.4 seconds (Leitner et al., 2001b). The songs are hierarchically structured 
and are composed of syllables that are repeated identically several times to form so-called tours 
before the bird switches to the next syllable (Güttinger, 1985). The syllables that are sung in tours 
usually consist of 1 note or frequency modulation, but sometimes syllables are made up of 2 or 3 
notes, which are separated by silent intervals (Güttinger, 1985). All syllables a canary is able to 
produce are collectively called the syllable repertoire. Analysis of the syllable repertoire rather than 
the  song  type  repertoire  is  an  adequate  measurement  of  the  song  versatility  of  both  wild  and 
domesticated canaries (Slater et al., 1984; Bergmann, 1987; Catchpole and Slater, 1995; Leitner et 
al., 2001b). Since there was no hint for learning of spectral features such as syllable morphology we 
focused our attention on the analysis of the temporal pattern of the tutored birds’ songs and its 
similarity to the temporal pattern of the tutor song.
 
3.1.3. Female singing and song learning 

Males and females  of  all  bird species communicate acoustically but  singing behavior  is 
frequently sex specific: The females normally do not sing or sing different songs than their male 
counterparts. For example, in the zebra finch or the orange bishop (Euplectus franciscanus) only the 
male  bird  sings  (Nottebohm and  Arnold,  1976;  Arai  et  al.,  1989).  In  many  songbirds  of  the 
temperate  zone,  such  as  the  chaffinch  (Fringilla  coelebs)  or  the  European  robin  (Erithacus 
rubecula), only the males sing during the breeding season (Hoelzel, 1986; Kling and Stevenson, 
1977).  Females  of  these  species  may sing  simpler  versions  of  the  males’ song  outside  of  the 
breeding season, thus in a non-reproductive context (Hoelzel, 1986). A further example of context-
dependent female singing is the European starling (Sturnis vulgaris): Females stop singing when 
nest-boxes are present in the aviary (Henry and Hausberger, 2001). In some songbird species such 
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as the dunnock (Prunella modularis), females regularly produce songs in the breeding season that 
share some syntactical features of the male song or some of its syllable repertoire (Langmore et al., 
1996;  Langmore  and  Davies,  1997).  In  duetting  species,  females,  like  males,  sing  during  the 
breeding season (Farabaugh, 1982). In such duetting species, the males and females produce similar 
vocalizations or have similarly sized vocal repertoires in a reproductive context. Examples include 
many duetting species, such as the forest weaver (Ploceus bicolor) (Wickler and Seibt, 1980; Seibt 
et al., 2002) and the African bush shrike (Lanarius funebris) (Gahr et al., 1998). Interestingly, in the 
latter species females and males sing different syllable types despite a similar syllable number, but 
they are able  to  learn the syllables of  the opposite  sex (Wickler  and Seibt,  1988;  Wickler  and 
Sonnenschein, 1989). This implicates that in this species sex-specific vocalizations are not due to 
endocrine or (neuro-)physiological constraints, but are learned. Also in the colonial white-browed 
sparrow weaver (Plocepasser mahali), duetting is not sex-typical or sex-specific: Both male and 
female sparrow weavers share the entire repertoire of duet syllables and readily engage in duet- and 
chorus-singing (Voigt et al., 2006). However, the dominant male of a sparrow weaver colony sings a 
second type of song, called solo song, which is not produced by the females or the sub-ordinate 
males of the colony (Voigt et al., 2006). Thus, sex-specific vocalization depends on both sex and 
social status in this species. 

Female canaries rarely sing spontaneously, but if they do so, it is usually at the end of the 
breeding season (late June) and during the molt period (mid-August). Pesch and Güttinger (1985) 
reported that about 70-80% of all females in their colony could be observed singing at some point 
during the above mentioned period,  even though singing was very rare and also at  a  very low 
volume.  Such  rare  spontaneous  female  songs  contain  fewer  syllables  than  those  of  males  and 
syllables occur as highly variable sounds. Proper organization of such female songs, like is seen in 
males  during the breeding season,  is  missing and pauses  between pieces of song are generally 
longer than those in males (Weichel et al., 1986); this results in a lower syllable repetition rate in 
these female songs compared to songs produced by males. 

In all these species in which females spontaneously sing simpler versions of male songs or 
in which females sing only in certain contexts, male-like songs can be induced in adult females by 
testosterone treatment (e.g. Leonard, 1939; Shoemaker, 1939; Poulsen, 1951; Herrick and Harris, 
1957; Thorpe, 1958; Thielcke-Poltz and Thielcke, 1960; Mulligan and Erickson, 1968; Kern and 
King, 1972; Kling and Stevenson, 1977; Nottebohm, 1980; Hausberger et al., 1995; de Ridder et al., 
2002).  However,  there  are  only  few  thorough  studies  that  investigated  if  testosterone-induced 
vocalizations of females are male-typical in all characteristics. 

Experimental studies concerning vocal learning in female songbirds are rare (see Riebel, 
2003). Juvenile female Northern cardinals (Cardinalis cardinalis) are known to learn fewer songs 
than males and have a more restricted developmental period during which they acquire these songs 
(Yamaguchi, 2001). Juvenile female canaries are not known to learn syllables from a tutor and vocal 
learning of adult female songbirds in general has never been demonstrated.
 
3.1.4. Experimental setup

Experiments that show vocal learning in adult female birds are, to our knowledge, entirely 
missing. In this chapter we tested if adult female canaries are able to learn vocal patterns when 
treated with the testosterone and BDNF regime formulated in the previous chapter. To this end, we 
used females raised in social groups but in acoustic isolation from male conspecifics and exposed 
them to a tutor song as adults. We compared these acoustically naive, testosterone- and BDNF-
treated females to females that were also testosterone- and BDNF-treated but that had been raised in 
acoustic contact with males. We also drew a comparison to acoustically experienced females that 
were treated with only testosterone, not with BDNF, and that were or were not exposed to the tutor 
song. We analyzed the spectral and temporal similarity of the songs and the tutor song. It should be 
noted that some of the song data were obtained from birds described in other chapters. Finally, we 
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compared the temporal patterns of the songs of the three groups of females described here to those 
produced by a group of females that were treated with testosterone for a prolonged period of time 
(see Chapter 2) but not with BDNF. Also, these females were acoustically experienced and exposed 
to  the  same  tutor  song  as  the  acoustically  naive  animals.  Figure  3.1  shows  a  schematic 
representation of the four treatment groups. 
 
 
 
3.2. Materials and methods
 
3.2.1. Housing of the birds

Adult  (1-year-old)  female  canaries  were  housed  as  reported  in  Chapter  2.  Additionally, 
speakers were attached to the cages of birds that had been raised in acoustic isolation from male 
canaries and that would be tutored with taped song (see below). Furthermore, the untreated females 
were not aggressive to each other and could be housed in pairs or groups of three birds per cage. 
After treatment with testosterone, the birds became more aggressive and were separated. We either 
housed a testosterone-treated bird with a non-testosterone-treated bird, or we housed testosterone-
treated birds alone, or with a female zebra finch, as was the case for the tutored birds (see below). 
When the birds reached spring-like light conditions, the experimental procedures described below 
were started.
 
3.2.2. Experimental procedures: Testosterone, VEGFR2 inhibitor, and BDNF 

A schematic overview of the time line of the experimental procedures is given in figure 1.5. 
Some of the birds (n = 7) had been raised in acoustic isolation from male canaries; these birds were 
exposed  to  tutor  song  from  experimental  days  1  to  14,  and then  to  another  tutor  song  from 
experimental days 15 to 22 or until they started to sing, which ever came first (see paragraph III for 
details). A group of acoustically experienced females (i.e. they were raised in aviaries) was exposed 
to the tutor song in a similar fashion: These females (n = 9) were treated with various levels of 
testosterone (10%, 25%, or 50%) but not with BDNF (these females are described in detail  in 
Chapter 2). The rest of the birds were not exposed to tutor song, and their experimental procedures 
started with the implantation of silastic tubes containing testosterone at day 15 (as described in 
Chapter 2). The testosterone implants were replaced with new ones on day 33. Also at day 15, 
treatment with VEGFR2 inhibitor (VEGFR-I) in or with PBS was started (see Chapter 2), and some 
of the birds (n = 11) were infused with the BDNF-carrying vector (see Chapter 2). On day 41, the 
last injections with either VEGFR-I or PBS were given and the birds were sacrificed by perfusion or 
decapitation on day 51 (as described in Chapter 2). 

We could formulate four treatment groups of birds that were or were not exposed to taped 
tutor song (see below). The treatment groups are summarized in figure 3.1 . 
Group 1 - Birds that had been raised in social groups with other females, but in acoustic isolation 
from male canaries and that were treated with testosterone and BDNF. These birds were injected 
with either PBS or the VEGFR inhibitor and exposed to the same tutor song (“-AE+TS+B”, n = 7). 
We found that treatment with the VEGFR2 inhibitor had no additional influence in the testosterone 
and BDNF-treated birds, we combined all birds that had received testosterone and BDNF treatment 
as one group (“T+B”); 
Group 2 – Acoustically experienced female canaries (i.e. they were raised in aviaries with both male 
and female conspecifics)  that  were treated with testosterone and BDNF. These birds  were also 
injected with either PBS or VEGFR2 inhibitor, but were not exposed to taped tutor song (“+AE-
TS+B”, n = 4); 
Group 3 - Acoustically experienced females that were treated with testosterone but not with BDNF. 
These birds were injected with PBS and not exposed to the taped tutor song (“+AE-TS-B”, n = 10); 
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Group 4 - Acoustically experienced females that had been treated with various doses of testosterone 
(but not with the VEGFR2 inhibitor or with BDNF), for a period of two months as described in 
Chapter  2.  These  birds  were  exposed  to  the  taped  tutor  song,  leading  to  the  production  of 
stereotyped song by 3 of the birds (“+AE+TS-B”, n = 3). The tutor song exposure of his group had 
initially been designed to determine whether testosterone-treated females were able to copy the 
spectral features of tutor song syllables.  
 
3.2.3. Tutor song playback

Some of the females (n = 7) had been raised in acoustic isolation from male canaries at the 
bird facility of the University of Nanterre, France, and had been made available to us by Dr. L. 
Nagle. These birds were kept separated from other canaries at all times to make sure that the tutor 
song we had composed was the first canary song ever these birds were exposed to. The tutor song 
we used was composed of 19 different tours of song syllables (tutorsong1: figure 3.2A and see 
figure 2.3 for an explanation of the structure of canary song). Another tutor song (tutorsong2) was 
composed that consisted of 15 of the tours from the initial tutor song, but in a somewhat different 
order. These tours had been extracted from the natural adult songs of 2 male canaries whose songs 
had been recorded in our animal facility and had been computer edited. We randomly chose tours 
that occurred frequently within these male songs and partly kept their respective serial positions 
within the artificial tutor song. Some syllables or tours were represented more than once in the tutor 
song, while others were less frequent. Further, the syllables differed in frequency modulations and 
repetition rates. In this way, we composed a diverse tutor song of 20 seconds, which resembles a 
normal adult male’s song (see also Vallet and Kreutzer, 1995; Güttinger et al., 1978): We chose 
syllables of carrying frequency modulations, repetition rates, and syllable complexity.

The sounds of all females had been recorded before testosterone implantation in order to 
exclude spontaneously singing females. We started with the tutor song exposure 2 weeks before the 
initiation of testosterone treatment and continued until 1 week after testosterone implantation, or 
when the birds started to sing. Before the testosterone implantation, tutorsong1 was played to the 
females from 7.30 hr till 9.30 hr and from 19.30 hr till 20.30 hr, once every 2 minutes (lights were 
on from 7.00 hr till 21.00 hr). After testosterone implantation, tutorsong2 was played from 8.30 hr 
till 9.30 hr and from 19.30 hr till 20.00 hr, once every 2 minutes. The tutor song was played back by 
customized computer software (R.F. Jansen) and through the speakers that had been attached to the 
walls of the cages the birds were housed in. The non-tutored birds (groups 2 and 3) had been raised 
in aviaries and had therefore been exposed to male canary song (e.g. from their fathers). These birds 
were not exposed to taped tutor song during the experiments. However, we allowed these birds to 
occasionally hear short pieces of male canary song at the beginning of the experiment (at most one 
song per day). We did this in order to motivate the birds to sing. However, the amount of male song 
these birds were exposed to was far less than was the case for the tutored birds from group 1. 
Furthermore, the untutored birds (groups 2 and 3) heard a different song each time. 
 
3.2.4. Song analysis 

All acoustic events (both calls and song) in the birds’ home cages were recorded and stored 
on disk as described in Chapter 2. It has been described that 240 seconds of male canary song is 
sufficient to estimate the total repertoire size, and 120 seconds is already sufficient for 90% of the 
mean number of syllables scored at 240 seconds (Halle et al., 2003). We used the sound analysis 
program SoundExplorer for analysis (see Chapter 2); we had also used this program to analyze the 
song of male canaries recorded in our bird facilities and to create the tutor song. 

In this chapter, we make a distinction between subsong and (stereotyped) song. Subsongs are 
the song-like vocalizations produced by juvenile males when they first start to rehearse singing 
during the sensorimotor phase of song learning. Subsong is characteristically sung at a very low 
volume and is  highly unstructured and disorganized in both timing and patterning:  No discrete 
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clusters of tours can be distinguished. Subsongs also contain only a few different song elements. 
Stereotyped,  crystallized  songs,  on the  other  hand,  are  sung at  a  higher  volume,  contain  more 
stereotyped syllables than subsongs, and these syllables are characteristically organized in tours that 
are composed of stable repetitions of the same syllable. Stereotyped song can be readily induced by 
testosterone treatment in both adult female canaries (e.g. Nottebohm, 1980) and in juvenile males 
(Gardner et al., 2005). We distinguished between subsong and stereotyped song based on the criteria 
described above, which is a common and accepted method in canary song research. Additionally, 
stereotyped, adult male-like songs have a different temporal stereotypy than subsongs do (as will be 
described in more detail below).
 
- Lloyd’s index of patchiness, a measure of temporal stereotypy

We analyzed the syllable repertoire, the repetition rate, and the stereotypy of the temporal 
pattern of the song for each bird: This was done by comparing the length of a certain note sung 
within  a  tour  and linking this  to  the following silent  interval  (pause)  within  that  same tour  of 
syllables (see also Glaze and Troyer, 2006). We measured the durations of at least 100 notes and 
their respective silent interval for each syllable that was sung as a repeated sequence of notes. The 
lengths of the syllables and the lengths of the pauses were plotted against each other to obtain a 
distribution of the data pairs. Next, we measured the degree of patchiness using Lloyd’s index of 
patchiness (Lloyd, 1967). This index can be calculated as follows:
 

 
In this formula, P is Lloyd’s index of patchiness, σ2 is the population variance, and m the population 
mean density. When P < 1, the data points are distributed regularly, and when P > 1 the data points 
are distributed in clusters (patchy). Higher P-values stand for more patchy distributions: This is the 
ratio of mean crowding of a population of data points to their mean density. The mean crowding is 
defined as the mean number of “neighbors” per data point per unit area (= a square within a grid, 
see below). Data points are neighbors if  they are taken from the same sample. In other words: 
Lloyd’s  index  of  patchiness  describes  how many times  as  crowded  a  set  of  data  points  is  as 
compared to  how crowded it  would be if  the data  sets  were randomly distributed.  Ideally,  the 
sampling grid-area should be much smaller than the size of the patches, but large enough so that the 
relative space occupied by a data point is negligible (Lloyd, 1967). The coarseness of the sampling 
grid has an influence on the patchiness measured. Lloyd’s index of patchiness can be calculated by 
the formula shown in the materials and methods section. In order to remove outliers and very long 
pauses at the end of a phrase, we truncated the syllable lengths at 400 ms and the pause lengths at 
200 ms. The resulting dataset was subdivided in 100 grids, each measuring 40 by 20 ms. The spread 
of the data pairs over the grids was obtained by calculating Lloyd’s index of patchiness. 

In zebra finches, the stereotyped songs of adult males have a temporal pattern that has a 
more patchy distribution than is the case for the subsongs of juvenile males (Dittrich, ter Maat, and 
Gahr, unpublished). We noticed that this is also true for testosterone-treated female canaries (see 
results section figure 3.5): In stereotyped song, each tour of syllables produced by a testosterone-
treated female canary appears as a patch that can be separated from patches formed of other tours of 
syllables. Vocalizations produced during the subsong phase lie more scattered and not in patches. 
 
- Morisita’s index of overlap, a measure of temporal similarity

We compared the overlap of data sets from birds of three different treatment groups; group 1 
(+AE+TS+B),  group  2  (-AE-TS+B)  and  group  3  (-AE-TS-B).  This  comparison  was  done  by 
calculating Morisita’s index of overlap (Morisita, 1959). Morisita’s index can be calculated by:
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In this formula, IM is Morisita’s index of overlap, xi is the syllable length for data point i, yi is the 
pause length for data point i, and s is the total number of data points in both sample sets. This index 
is scaled from 0 (no overlap in the distributions of observations among categories) to 1 (identical 
distributions). Lloyd's index of patchiness and Morisita's index of overlap are accepted methods to 
quantify patchiness and overlap in ecological studies.
  
3.2.5. Statistics

Statistical analyses were performed with the help of two programs: We used either Kyplot 
(Version 4.0.1d; Kyence Inc, Tokyo, Japan), or a program written by Dr. A ter Maat (2007) (see 
figure 3.3), that calculates Lloyd’s Index of Patchiness and Morisita’s Index of Overlap. The latter 
program was used for analysis of the spatial distribution of data points in a grid: Data points were 
plotted (syllable lengths on the X-axis and pause lengths on the Y-axis) and a grid was laid over the 
plot. We plotted several data points for each syllable (preferably 50-100). If the data points are 
distributed in a patchy way over a grid, Lloyd’s Index of Patchiness is higher than 1. The higher 
Lloyd’s Index of Patchiness, the patchier the data points are distributed over the grid. A Chi-squared 
test yielded a Chi-squared value along with the probability that the distribution of the data points is 
patchy.  To  compare  the  distributions  of  two  sets  of  data  (two  birds  or  two  treatment  groups) 
Morisita's index of overlap was calculated. This index varies between 0 (no overlap between the 
distributions of two sets of points over the grid) and 1 (complete overlap between the distributions 
of  two  sets  of  points  over  the  grid).  Differences  between  groups  were  tested  for  statistical 
significance with the two-sided Wilcoxon matched-pairs signed-rank test. All other statistical tests 
were done in Kyplot. The normality of distributions was tested with Shapiro-Wilk’s normality test; 
normally distributed data were analyzed with t-tests (see Chapter 2) or single factor ANOVA tests. 
Not-normally distributed data were analyzed with Mann-Whitney U tests or Kruskal-Wallis tests. In 
all cases, p-values below 0.05 were considered statistically significant. The plus-minus symbols (±) 
in text and figure are always standard deviations. Error bars in figures are either standard deviations 
or standard errors of the mean, as is clarified in the figure’s legends. 
 
 
 
3.3. Results
 
3.3.1. Song development

For the song analysis we included only the females that sang stereotyped songs: All singing 
female canaries went through an initial stage of subsong, in which the song is not stereotyped yet. 
The definitions of subsong and stereotyped song we use here are similar to what has been described 
in the literature and is applied commonly in canary song research: Important features of subsong 
that set it apart from stereotyped song are the low volume, and the lack of temporal and spectral/ 
morphological organization of stable repetitions of the same syllables into distinct tours (Notte-
bohm, 1979, 1980; Kreutzer et al., 1996; Vallet and Kreutzer, 1995; Leitner et al., 2001b; Pytte et 
al., 2007 and see the materials and methods section of this chapter). The morphological parameters 
of female subsong, produced in response to testosterone treatment, resemble those of subsong in 
young male canaries produce when they are learning their songs: Figure 3.6 shows the subsong and 
the stereotyped song of 3 female canaries that were all treated with testosterone and BDNF. 
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We investigated how long it took the birds form different treatment groups to start singing 
after testosterone implantation. Nottebohm (1980) has reported that female canaries implanted with 
testosterone may start to sing within a week after implantation. The boxplots in figure 3.7A show 
the day at which the birds of the different treatment groups first started to sing subsong. The birds 
that had not been treated with testosterone but that had been infused with the BDNF carrying vector 
(“null+B”) started to produce subsong (n = 3) more than two weeks later than birds of the other 
treatment groups together (n = 30) (Mann-Whitney U test: p = 0.0061). No significant differences in 
the initiation of subsong were found between the other treatment groups: Testosterone and PBS-
treated birds (“T+P”, n = 12) compared to testosterone and VEGFR2 inhibitor-treated birds (“T+I”, 
n = 2): p = 0.311; Testosterone and PBS and BDNF-treated birds (“T+P+B”, n = 8) compared to 
testosterone  and  VEGFR2  inhibitor  and  BDNF-treated  birds  (“T+I+B”,  n  =  8):  p  =  1;  T+P 
compared to all birds treated with testosterone and BDNF (“T+B-total”, n = 16): p = 0.7921; T+I vs 
T+I+B, p = 0.1433. However, it should be noted that only 2 of the 10 T+I birds sang, and statistical 
tests based on such a small number are not relevant. Also the fact that there was a huge variation in 
the moment of song initiation among the birds of the T+P group may play a role. The null+B birds 
only sang subsong, and never developed stereotyped song. Figure 3.7B indicates at what day after 
testosterone implantation the birds from different treatment groups first started to sing stereotyped 
song.  Using  Mann-Whitney  U  tests,  we  found  no  significant  differences  between  any  of  the 
treatment groups, but this is possibly due to the small group size of T+I: T+P vs T+I, p = 0.8283; 
T+P+B vs T+I+B, p = 0.7923; T+P vs T+B-total, p = 0.1558; T+I vs T+B-total, p = 0.3696. We also 
measured the duration of the subsong period, i.e.  how long the transition period from the first 
production of subsong to the first production of stereotyped song was. These results are shown in 
figure 3.7 C: The transition period was longer in T+P birds than in T+B-total birds (all birds treated 
with  testosterone  and  BDNF,  regardless  of  additional  treatment  with  either  PBS  or  VEGFR2 
inhibitor) (Mann-Whitney U test: p = 0.0318). T+I birds changed their subsong relatively quickly 
into actual song, and the difference with T+P birds was not significant (p = 0.0592). We found no 
difference between T+P+B and T+I+B animals: p = 0.8328. Also, there was no difference between 
T+I-treated animals and T+B-total-treated animals (p = 0.7357).

Figure 3.10 shows the percentage of birds of each treatment group that was singing plotted 
against time (see above). All graphs show the percentage of all birds (including the non-singing 
birds) that was singing subsong throughout the course of the experiment (experimental steps are 
indicated at the X-axis). Additionally, the percentage of all birds that was singing song throughout 
the experiment is also given for all treatment groups except for the null+B group, which never 
developed  stereotyped  song.  We  can  compare  the  singing  behavior  of  the  birds  to  the  BDNF 
expression level in HVC, which we estimated based on the literature (this will be discussed in more 
detail in Chapter 4). It should be stressed that our model is a hypothetical model that has not been 
tested. However, based on literature we know that BDNF induced by the vector is rapidly expressed 
in the HVC (figure 2.2, and see Louissaint et al., 2002). At the time vector-induced BDNF levels 
start  to  decline,  testosterone-induced  BDNF  expression  is  increasing  (Louissaint  et  al.,  2002). 
According to our model, we can expect a (mild) drop in BDNF expression around day 24. However, 
we did  not  find any obvious change in  singing behavior  during this  period.  Most  of  the birds 
experienced some days of decreased singing behavior (ranging from one or two days to about a 
week),  but  these did not always coincide with the expected drop in BDNF expression.  We did 
noticed a drop in song production by BDNF-treated birds at the end of the experiment (after day 
40), when our model predicts decreased levels of BDNF. However, we need to keep in mind that 
normal vocal development in male songbirds (Derégnaucourt et al., 2005) does not occur in a linear 
fashion:  It  is  by  no  means  guaranteed  that  every  individual  animal  will  improve  his  vocal 
performance every single day. 

The females of our fourth treatment group (+AE+TS-B), which were acoustically experi-
enced, exposed to the tutor song, and treated with different doses of testosterone, did not all develop 
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stereotyped song: Only 3 birds did so, leaving us with a very small experimental group. Nonetheless 
we used these birds to investigate the temporal development of testosterone-induced song in female 
canaries (see below). Also, we calculated the similarity of the temporal patterns of these birds' songs 
and to songs of birds from the other treatment groups and the tutor song (table 3.1).
 
3.3.2. Repetition rate

Experiments described in the previous chapter have shown that female birds treated with 
testosterone and BDNF sing more syllables  at  a high repetition rate than do birds treated with 
testosterone but not with BDNF (figure 2.9). There were no differences in repetition rates of -AE
+TS+B and +AE-TS+B birds (groups 1 and 2, see paragraph II of the materials and methods section 
of this chapter) for syllables sung at repetition rates of more than 17 syllables per second, more than 
15 syllables per second, or more than 10 syllables per second, as determined by a Mann-Whitney U 
test (>17 syllables per second → -AE+TS+B birds: median 20.2, 25%- and 75% quartiles 7.5 and 
32.5;  +AE-TS+B birds:  median 27.4,  25%- and 75% quartiles 15.4 and 32.3; p = 0.6093. >15 
syllables per second  →  -AE+TS+B birds: median 40.9, 25%- and 75% quartiles 16.9 and 44.0; 
+AE-TS+B birds: median 38.7, 25%- and 75% quartiles 18.9 and 45.3; p = 0.8983. >10 syllables 
per second → -AE+TS+B birds: median 72.2, 25%- and 75% quartiles 58.0 and 78.9; +AE-TS+B 
birds: median 59.9, 25%- and 75% quartiles 45.0 and 74.7; p = 0.3374). In all cases, both the -AE
+TS+B birds and the +AE-TS+B birds differed from birds not treated with BDNF (+AE-TS-B 
birds, group 3, see paragraph II of the materials and methods section) (>17 syllables per second: 
-AE+TS+B birds p = 0.0233, +AE-TS+B birds p = 0.0254; >15 syllables per second: -AE+TS+B 
birds p = 0.007, +AE-TS+B birds p = 0.019; >10 syllables per second: -AE+TS+B birds p = 0.0089, 
+AE-TS+B birds p = 0.0394. The median repetition rates for the +AE-TS-B animals are given in 
Chapter 2). The results are shown in figure 3.4. 
 
3.3.3. Temporal stereotypy of songs

Song  development  in  canaries  and  other  songbirds  is  characterized  by  an  increasing 
temporal stereotypy (Nottebohm et al., 1979). The degree of temporal stereotypy of a song can be 
described by the relation between the duration of a syllable and that of the following silent interval 
(pause) (Glaze and Troyer, 2006). Syllables that are sung repetitively in a tour have the tendency to 
have similar syllable/silent interval pairs and therefore lie together in a patch when syllable length is 
plotted against silent interval length. Patches like these are usually distinct from those of syllables 
of another tour. Figure 3.5 shows the song development of an adult female canary that was treated 
with 50% testosterone over a prolonged period of time (see Chapter 2). This canary was not treated 
with BDNF, had been raised in aviaries together with both male and female conspecifics, and was 
exposed to the tutor song (group 4 in table 3.2). The development from subsong (figures A and B) 
towards stereotyped song (figures C to G), as induced by testosterone, coincides with an increase in 
patchiness,  as  designated  by  Lloyd’s  index  of  patchiness  (IL).  Figure  H  shows  the  similarity 
(according to Morisita’s index of overlap) between the temporal patterns during song development 
in the bird mentioned here. These indices of overlap show that the subsongs do not yet have the 
patchy distribution that the stereotyped songs have, while the distribution of the syllable length/ 
pause length data pairs are similar among the stereotyped songs. 

Only 3 (of 9) +AE+TS-B birds mentioned in the paragraph above developed stereotyped 
song. We compare the temporal pattern of these birds to those of birds from the other treatment 
groups by means of Morisita’s index of overlap (see table 3.1) but did not include these birds in ad-
ditional statistical analyses, in order to refrain from making statistically unjustified statements. Also, 
the other treatment groups were already rather small. Nonetheless, we plotted the syllable length/si-
lent interval data pairs of the +AE+TS-B females (figure 3.8) and compared these to similar syllable 
length/silent interval data pairs pairs from the tutor song and also to data pairs from females with 
acoustic experience that had not been tutored with the tutor song (groups 2 and 3, see figure 3.9). 
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Since we do not include the above discussed +AE+TS-B birds that were treated with (lower levels 
of) testosterone over a prolonged period of time in our comparisons between treatment groups, the 
data below will only cover the three treatment groups mentioned in paragraph three of the materials 
and methods section: group 1 (-AE+TS+B; acoustically naive, tutored, BDNF-treated),  group 2 
(+AE-TS+B;  acoustically  experienced,  not  tutored,  BDNF-treated),  and  group  3  (+AE-TS-B; 
acoustically experienced, not tutored, not BDNF-treated).

Figure 3.2C illustrates the distribution of the syllable/silent interval pairs of the tutor song 
(tutorsong1).  Each different tour of syllables is  indicated with a different  symbol.  The level of 
patchiness of this distribution can be described by Lloyd’s index of patchiness (Lloyd, 1967); a 
higher index signifies a patchier distribution. We calculated the indices of patchiness for the tutor 
song, for each individual bird and for each treatment group (see figure 3.11A). All indices were 
larger than 1, indicating that the syllable/silent interval data pairs are distributed in a patchy way, 
which indicates  that the songs are stereotyped. A Shapiro-Wilk normality test demonstrated that 
these data are not normally distributed (p = 0.0002); a Kruskal-Wallis test showed no significant 
effect of treatment group on Lloyd’s index of patchiness (Chi-Square = 0.3545; p = 0.8376, NS) 
(figure 3.11A).
 
3.3.4. Similarity of the temporal pattern within and between experimental groups 
To determine the degree to which the temporal organization of song had been copied from the tutor 
song, we quantified the similarity of the distribution of syllable/silent interval data pairs between 
the tutor and the experimental birds using Morisita’s index of overlap (Morisita, 1959, 1962; Horn, 
1966). In addition to the indices of overlap between the experimental birds and the tutor song, we 
also calculated the indices of overlap between and within the experimental groups. All indices of 
overlap that were calculated are shown in table 3.1.

Morisita’s index of overlap is highest among -AE+TS+B females and lowest among +AE-
TS-B females (figure 3.11B) (see paragraph II of the materials and methods section of this chapter 
for details on the experimental groups). There was a significant effect of treatment on the indices of 
overlap between the experimental  groups (Kruskal-Wallis  test:  Chi-squared value = 42.5826,  p 
<0.0001). Mann Whitney U tests showed that the indices of overlap among -AE+TS+B birds were 
significantly higher than those among +AE-TS-B animals, but not higher than those among +AE-
TS+B birds (p < 0.0001 and p = 0.0579 (NS), respectively). Furthermore, the indices among +AE-
TS+B females were significantly higher than those among +AE-TS-B animals (p = 0.0193).

We investigated whether there was an effect of treatment with the VEGFR2 inhibitor (as 
compared to control-treatment with PBS) on the temporal structure of the songs of the -AE+TS+B 
birds. Morisita’s index of overlap is slightly higher among -AE+TS+B birds treated with VEGFR2 
inhibitor (n = 3) than among PBS-treated animals (n = 4) (Mann Whitney U test: p = 0.0282). 
However, it is hard to make a statement about the effect of VEGFR2 inhibitor treatment on song 
learning from the present experimental set up since 1) the group sizes of VEGFR2 inhibitor-treated 
-AE+TS+B females and PBS-treated -AE+TS+B females are very small, and 2) we had very few 
(+AE-TS+B) or no (+AE-TS-B) other VEGFR2 inhibitor-treated birds to compare. Therefore, we 
decided to group these females together as one group. 

Next, we compared the indices of overlap between the treatment groups (figure 3.11C). The 
temporal song patterns of birds that were -AE+TS+B have a significantly larger overlap with the 
temporal patterns of +AE-TS+B birds, than they have with +AE-TS-B birds (Mann-Whitney U test: 
p = 0.0476). The temporal song patterns of +AE-TS+B birds have a significantly larger overlap 
with -AE+TS+B birds than they have with +AE-TS-B birds (p = 0.0175). However, +AE-TS-B 
birds have a similar overlap with -AE+TS+B birds as they do with +AE-TS+B birds (p = 0.7514). 
The result that the temporal song patterns of -AE+TS+B birds are more similar to those of +AE-
TS+B birds than they are to those of +AE-TS-B birds suggests that BDNF could play a role in 
organizing the song temporal pattern into a more homogeneous form. 
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Tutored testosterone and BDNF-treated female canaries were exposed to only the tutor song, 
while all other females were exposed to many tutors (meaning they were raised in aviaries where 
they were in acoustic and social contact with both male and female adults). This might indicate that 
the more homogeneous temporal pattern of the tutored females is due to the much smaller number 
of memorized model songs. To study this further, we compared the temporal pattern of all females 
to that of the tutor song (figure 3.11D). A Kruskal-Wallis test demonstrated that there is a significant 
difference between Morisita’s indices of overlap between the tutor song and the three treatment 
groups (Chi-Squared = 6.68387, p = 0.0354). The temporal pattern of the tutor song is more similar 
to that of -AE+TS+B birds than it is to that of +AE-TS+B birds or to that of +AE-TS-B birds 
(Mann-Whitney U test: p = 0.0368 and p = 0.0279, respectively). However, the temporal pattern of 
the tutor song is not more similar to that of the +AE-TS+B birds than it is to that of the +AE-TS-B 
birds (p = 0.9435). The temporal pattern of -AE+TS+B birds is more similar to that of the tutor song 
than it is to the temporal pattern of the +AE-TS+B birds or of the +AE-TS-B birds (p = 0.0034 and 
p = 0.0013, respectively). The temporal pattern of +AE-TS+B birds has an index of overlap that is 
more similar to that of -AE+TS+B birds than to +AE-TS-B birds (p = 0.0175), while it was similar 
to the temporal pattern of the tutor song (p = 0.5992). The temporal structures of the songs of the 
+AE-TS-B birds are different from those of the other treatment groups (Kruskal-Wallis test: Chi-
squared = 0.44343, p = 0.8011). As mentioned, we did not perform statistical analyses on the birds 
from group 4 (+AE+TS-B birds). Nonetheless, we compared the temporal similarity of the songs of 
these birds to the tutor song (see table 3.1). On average, the temporal pattern of the tutor song was 
most  similar to that  of the -AE+TS+B birds (group 1),  and second most similar  to that  of the 
+AE+TS-B birds (group 4). The temporal patterns of the +AE-TS+B birds and the +AE-TS-B birds 
were least similar to the tutor song. These results implicate that both BDNF and the tutor song 
exposure potentially influence the temporal patterning of testosterone-induced song production in 
female canaries. 
 
 
 
3.4. Discussion
 

In this chapter, we investigated if adult female canaries are able to learn vocal patterns. We 
demonstrate  that  acoustic  experience  during  early  life  is  not  necessary  for  testosterone-treated 
female  canaries  to  develop  male-like,  stereotyped  songs.  Female  canaries  that  were  raised  in 
acoustic isolation from male conspecifics (-AE) and then exposed to taped tutor song (+TS) and 
treated with testosterone as adults, were able to sing stereotyped song. The overall song pattern and 
syllable repetition rates of the songs of these females were not different from those of testosterone-
treated females that had been raised in aviaries, and therefore were exposed to male canary song as 
juveniles.  However,  the  temporal  structure  of  songs  of  -AE+TS+B (BDNF)  females  was  more 
similar to that of the tutor song than it was to that of untutored BDNF-treated (+AE-TS+B) females. 
Furthermore, -AE+TS+B females produced a temporal pattern that was more similar among birds 
within the treatment group than was the case for such females not treated with BDNF. Additionally, 
the song temporal pattern of -AE+TS+B females was more similar to the tutor song than was the 
temporal  pattern  of  +AE+TS-B  females.  However,  treatment  with  BDNF or  tutoring  does  not 
advance or  delay the production of stereotyped song.  Our  results  suggest  (1)  that  adult  female 
canaries are able to learn the temporal pattern of songs they were exposed to, independently of their 
auditory history, and (2) that BDNF facilitates song temporal pattern learning. It is noteworthy that 
none of the females  copied the frequency morphology of  the syllables  of  the tutor.  We should 
mention here that the lack of an additional treatment group (i.e. female canaries raised in acoustic 
isolation,  exposed  to  a  tutor  song  as  adults  and treated  with  testosterone but  not  BDNF) may 
complicate the interpretation of our results and could be useful in drawing final conclusions (see the 
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paragraph below).  The lack of this additional treatment group is caused by the complication in 
raising such animals and timeframe of the thesis. Future experiments could shed light on hiatuses in 
the present experiments. 
 
3.4.1. Temporal stereotypy in canaries is testosterone-dependent but does not require auditory 
experience

Several papers reported that the temporal structure of typical canary song can be obtained by 
young  males  in  the  absence  of  tutor  song,  while  the  morphology  of  most  syllables  and  the 
sequences in which they are sung has to be learned (Güttinger, 1979, 1981; Marler and Waser, 1977; 
Nottebohm et al., 1976). Similarly, testosterone treatment of adult female canaries induces typical 
male-like canary song: Most syllables are repeated in repetitions (tours) and these tours combine to 
form longer song phrases. Similar to what has been reported for males, this temporal song feature is 
most  likely  innate  and  inducible  by  testosterone  in  female  canaries.  We  can,  however,  not 
conclusively state this since we lack a non-tutored group of females that were raised in acoustic 
isolation  from males.  Nevertheless,  this  interpretation  of  an  innate  testosterone-inducible  song 
pattern of female canaries is in register with the results of previous works on testosterone-treated 
female canaries (Metfessel,  1935; Shoemaker,  1936;  Poulsen,  1959;  Hartley and Suthers,  1990; 
Fusani et al., 2003). Thus, female canaries may either not at all learn their songs or not in adulthood. 
Alternatively, sensorimotor learning might refine the innate song pattern. 
 
3.4.2. Song learning of adult female canaries

We could not detect any syllable that was copied with a decent accuracy from the taped tutor 
song by the females, while this is a learning capacity typical for adult male canaries. Since this was 
the case both in females exposed to male songs and in females raised in acoustic isolation of males, 
this lack of learning of frequency modulations appears independent of the auditory experience and a 
clear sexual dimorphism of canaries. Clearly, one could argue that this interpretation suffers from a 
pseudoreplication problem (Kroodsma et al., 2000), i.e. that we did not present the “good” syllables, 
since we used the same syllables in all tutor experiments. However, we used 17 different syllables 
of various complexities as they are common in songs of different male canaries and, therefore, 
argue that the result does not suffer from pseudoreplication. In relation, the syllables originated 
from songs of several adult male canaries and we kept the syllable/pause relations; short syllables 
appear to precede short pauses and long syllables are sung with longer pauses. Further, we think that 
the result is not due to a physical shortcoming of females to produce certain syllables, since the 
female  syllables  are  of  large  frequency bandwidth  and of  fast  frequency modulations.  Further, 
although one could argue that females would have a problem in the lower frequency range due to a 
smaller  syrinx,  this  would  not  hold  for  higher  frequency ranges.  Thus,  we  argue  that  the  sex 
difference  of  syllable  learning  is  not  a  motor  (production)  problem  but  a  learning  problem. 
Compared to females, young male canaries treated with testosterone rapidly develop stereotyped 
songs that contain tutor syllables (Gardner et al., 2005). The repertoire size of these testosterone-
treated juvenile males is similar to that of adult males that were allowed to naturally develop their 
song repertoire. However, similar to females, males are able to produce innate syllables. In relation, 
peer group-raised males that were isolated from adult tutor songs develop rather normally structured 
songs with few canary-like syllables (Leitner and Catchpole, 2007).

Even though our females did not learn the syllable frequency modulations, they learn the 
lengths of syllables and their following pauses. This means that female canaries can extract and 
learn the temporal pattern of songs independent of syllable morphologies (see figure 3.8). In white-
crowned sparrows (Zonotrichia leucophrys pugetensis) it was previously shown that males are able 
to extract different fragments of a syllable and compose them into one syllable (Nelson et al., 2004). 
Since there are surprisingly few tutoring experiments of adult male songbirds (Glaze and Troyer, 
2006; Funabaki and Funabaki, 2008), this result of “syllable/pause length” learning stands unique. 
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Further,  there  are  only very few detailed  studies  of  vocal  learning  in  juvenile  male  birds  that 
focused on the temporal pattern independent  of the syllable morphology (Gardner  et  al,  2005). 
Thus, the generality of the finding of temporal learning independent of frequency learning needs to 
be tested in the future. 

The main finding in this chapter is that adult female canaries are capable of sensorimotor 
learning. This is the first indication that adult female songbirds are able to learn any vocal pattern. 
Vocal learning in juvenile female songbirds had been documented in a few cases (e.g.Yamaguchi, 
2001). Female bush shrikes have a sex-specific repertoire and juvenile females learn their syllables 
from adult  females and use these syllables  in  duets,  but  maintain their  repertoire  (in  captivity) 
throughout adulthood (Wickler and Sonnenschein, 1989; Wickler and Lunau, 1997). Female and 
male forest weavers form life-long pairs during late stages of ontogeny in which male and female 
sing unison. However, if females (and males for that matter) lose their mate during adult life, they 
do not adjust their duet (in captivity), meaning that they do not learn to sing unison in adulthood 
(Wickler and Seibt, 1980; Seibt et al., 2002). Female Northern Cardinals learn their syllables during 
ontogeny but have not been reported to learn as adults. Syllable learning in this species is sexually 
dimorphic in that females learn earlier but fewer syllables compared to males (Yamaguchi, 1998, 
2001).  Although,  females  of  other  songbird  species  have  been reported to sing occasionally or 
normally as adults (for review: Riebel, 2003), there is little circumstantial or experimental evidence 
for sensorimotor learning during ontogeny in these species. Thus, open-ended vocal learning might 
be  a  species-typical  feature  of  canaries,  concerning  both  males  and  females.  In  females,  this 
learning appears not related to their sensory preferences in the context of mate selection. It has been 
demonstrated that female canaries, whether raised in acoustic isolation or raised in aviaries, show a 
sexual preference for tours sung at a high repetition rate in combination with a bi-partite syllable 
structure (Drãgãnoiu et al., 2002; Vallet et al., 1998).

The second main finding is that BDNF over-expression in the HVC of testosterone-treated 
females  improves  temporal  learning  of  adult  female  canaries  compared  to  testosterone-treated 
females not exposed to the BDNF. Again, this result might suffer from a pseudoreplication problem 
since we used only one set of syllables. Thus, one could argue that the lower level of temporal 
learning in +AE-TS-B females is due to the “wrong” songs, e.g. a temporal pattern that is (1) not 
attractive or (2) one that they did not hear previously. In the mate selection context, female canaries 
have a clear preference for syllables produced with a repetition rate above 17 Hz. The first argument 
is unlikely since such syllables were included in the tutor tapes. The second point, too, is unlikely 
since the group of females that was raised in isolation showed the best learning of all experimental 
groups. Further, we do not know if the females experience the songs as one large temporal pattern 
or each tour (the repetition of a syllable with following pause) as a temporal pattern. Since they did 
not  copy the  overall  temporal  sequence  of  the  tutor  tape  but  the  syllable  length/pause  length 
relations within tours this argument of pseudoreplication, too, is not supported. Thus, besides work 
in progress of Dittrich and colleagues of the department of Gahr,  this is the first  evidence that 
BDNF-dependent mechanisms of the HVC improve vocal learning. In his study, Dittrich showed 
that young zebra finches copy not only the syllables from their tutor, but also the temporal features 
of their tutor’s song and that these temporal features are copied more accurately when juvenile 
males over-express BDNF locally in the HVC (Dittrich et al., unpublished data). 

BDNF might promote the described temporal learning via increased neuron recruitment into 
the adult HVC but other explanations, such as changes in the wiring of existing neuronal circuits or 
of the synaptic efficacy, need to be tested. The potential neuronal mechanisms underlying the effect 
of BDNF in HVC will be discussed in detail in Chapter 4. 
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Chapter 4
 

The effects of BDNF, VEGF, and testosterone on song system 
morphology and neurogenesis of the adult female canary

 
With: Anton Pieneman, René Jansen, Falk Dittrich, Christina Lilliehöök, Steven Goldman, and 

Manfred Gahr
 
 

4.1. Introduction
Canaries, like all songbirds, have a specialized steroid-sensitive network of brain nuclei for 

controlling song. HVC, thought to be the master nucleus of this circuit, is involved in the control of 
higher-order song patterns such as syllable sequences. In spring, the blood levels of testosterone 
increase in male canaries, which leads to an increase in the production of stereotyped song. This 
testosterone-dependent  stereotyped  singing  was  previously  thought  to  depend  on  testosterone-
induced alterations of the song control regions, including HVC (Nottebohm, 1981, 1993, 2002). 
These alterations include volumetric measurements, the recruitment of new neurons, and changes in 
angiogenesis (Goldman and Nottebohm, 1983; Nottebohm, 1980, 1981; Louissaint et al., 2002). In 
the HVC of adult female canaries that are treated with testosterone, both VEGF and its receptor 
VEGFR2 are rapidly upregulated, which in turn leads to expansion of the HVC microvasculature 
and the production of BDNF (Louissaint et al., 2002). In the mammalian brain, BDNF can be found 
in areas for learning, memory and cognition (e.g. Altar et al., 1997; Conner et al., 1997). In canaries, 
BDNF is thought to direct the recruitment of new neurons that are born in the wall of the lateral 
ventricle overlying HVC, and to support their survival (Goldman and Nottebohm, 1983; Li et al., 
2000; Alvarez-Borda and Nottebohm, 2002; Louissaint et al., 2002; Alvarez-Borda et al., 2004). As 
is described in Chapters 2 and 3, testosterone treatment of female canaries induces these females to 
produce stereotyped song but this singing appears to involve VEGF receptor signaling and requires 
the production of BDNF in the song control nucleus HVC. Moreover, we showed that BDNF itself 
is  capable  of  inducing  the  production  of  simple  song  in  female  canaries  not  treated  with 
testosterone.  Thus,  in  this  chapter  we  study the  neuroanatomical  consequences  of  testosterone 
treatment  (T+PBS  females),  of  combined  treatment  with  testosterone  and  VEGFR2  inhibitor 
(T+VEGFR2-I females), and combined treatment with testosterone, VEGFR2 inhibitor and BDNF 
(T+VEGFR2-I+BDNF  females)  and  of  the  appropriate  control  females.  Our  neuroanatomical 
measurements  include the detection of  new born neurons in order  to elaborate on the question 
whether BDNF-dependent singing coincides with the recruitment of new functional HVC neurons. 
 
4.1.1. Adult neurogenesis

The word neurogenesis litterally means “the birth of neurons”. Neurogenesis is a process by 
which new neurons are generated in the (adult) brain, and is an example of a long-held scientific 
theory being overturned: It has only recently been largely accepted by the scientific community that 
adult  neurogenesis  actually  exists.  Early  neuroanatomists,  including  Santiago  Ramón  y  Cajal, 
considered the adult nervous system fixed and incapable of regeneration and growth. For many 
years, only a few biologists considered adult neurogenesis a possibility. In the 1960s, Altman was 
able to demonstrate the occurrence of neurogenesis in mammals (Altman, 1963; Altman and Das, 
1965) and his findings were corraborated by Kaplan (Kaplan and Hinds, 1977). However, these 
results  were  received  with  a  lot  of  scepticism,  and  when  Rakic  was  unable  to  confirm  adult 
neurogenesis in primates (Rakic, 1985), only little attention was payed to adult neurogenesis in 
mammals in the years that followed. At about that time, adult neurogenesis could be characterized 
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in songbirds (Goldman and Nottebohm, 1983) and this discovery boosted neurogenesis research 
again. Today, the use of immunohistochemical labels for identifying dividing cells (such as BrdU), 
retroviral  labeling,  and  confocal  microscopy  have  made  it  reasonably  well-accepted  that 
neurogenesis exists in discrete areas of the adult brain of a variety of species. Post-developmental 
neurogenesis has been conserved across time and throughout evolution, and can be found in many 
species  ranging  from insects  (Cayre  et  al.,  1994;  Melzig  et  al.,  1998;  Heisenberg,  1998)  and 
crustaceans (Harsch and Dawirs, 1996), to higher vertebrates, including bony fish (Zupanc, 1999, 
2001),  amphibians  (Bernocchi  et  al  1990;  Chetverukhin  and  Polenov  1993;  Polenov  and 
Chetverukhin 1993), reptiles (López-García et al. 1988; García-Verdugo et al. 1989; Pérez-Sánchez 
et  al.  1989;  Pérez-Cañellas  and  García-Verdugo,  199;,  Font  et  al.,  2001)  birds  (Goldman  and 
Nottebohm 1983;  Paton  and  Nottebohm 1984;  Burd  and  Nottebohm 1985;  Paton  et  al.  1985; 
Nottebohm, 2002), rodents (Altman and Das, 1965; Cameron et al.,  1993; Corotto et al.,  1993; 
Luskin, 1993; Lois and Alvarez-Buylla, 1994; Kuhn et al., 1996; Van Praag et al., 2002), primates 
(Gould et al., 1998, 1999a; Kornack and Rakic, 1999, 2001a) and humans (Eriksson et al., 1998). 

Obviously, the role of protracted neurogenesis may be different in animals that permanently 
grow throughout life compared to animals that do not change much in size after puberty. The degree 
of postnatal neurogenesis seems to decrease with increasing brain complexity. This makes sense in 
that the more complex the orderly flow of neuronal signals gets, the more complicated it would be 
to  integrate  new neurons into  such a  system. Adult  neurogenesis  in  lower  vertebrates,  such as 
lizards, provides a supply of neurons capable of regenerating entire brain parts (Font et al., 2001), 
whereas adult neurogenesis in mammals is restricted to only a few regions (as will be discussed 
below). It has been suggested that the degree of post-developmental neurogenesis in a given species 
could  depend  on  a  trade-off  between  the  benefits  accrued  from  newly  born  neurons  and  the 
problems they generate for the network circuitry into which they will integrate (Kempermann et al., 
2004b).

Even  though  neurogenesis  in  non-neurogenic  regions  under  normal  circumstances  is 
debated,  neurogenesis  in  regions  such  as  the  neocortex  may  occur  under  certain  pathological 
circumstances, such as following tissue damage in ischemia. For example, Zhang and colleagues 
(Zhang et al.,  2001) reported the presence of neuronal regeneration in the adult rat cortex after 
stroke. Several factors that promote neurogenesis have been found to act not only in neurogenic 
regions,  but  also in non-neurogenic regions in response to injury or pathological  stimuli:  Such 
factors allow newly born neurons to invade and integrate into the lesioned area (Parent, 2003). In 
response to ischemia or trauma, proliferation in the dentate gyrus and the subventricular zone is 
increased (Dash et al., 2001; Yagita et al., 2002, Kokaia and Lindvall, 2003; Rice et al., 2003), but 
newly born neurons were also found in the striatum and neocortex (Dash et al., 2001; Kokaia and 
Lindvall, 2003; Rice et al., 2003; Arvidsson et al., 2002; Jin et al., 2003c). The new neurons in non-
neurogenic regions are thought to be SVZ neuronal precursors that have atypically migrated to 
impaired areas (Zhang et al., 2004). Therefore, it seems possible that pathological conditions trigger 
processes of endogenous neurogenesis in regions where adult neurogenesis is usually non-existent 
(Ming and Song, 2005). Additionally, the presence of clusters of newly born cells in cortical areas 
has been described in the vicinity of blood vessels. This either suggests the recruitment of resident 
quiescent stem-like cells, or the infiltration of blood-borne cells (Zhang et al., 2001). Yet, it has to 
be stressed that despite the presence of neural stem cells in the adult mammalian brain, neurons are 
not replaced in most brain regions after injury. For example, oligodendrocyte transcription factor 2 
(OLIG-2) is a natural repressor of neurogenesis in cells reacting to brain injury (Buffo et al., 2005). 
 
4.1.2. Adult neurogenesis in mammals

Most proximate research on adult neurogenesis in mammals has been performed in rodents. 
Neurogenic niches in the rodent brain have been found at two locations: The subventricular zone, 
which lines the lateral ventricles of the brain, and the dentate gyrus of the hippocampal formation 

58



(e.g. Alvarez-Buylla et al., 2002). Yet, neural progenitor cells have been isolated from various areas 
in the adult brain, including non-neurogenic areas such as the spinal cord. In the mammalian brain, 
adult neurogenesis under normal conditions is probably limited to two regions (Taupin and Gage, 
2002).
 
- Subventricular zone of the lateral ventricle: Olfactory bulb neurogenesis

The subventricular zone (SVZ) contains the largest  pool of dividing neuronal progenitor 
cells in the rodent brain (Goldman and Luskin, 1998; Temple and Alvarez-Buylla, 1999). After new 
cells are born in the anterior part of SVZ, tangential migration of these amplifying cells, which in 
turn give rise to neuroblasts, occurs (while in transit) along the rostral migratory stream (RMS; 
sometimes abbreviated as RMP for rostral migratory pathway). The RMS is a formation of tubes 
formed by astrocytes) towards the olfactory bulb (figure 4.3A). Movement along the RMS occurs 
by chain migration (Rousselot et al., 1995; Lois et al., 1996) where the newly generated neuronal 
cells  use  each  other  as  the  migratory  substrate,  without  axonal  or  radial  guides  (Doetsch  and 
Alvarez-Buylla, 1996). The migration is regulated by interactions between neuroblasts and the local 
RMS microenvironment: It involves different receptors and proteins that are necessary for contact-
mediated repulsion or attraction. When the migrating neuroblasts reach the core of the olfactory 
bulb,  chain  detachment  and  radial  migration  occur,  after  which  the  new  neurons  invade  the 
overlying  layers  where  they  differentiate  into  two  local  interneuron  subtypes:  granule  neurons 
(located in the deeper layer of the olfactory bulb) and periglomular neurons (located in the most 
superficial layer; Lois and Alvarez-Buylla, 1994). This SVZ neurogenesis and consequent migration 
into the olfactory bulb has not only been found in rodents (Altman, 1969; Lois and Alvarez-Buylla, 
1994; Corotto et al., 1993; Alvarez-Buylla and Garcia-Verdugo, 2002) but also in macaque monkeys 
(Pencea et al., 2001a; Kornack and Rakic, 2001a; Rakic, 2002b). Even though new neuronal cells 
have been found in the adult human olfactory bulb (Bedard and Parent, 2004), it is uncertain where 
they come from:  No evidence  has  been  found for  the  existence  of  migrating  neuroblasts  or  a 
migrating pathway for these neuroblasts from the SVZ to the olfactory bulb in the human brain 
(Sanai et al., 2004). It has been suggested that neuroblasts from the SVZ migrate to the human 
olfactory bulb via a different, yet unidentified, pathway (Taupin, 2006). Nonetheless,  a ribbon of 
SVZ  astrocytes  was  found  lining  the  lateral  ventricles  of  the  adult  human  brain.  These  SVZ 
astrocytes  may  proliferate  in  vivo,  behave  as  multipotent  progenitor  cells  in  vitro,  and were 
identified as neural stem cells (Sanai et al., 2004). 
 
- Subgranular zone: Hippocampal neurogenesis

In the other neurogenic niche of mammals, the hippocampus, new cells are being generated 
continuously in the subgranular zone (SGZ: figure 4.3B), which is a layer beneath the hippocampal 
granular layer. Some of these new cells differentiate into neurons and migrate into the granular cell 
layer, a process that is associated with glial-like cells (Seki and Arai, 1999). Here, the new neurons 
extend  axonal  projections  to  the  CA3 pyramidal  layer  of  Ammon’s  horn  and  dendrites  to  the 
molecular layer (Cameron et al., 1993; Stanfield and Trice, 1988; Markakis and Gage, 1999; Gage, 
2000; Gould et al., 2000). However, most of the new neurons born in the dentate gyrus are not used 
and are removed via apoptosis. It has been demonstrated that the surviving newly generated neurons 
in both the dentate gyrus of the hippocampus and in the olfactory bulb, establish synaptic contacts 
and functional connections with neighboring cells (Markakis and Gage, 1999; van Praag et  al., 
2002; Carlen et al., 2002; Belluzzi et al., 2003). 
 
- Other regions of adult neuron recruitment

The presence of constitutive neurogenesis in other regions of the adult brain is debated (see 
Palmer et al., 1995; Weiss et al., 1996; Tropepe et al., 2000; Bernier et al., 2002; Gritti et al., 2002; 
Zhao  et  al.,  2003;  Kokoeva  et  al.,  2005;  Bauer  et  al.,  2005;  Gould  et  al.,  1999b,  but  for  an 
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alternative view, see Kornack and Rakic, 2001b;  Rakic, 2002a; Lie et al.,  2002; Koketsu et al., 
2003; Frielingsdorf et al., 2004). Some authors have suggested that adult neurogenesis may also 
occur in other areas in certain species,  albeit  at  low levels.  These include  the CA1 area of the 
hippocampus of adult mice (Rietze et al., 2000) and the substantia nigra (Zhao et al., 2003), the 
neocortex (Gould et  al.,  1999a, 1999b, 2001),  the striatum (Bedard et  al.,  2002, 2006) and the 
amygdala (Bernier et al., 2002) of adult non-human primates.  Neurogenesis was also observed in 
the human neocortex (e.g., Gould et al., 1999b; Zhao et al., 2003), although others, including Rakic 
(Rakic, 2002a), have questioned the scientific evidence of these findings: These sceptics suggest 
that the new cells that were observed may be glial cells. Other results of neurogenesis in cortical 
regions  have  been contradicted  as  well.  Both  Lie  and colleagues  (2002)  and Frielingsdorf  and 
colleagues  (2004)  were  unable  to  report  evidence  for  new dopaminergic  neurons  in  the  adult 
mammalian  substantia  nigra,  whereas  Kornack  and Rakic  (2001b)  and Koketsu  and colleagues 
(2003)  reported  cell  proliferation  without  neurogenesis  in  adult  primate  neocortex.  Using  C14 
dating of DNA, Spalding and colleagues (2005) reported that nerve cells in the cortex of the adult 
human brain are not replaced. The other group of higher vertebrates besides the mammals, the birds, 
shows  adult  neurogenesis  in  most  parts  of  the  forebrain  next  to  the  olfactory  bulb  and  the 
hippocampus (this will be discussed in more detail below). 
 
- The rate of mammalian neurogenesis

The  dentate  gyrus  of  the  hippocampus  of  rodents  may produce  as  many as  9000  new 
neurons  per  day  (Cameron  and  McKay,  2001;  Kempermann  et  al.,  1997).  In  the  rodent 
subventricular zone (where new neurons for the olfactory bulb are born), as many as 30,000 newly 
generated neuronal progenitor cells converge per day to the rostral migratory stream leading to the 
olfactory  bulb  (Alvarez-Buylla  et  al.,  2001).  In  the  olfactory  bulb,  65.3–76.9%  of  the  bulbar 
neurons are replaced during a 6-week period (Kato et al., 2001). However, in adult macaque, around 
0.004% of  neuronal  cells  of  the  granule  cell  layer  of  the  dentate  gyrus  are  generated per  day 
(Kornack and Rakic, 1999). The rate of neurogenesis in human dentate gyrus was also reported to 
be low (Eriksson et al., 1998).
 
4.1.3. Neurogenesis in the adult songbird brain

Neuronal recruitment is widespread throughout the adult avian forebrain (not in the midbrain 
or the brain stem), but is most remarkable and well-studied in the song control nucleus HVC (Gahr 
et al., 2002, and see Brenowitz et al., 1997 for a review on the song control nuclei that form the 
song system). Song nucleus HVC of male canaries grows dramatically during the first 4 months of 
life, and it is thought that this growth is partly due to the addition of postnatally born neurons 
(Alvarez-Buylla et al., 1992). In young male canaries, the HVC reaches its maximum volume and 
its  maximum  number  of  neurons  when  the  birds  are  four  months  of  age.  Neuronal  addition 
continues thereafter, not only in juvenile birds but also in adult birds (Alvarez-Buylla et al., 1990a, 
1992). Nottebohm and colleagues hypothesize that the newly formed neurons must then replace 
older  neurons  that  die  (Nottebohm,  1985a;  Alvarez-Buylla  et  al.,  1992).  It  is  thought  that 
neurogenesis contributes in one way or another to the production and acquisition of birdsong. The 
specific role  of new neurons in song learning by birds is,  however,  not  clear.  It  is  nonetheless 
interesting to note that the neurogenic cells in HVC have been implicated in sparse coding, just like 
neurogenic cells in the dentate gyrus of the mammalian hippocampus (Fiete et al., 2004). 
 
- Neurogenic hotspots and the production of functional neurons

New cells are generated from neuronal progenitor cells that undergo their last division on the 
walls lining the lateral ventricle (see figures 4.1A and 4.2). New neurons may arise from all regions 
of the lateral wall of the lateral ventricle, but it has been demonstrated that there are “hotspots” of 
high density [3H]thymidine labeling ([3H]thymidine is a marker for new born cells) in the ventral 
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and dorsal reaches of the lateral wall of the lateral ventricle (see figure 4.1 and see Alvarez-Buylla 
and Nottebohm, 1988;  Alvarez-Buylla et al.,  1990b).  Cells that are about 3 days of age start to 
migrate away from the ventricular zone along the processes of radial glial cells. Radial glia have 
also been reported in the developing mammalian brain (see figure 4.2 and see Alvarez-Buylla and 
Nottebohm, 1988;  Alvarez-Buylla  et  al.,  1988a,  Rakic,  1990).  Radial  glia  in  birds have a  long 
unbranched process that penetrates the brain parenchyma, often for several millimeters. These long 
radial  fibers  are  thought  to  guide  the  initial  migration  of  the  young  neurons  away  from  the 
ventricular zone. However, the radial processes only span the first part of the migratory route young 
neurons have to follow, and it is currently not known how the young neurons navigate towards their 
final destination after they have left their guiding fiber. It should be mentioned that radial cells also 
continue to undergo mitosis  in adulthood; they can be labeled,  along with their  fibers,  and are 
thought to be the progeny of pluripotent precursors that also give rise to new neurons (Alvarez-
Buylla et al., 1990b; Alvarez-Buylla and Kirn, 1997; Goldman et al., 1996). Many young neurons 
that start their migration do not reach their final destination: 20 days after treatment with a cell birth 
marker, the number of labeled migrating cells peaks, but at 40 days after administration of a cell 
birth marker, this number has decreased to one third of this initial population. Characteristically, 
many pyknotic cells have been observed in close approximation to radial cell fibers (Alvarez-Buylla 
and  Nottebohm,  1988).  It  is  not  clear  whether  cells  that  are  derived  from “hotspots”  migrate 
according to a certain migration pattern (in such a way that areas in the avian brain are specifically 
provided with their new neurons from a certain hotspot). It has indeed been suggested that there is 
some form of compartmentalization, regulating timing and rate of neurogenesis and perhaps provide 
for neuronal phenotypes. However, spatial distribution of newly born neurons may also be timed 
and regulated by apoptosis (Alvarez-Buylla et al., 1994). 

HVC  has  two  major  neuron  types:  Local  interneurons  and  long-distance  (2  to  3  mm) 
projection neurons, which lie diffused throughout the HVC (see figures 2B and C in Gahr et al., 
2002). Neurons of the latter type may project to either motor nucleus RA (and express androgen 
receptors) or to the anterior forebrain nucleus Area X (and express both androgen- and estrogen 
receptors). In canaries, between 50% and 60% of all HVC neurons project to RA, roughly 20% 
project to Area X and much of the remainder are interneurons (Kirn et al., 1991, 1999; Alvarez-
Buylla et al., 1988a; Nottebohm et al., 1990). While it was initially thought that HVC cells born in 
adulthood were local interneurons, later studies using retrograde tracers and markers specific for 
new neurons, such as [3H]thymidine and BrdU, have suggested that about half of the new HVC 
neurons  project  to RA  (Nordeen  and  Nordeen,  1988;  Alvarez-Buylla  et  al.,  1988b,  1990a, 
Nottebohm et al., 1994; Scharff et al., 2000). Between 25% and 50% of all RA-projecting HVC 
neurons appear to be permanent and are not replaced during adulthood (Paton et al., 1985), while 
roughly 50% of the HVC neurons that project to RA can be replaced over a time period of 6 months 
(from spring to fall) in adult canaries (Kirn and Nottebohm, 1993). Neurogenesis in songbirds is 
also responsive to pathological conditions: Selective killing of RA-projection neurons results in an 
increased insertion of new neurons of the same kind (Scharff et al., 2000). In contrast, killing adult 
Area X-projecting neurons does not result in more neurogenesis in adults. There is, however, an 
increase in neurogenesis when Area X-projecting neurons of juvenile birds are killed, but these new 
neurons are all RA-projecting (Scharff et al., 2000). Even though it was initially reported that the 
local interneurons are also replaced during adulthood (Alvarez-Buylla et al., 1988b, 1990a; Nordeen 
and Nordeen, 1988), it was recently demonstrated that in fact all new HVC neurons born in adult 
zebra finches are RA-projecting neurons (Scotto-Lomassese et al., 2007). 
 
- Neurogenesis in forebrain regions other than HVC

New neurons born in the lateral ventricle migrate throughout the avian telencephalon. For 
example, the medial striatum is one of the regions that continues to receive new neurons during 
adulthood. Song circuit nucleus Area X, which is part of the anterior forebrain pathway involved in 
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song acquisition (see figure 1.1),  is  situated in the medial striatum. Even though there is some 
evidence that  a few neurons in the motor  nucleus RA are added post-embryonically  (Kirn and 
DeVoogd, 1989), Area X is the only nucleus in the song system, besides HVC, that does receive 
new neurons after hatching, but it has long been thought that Area X neurogenesis is only found in 
juvenile  birds (Nordeen and Nordeen,  1988a; Kirn and De Voogd, 1989; Sohrabji  et  al.,  1993; 
Alvarez-Buylla et al., 1994; Nottebohm, 1993; Alvarez-Buylla and Kirn, 1997). However, unlike 
the case with HVC, which is special in its ability to recruit large numbers of projection neurons 
formed after hatching (Alvarez-Buylla et al., 1990a,b; Scharff et al., 2000; Scotto-Lomassese et al., 
2007),  posthatching  Area  X  neurogenesis  is  predominantly  associated  with  the  formation  of 
interneurons (Sohrabji  et  al.,  1993). Interestingly,  with the exception of Area X and HVC (and 
possibly RA), none of the other song control nuclei receives new neurons in adulthood.  A region 
that has indirect projections to the vocal control system, the auditory  caudal part of the medial 
nidopallium (NCM: see Mello, 2002) also receives new neurons in adulthood (Lipkind et al., 2002). 
Additionally, there is a high level of neurogenesis in the hippocampus (e.g. Hoshooley and Sherry, 
2007 and see below). Furthermore, sporadical new neurons are added to the remainder of the avian 
telencephalon (figure 4.1B).
 
- Rate of neurogenesis and neuronal survival

Both projection neurons (HVC) and local interneurons (Area X) can be added by means of 
neurogenesis  (Paton et  al.,  1985),  but  not all  neuron types  can be generated in the adult  brain 
(Scotto-Lomassese et al., 2007). Furthermore, just as is the case in the mammalian brain, not all 
neurons that are born in adulthood survive and become integrated in existing neuronal networks. In 
fact, most neurons do not survive. 

The recruitment of new neurons to the song system appears to be seasonally and hormonally 
regulated (see for example Nottebohm et al., 1986, 1987, 1994). The rate of neurogenesis, neuronal 
recruitment and incorporation is, however, hard to quantify for large brain areas, such as the entire 
telencephalon. Only data from the HVC, Area X and the hippocampus are available, but they are 
available  for  several  bird  species.  It  is  striking  that  the  rate  of  neurogenesis  and  neuronal 
recruitment differs not only between species, but also between various brain areas. Initially, the 
number of new neurons that is daily recruited into the adult male canary HVC had been estimated to 
be between 0.1 and 1.4% of all neurons (Hidalgo et al., 1995; Rasika et al., 1994). Others have 
reported that 1.5% of the neurons in the HVC of adult testosterone-treated female canaries were 
generated per day (Goldman and Nottebohm, 1983). On the other hand, the rate of neurogenesis in 
the hippocampus of food-storing black capped-chickadees varies seasonally and lies between 0.15 
and  0.37% per  day (Barnea  and  Nottebohm,  1994).  However,  methods  of  and  criteria  for  the 
counting  of  labeled  cells  may  differ  between  studies,  resulting  in  both  an  over-  and  an 
underestimation of the real number of new born neurons.  The lifespan of neurons formed after 
hatching  can  vary  from days  to  months.  Some  cells  die  while  migrating  (Alvarez-Buylla  and 
Nottebohm, 1988) from the ventricular zone to HVC. This journey can take as little as one week 
and among those cells that reach HVC, many more die between the ages of 2 and 3 weeks, at the 
time when their axons first reach RA (Kirn et al., 1999; Burek et al., 1994; Barami et al., 1995). 
New HVC neurons that survive to one month of age are thought to have lifespans of 4-8 months or 
longer (Kirn et al., 1991; Wang et al., 1999, 2002; Nottebohm et al., 1994). It was demonstrated that 
the RA-projecting neurons that get integrated into the neuronal network of HVC may then survive 
for at least eight months (Kirn et al., 1991).
 
4.1.4. Functional implications of adult neurogenesis 

Neurogenesis does not happen on a large scale, and for a long time it was thought to simply 
not occur at all. Therefore, it should be questioned why it happens in the first place. Several theories 
try to explain the functions of new neurons in the adult brain:  Neurogenesis could primarily be a 
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mechanism of brain plasticity and might enable changes and adaptations of neuronal networks, 
which would otherwise be fixed in their composition. The brain may lose certain neurons and add 
new  ones,  thereby  creating  an  opportunity  for  animals  to  cope  with  changes  and  adapt  to 
environmental changes. 

There are several indications that the new hippocampal neurons may also play a role in 
learning and memory (Barnea and Nottebohm, 1994, Gross, 2000). For example, learning increases 
both the survival rate and the proliferation rate of new hippocampal neurons (Gould et al., 1999c; 
Lemaire et al., 2000). It has been suggested that recently born neurons in the rodent hippocampus 
may serve a more important role in processing new information than those in the extant population 
of  hippocampal  neurons.  However,  there  is  controversy  about  whether  or  not  hippocampal 
neurogenesis  is  necessary for  the  behavioral  effects  of  learning and environmental  enrichment. 
When adult  hippocampal  neurogenesis  is  inhibited  by X-ray irradiation,  some authors  report  a 
decrease in various learning paradigms (e.g. Shors et al., 2001; Santarelli et al., 2003) while others 
find no effect (e.g. Meshi et al., 2006). 

Another explanation for the role of neurogenesis is that it may be a repair mechanism for 
damaged tissue or for maintenance purposes. This idea is supported by the fact that regions in the 
brain that are normally not neurogenic, may recruit new neurons after injury (e.g. Zhao et al., 2003). 

Alternatively, it has been suggested that neurogenesis is an epiphenomenon of gliogenesis. 
Precursors  that  arise  in  the  SVZ may differentiate  into  new  neurons  and  into  new  glial  cells 
(astrocytes and oligodendrocytes; Parent, 2002). Radial glial cells may be precursors of neurons but 
also of astrocytes (Malesta et al., 2000; Noctor et al., 2001; Del Rio et al., 1991). Thus, the rate of 
neurogenesis might depend on the rate of gliogenesis (Zhao et al., 2007). 

Like  in mammals,  neurogenesis  in  songbirds  has  been associated with  learning (see for 
example  Wilbrecht  and  Kirn,  2004;  Abrous  et  al.,  2005).  Many  researchers  have  tried  to 
demonstrate the existence of a causal link between new neurons and song plasticity. For example, 
Alvarez-Buylla and Kirn (1997) suggested that the seasonality in the quality and intensity of singing 
behavior  correlates  with  peaks  in  loss  and  replacement  of  neurons  in  the  adult  canary  HVC. 
However, many seasonal bird species that incorporate new neurons nonetheless have an unchanging 
adult  song  (Tramontin  and Brenowitz,  1999,  Scharff  et  al.,  2000).  In  song  sparrows,  seasonal 
increases in new HVC neurons are associated with seasonal periods of high song variability, but the 
song sparrow can only learn its song during the first year of its life and does not learn new song 
elements after this first year (Tramontin and Brenowitz, 1999). Furthermore, the disruption of adult 
zebra  finch  song  that  is  triggered  by  ablation  of  RA-projecting  neurons  (and  is  followed  by 
increased neuronal recruitment) is succeeded by gradual recovery of the song as it was before the 
ablation (Scharff et al., 2000 but see Gahr et al., 2001). 

Song learning and neurogenesis are linked to each other in the songbird brain, but learned 
capacities and memories may persist in this system, despite the recruitment of new neurons. In 
zebra finches neurogenesis and neural recruitment is highest during juvenility when the birds first 
develop their songs (Nordeen and Nordeen, 1988). Even though the songs of zebra finches do not 
undergo significant changes during the life of the bird, recent papers have reported minor changes 
(Lombardino and Nottebohm, 2000; Pytte et al., 2007), and it has been suggested that birds sing 
their songs faster as they age (Arnold, 1975; Brainard and Doupe, 2001). This could indicate that 
new neurons born during adult life in closed-ended learning zebra finches  are involved in song 
maintenance, stability, stereotypy, and/or fine-tuning rather than (exclusively) with learning new 
song elements. The song production of adult birds becomes increasingly independent from auditory 
feedback, and a high level of stereotypy perhaps allows for diminished need for replacement. HVC 
is not only necessary for song production but also plays a role in auditory perception (Alvarez-
Buylla and Kirn, 1997; Nottebohm et al., 1976; Brenowitz, 1991). 

In summary,  there is  no conclusive evidence for a  causal  relationship between neuronal 
replacement,  song  learning,  and  stereotyped  song  production  in  adult  songbirds.  Traditionally, 
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studies of the function of new neurons in the song system have focused on their potential role in 
song learning. Furthermore, recent work has demonstrated that neurogenesis may be selective to 
only a few cell types per brain area. 
 
4.1.5. The use of cell birth markers

The first studies to indicate that neurogenesis occurs in the adult rodent brain were reported 
by Altman and Das (1965) and Altman (1969), using [3H] thymidine autoradiography. This tritiated 
DNA nucleoside is incorporated into the DNA of dividing cells and can be visualized by overlaying 
the tissue with a X-ray film or nuclear emulsion. The location of the incorporated tritated thymidine 
will then be shown by a pattern of decay emissions.  Other studies were also able to demonstrate 
neurogenesis using the [3H] thymidine method and additionally extended to the identification of the 
mode of migration and origin of newly generated neurons (Kaplan and Hinds, 1977; Bayer et al., 
1982; Goldman and Nottebohm, 1983; Burd and Nottebohm, 1985; Paton and Nottebohm, 1984). 
There are other methods for showing the occurrence of neurogenesis and neuronal proliferation in 
brain: A retrovirus expressing a reporter gene that only labels dividing cells may be used (Seki and 
Arai, 1993; Corotto et al., 1993; Kuhn et al., 1996; van Praag et al., 2002; Yamada et al., 2004; 
Tanaka et al., 2004). Currently, the most popular method for labeling neurogenesis  in vivo is the 
treatment  with  BrdU  (Bromodeoxyuridine or  5-bromo-2-deoxyuridine),  a  synthetic  nucleoside 
which is an analogue of thymidine (see for example Nowakowski et al., 1989; Taupin, 2007 and 
figure 4.5A). Even though both methods incorporate thymidine into the nuclear DNA during the S-
phase of the cell cycle, BrdU has an advantage over 3H-thymidine in that its immunohistochemical 
detection is more easily combined with that of various cell-class specific markers. In this way, it 
allows for determination of cell phenotypes in small neurons (such as granule cells) that are difficult 
to distinguish from astrocytes. A downside of both methods is that the tagged thymidine is also 
incorporated in the DNA of cells undergoing repair (see Taupin, 2007). 
BrdU crosses the blood-brain barrier  (Del Rio and Soriano,  1989),  and it  may be delivered by 
intracerebroventricular  (i.c.v.),  intraperitoneal  (i.p.),  intravenous  (i.v.)  injection,  or  orally  for 
studying adult neurogenesis (see for an overview Taupin, 2007).  Usually,  BrdU is administered 
intraperitoneally in  animal research.  One problem arises with the use  of BrdU as a marker for 
proliferation:  To  compensate  for  background  disturbances  and  the  non-stoichiometry  of  BrdU 
immunohistochemistry, relatively high doses of BrdU have to be administered to the organism that 
is under investigation. When comparing neurogenesis rates in different studies, it should be kept in 
mind that BrdU crosses the blood-brain barrier at different rates in different species and that the 
doses  of  BrdU that  are  administered  may  be  different  between  studies.  Furthermore,  BrdU  is 
metabolized through dehalogenation and, once dehalogenated,  excised by the uracil  glycosylase 
repair system (Hume and Saffhill, 1986).

Apart from the fact that BrdU also gets incorporated during cell repair, the time window 
after application during which BrdU can be integrated into the DNA should be kept in mind as well: 
After systemic injection, BrdU is available for incorporation into the DNA for approximately 2 
hours;  thereafter,  the  level  of  available  BrdU drops  abruptly  (Packard  et  al.,  1973;  Hayes and 
Nowakowski, 2000). BrdU can only be incorporated into the DNA of mitotic cells that are in the S-
phase, but not in cells that are in any other phase of the cell cycle. The length of the cell cycle is 
estimated to be between 12 and 14 hours (Hayes and Nowakowski, 2002) and it is believed that the 
S-phase lasts between 4 hours (Hayes and Nowakowski, 2002) and 6 hours (Takahashi et al., 1995; 
Alexiades and Cepko, 1996). Therefore, it should be kept in mind that a single injection with BrdU 
will not label all cells that are undergoing mitosis. 
 
4.1.6. Immediate early genes as functional marker of new HVC neurons

New neurons migrate from the ventricular neurogenic zone into the avian forebrain and 
might therefore migrate through HVC, which is located just ventrally from the lateral ventricle. 
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Thus, although neuronal markers in combination with cell birth markers are important to identify 
new neurons, these markers do not allow distinguishing between migratory neurons passing the 
HVC and functional HVC neurons. Since new HVC neurons are mainly RA-projecting neurons (Li 
et al., 2000; Scharff et al., 2000; Scotto-Lomassese et al.,  2007) that are functionally connected 
about 20 days after birth (Alvarez-Borda and Nottebohm, 2002; Alvarez-Borda et al., 2004; Scotto-
Lomassese et al.,  2007) one could identify such neurons by using activity-markers. One way to 
examine neuronal activity is by investigating the expression of so-called immediate early genes 
(IEGs; Sagar et al., 1988). 

IEG expression is known to be affected by changes in the electrical activity of neurons, 
although the exact relationship between IEG expression and neural activity is not well understood 
(Dudek  and  Fields,  2002).  IEGs  are  genes  that  can  respond  rapidly  (within  minutes)  to  the 
stimulation of a neuron. The protein products of such genes return to the cell nucleus where they 
affect the transcription of other “late response” genes. Expression of immediate early genes (such as 
c-fos, c-jun, arc, or zenk) or their protein products (c-Fos, c-Jun, Arc, ZENK) signifies that a neuron 
is activated. All four of these IEGs are induced by song auditory stimulation (which is when a bird 
hears conspecific song) in auditory regions such as NCM (Velho et al., 2005 and see figure 1.2). 
Arc, ZENK and c-Fos co-localize, but especially ZENK and Arc induction in NCM seem to be 
tuned to particular acoustic features present in conspecific song. In the female canary CMM, ZENK 
expression was upregulated after exposure to sexy song, while this was not the case for Arc (Leitner 
et al., 2005). In the song areas, including HVC and RA, high induction of ZENK is specifically tied 
to  the  motor  act  of  singing,  since  it  also  occurs  in  deaf  birds  (Jarvis  and  Nottebohm,  1997). 
Furthermore, when songbirds are exposed to song, ZENK expression is not observed in the song 
production  nuclei  (Jarvis  and  Nottebohm,  1997).  Therefore,  in  this  study,  we  combine  ZENK 
detection  with  neuronal  markers  and  birth  dating  markers  to  identify  HVC  neurons  that  are 
functionally active just prior to sacrifice of the animals.
 
4.1.7. Cellular mechanisms and functional implications of BDNF action

In all vertebrate species, BDNF is expressed in the peripheral nervous system and in a range 
of tissues and cell types, including the retina, motor neurons in the peripheral nervous system, the 
kidneys,  and the prostate.  In the mammalian brain,  BDNF mRNA and BDNF protein are most 
abundant in the hippocampus, the cortex, and basal forebrain areas vital to learning, memory, and 
cognition (Altar et al., 1997; Conner et al., 1997). Since rodents with a homozygous knockout of 
BDNF (BDNF -/-) die soon after birth but heterozygous knockouts (BDNF+/-) are viable, research 
on the functioning of  BDNF has  been performed on the latter  group. Heterozygous BDNF +/- 
knockout mice have been reported to have BDNF mRNA and proteins levels in the forebrain that 
are about 50% to 70% of those found in normal animals (Kolbeck et al., 1999; Lyons et al., 1999), 
and these partial reductions may lead to significant behavioral abnormalities (Lyons et al., 1999).

At the subcellular level, BDNF is thought to influence synaptic- and neuropil plasticity. In 
various vertebrate species, BDNF has been reported to modulate axonal and dendritic morphology, 
branching, and remodeling (Cabelli et al., 1995; Cohen-Cory and Fraser, 1995; McAllister et al., 
1995; McAllister et al., 1996; Inoue and Sanes, 1997; Shimada et al., 1998; Horch et al., 1999; Lom 
and Cohen-Cory, 1999; Yacoubian and Lo, 2000), to modulate synapse formation, elimination, and 
pruning (Thoenen, 1995; Henderson, 1996; Causing et al.,  1997), to increase synaptic sprouting 
(Thoenen, 1995), to increase the efficacy of synaptic transmission (Lohof et al., 1993; Kang and 
Schuman,  1995;  Patterson et  al.,  1996;  Boulanger  and Poo,  1999;  Kafitz  et  al.,  1999)  and the 
synaptic strengthening (a process mediated through CREB: see Tao et al., 1998; Shieh et al., 1998), 
to  modulate  the  functional  maturation  of  inhibitory  and  excitatory  synapses  (Seil  and  Drake-
Baumann,  2000;  Vicario-Abejon  et  al.,  1998;  Rutherford  et  al.,  1998).  This  cellular  actions  of 
BDNF are thought to be part of the formation, maturation and plasticity of entire neuronal networks 
(Cohen-Corey et al., 1996; Cabelli et al., 1995, 1997; Hanover et al., 1999; Xu et al., 2000; von 
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Bartheld et  al.,  2001).  For  example,  in  retinal  axon terminals of  Xenopus  (African carnivorous 
frogs),  BDNF is  capable  of  modulating synapse  number  in  two ways:  It  enhances  axon arbor 
complexity,  thus increasing total  synaptic  territory (Cohen-Cory and Fraser,  1995;  Cohen-Cory, 
1999),  and it  also increases synaptic innervation density per axon branch (Alsina et  al.,  2001). 
Consequently,  by  modulating  synapse  number  in  addition  to  modulating  axon  arbor  structure, 
BDNF is capable of influencing the functional complexity of neuronal circuits.

Next to cellular events described above, BDNF is thought to give trophic support for migrat-
ing young neurons and to increase the survival of newly born neurons. It has been found in many 
stress  models  that  decreased  adult  hippocampal  neurogenesis  also  decreases  the  expression  of 
BDNF. But the role of BDNF in the regulation of neurogenesis is very complex and many aspects 
of this model remain obscure. For example, infusion of BDNF into the lateral ventricle increases 
neurogenesis in some areas of the brain, but not in the hippocampus, which may be due to the low 
levels of diffusion to the hippocampus (Benraiss et al., 2001; Pencea et al., 2001b). Chronic infu-
sion  of  BDNF  directly  into  the  hippocampus  increases  neurogenesis,  but  also  induces  seizure 
activity and thereby a greater induction of neurogenesis, both on the contralateral and the ipsilateral 
side. Since seizures are known to induce neurogenesis (e.g. Madsen et al., 2000), the occurrence of 
neurogenesis in the above mentioned paradigm is therefore difficult to be distinguished as an effect 
of BDNF or as an effect of the induced seizure activity. However, evidence has been provided that 
BDNF-TrkB signaling influences the survival of new neurons (Sairanen et al., 2005). This evidence 
represents an important mechanism for the regulation of the total number of neurons present in the 
mammalian hippocampus and olfactory bulb: Half of the new neurons die within 3 or 4 weeks of 
proliferation (Gould et  al.,  1997;  Seri  et  al.,  2001; Tanapat et  al.,  2001;  Petreanu and Alvarez-
Buylla, 2002). Even studies on BDNF +/- mice have not been able to produce non-conflicting, 
conclusive evidence concerning the role of BDNF (Lee et al., 2002; Sairanen et al., 2005). 
 
4.1.8. Experimental setup 

In this chapter we investigated the effects of the coordinated interaction between activation 
of the HVC vasculature and neurogenesis (as described by Louissaint and colleagues (2002)) on 
neural plasticity in the testosterone-treated female canary. For this purpose, birds were implanted 
with testosterone, injected with an inhibitor of the VEGFR2 (see Chapter 2) and infused with a 
BDNF-carrying  vector  directly  into  the  HVC.  We  measured  the  changes  in  neural  plasticity 
resulting  from  the  sequential  actions  of  testosterone,  VEGF-associated  angiogenesis,  and  the 
neurotrophic  effects  of  BDNF.  We focused  our  attention  on  HVC and  investigated  volumetric 
changes, changes in the total number and density of neurons, the diameter of these neurons and their 
nuclei,  the number and density of  newly recruited neurons,  the  blood vessel  diameter,  and the 
expression of immediate early gene ZENK.  
 
 
 
4.2. Materials and Methods
 
4.2.1. Housing of the birds and experimental procedures

Birds were housed similarly as described in Chapter 3. A schematic overview of the time 
line of the experimental procedures is given in figure 1.5. At day 1, treatment with BrdU (5-bromo-
2’-deoxyuridine, Sigma-Aldrich Chemie, Steinheim, Germany) was started (please note that day 1 
in this chapter is day 8 in figure 1.5). The birds were twice daily injected intraperitoneally with 50 
mg/kg BrdU in saline and the injections were given until day 7. At day 8, the birds were implanted 
with testosterone implants. These implants were replaced with new ones at day 26. On day 8, at the 
same time the birds were first  implanted with testosterone, birds were infused with BDNF and 
treatment was started with intrapectoral injections of VEGFR-I or with PBS. At day 34, the last 
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injections with either VEGFR-I or PBS were given and the birds were sacrificed by decapitation or 
perfusion at day 44 (see Chapter 3 for details). All brains were stored at -80°C.
 
4.2.2. Tissue processing

The frozen brains from animals that had been sacrificed by decapitation were attached to 
specimen blocks using Tissue-Tek (Sakura Tissue-Tek ® O.C.T.TM Compound, Zoeterwoude, the 
Netherlands) and sliced on a cryostat (Leica, Jung CM3000, Germany) in saggital slices of 20 μm 
thick (Figure 4.6A). Only one hemisphere was cut; the other half was stored at -80° C for later use. 
Previous work has not detected any significant hemispheric differences in the sizes of telencephalic 
song nuclei or in spine density within them (DeVoogd and Nottebohm, 1981; Nixdorf et al, 1989; 
Brenowitz et al., 1993). The slices were collected on pre-cleaned microscope slides (SuperFrost® 
Plus, Menzel-Gläser, Braunschweig, Germany; dimensions 25 x 75 x 1.0 mm) and divided over 5 
series of slides: Every fifth section was collected on each slide (so slide 1 contained a series of 
slices 1, 6, 11, 16, and so on, and slide 2 contained a series of slices 2, 7, 12, 17, and so on, 
etcetera). Each series of slices was used for a different immunological staining. Unstained slides 
were stored at -80° Celsius. During histological staining procedures, we either dipped the slides in 
containers with solutions or directly applied drops of the solutions on top of the slides.

One hemisphere of each frozen brain obtained from animals sacrificed by perfusion was 
sliced on a sliding microtome in 40 μm thick sections. These were stored as freely floating sections 
in  96-wells  plates  filled  with  a  sodium  azide  solution  (#S-2002,  Sigma-Aldrich,  Steinheim, 
Germany) dissolved in 0.01M PBS to prevent fungal growth and damage to the tissue. Again, we 
divided the slices in series (every fourth or every eighth section was included in a series) and we 
used different series for the various histological procedures described below. During histological 
staining procedures, a small brush was used to transfer the free-floating slices between embedding 
containers with staining solutions. At the end of a staining procedure, the slides were gently dragged 
onto a glas microscope slide, which was then allowed to dry and subsequently coverslipped.
 
4.2.3. Histology 
- Nissl staining 

A Nissl staining labels the RNA within a cell, and can be used to highlight the structural 
features of neurons. DNA present in the nucleus of a cell also stains with Nissl. In this thesis, we 
used Nissl-stained tissue to determine which slices contained part  of  HVC and to measure the 
volume of HVC. The free-floating perfused slices were dragged onto slides and allowed to dry 
completely before we started the staining procedure. First, both the perfused and the freshly frozen 
slices were fixed in 3.6% formaldehyde (Riedel de Haën, Seelze, Germany) in 0.01M PBS for 20 
minutes. The slides were then hydrated in a series of decreasing alcohol solutions, stained in 0.1% 
thionin  solution  (Sigma-Aldrich,  Steinheim,  Germany),  decolorized  and  dehydrated  in  distilled 
water  and a  series  of  increasing  alcohol  solutions,  dipped  in  Xylene  (Riedel  de  Haën,  Seelze, 
Germany), and finally coverslipped with Entellan (Merck, Darmstadt, Germany). 
 
- NeuN staining

For NeuN immunohistochemistry (Neuronal Nuclei,  an antibody which reacts with most 
neuronal cell types throughout the nervous system: Mullen et al., 1992), both the free floating slices 
from perfused brains and those from freshly frozen brains fixated in 3.6% formaldehyde for 40 min-
utes. The slices were then washed in PBS, and blocked for 30 minutes in a blocking solution consis-
ting of PBS with 1% bovine serum albumin (Fraction V Powder, Life Technologies Paisley, Scot-
land) and 0.3% triton X-100 (Sigma-Aldrich, Steinheim, Germany). Next, a monoclonal antibody 
against NeuN (MAB377, Chemicon, Temecula, CA, USA) was added, diluted 1:250 in the blocking 
solution and the slides were stored in a refrigerator (4° C) for 48 hr. The slices were washed again 
and the secondary antibody was added (polyclonal goat anti-mouse immunoglobulins-biotinylated 
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DakoCytomation, Glostrup, Denmark), diluted 1:200 in the blocking solution at room temperature 
for 135 min. After another washing step, Extravidin was added (ExtrAvidin [peroxidase conjugate] 
Sigma-Aldrich, Steinheim, Germany) diluted 1:500 in the blocking solution at room temperature for 
2 hr. Thetissue was washed again and treated with DAB (3,3'-diaminobenzidine, Sigma-Aldrich, 
Steinheim, Germany). The free-floating perfused slices were dragged onto microscope slides and 
allowed to dry. All slides were coverslipped using entellan (Merck, Darmstadt, Germany). 
 
- Combined laminin/DAPI staining

While antibodies against laminin specifically label blood vessels, DAPI is an aspecific DNA 
marker that is commonly used in fluorescent staining procedures as a control: DAPI labels neurons, 
glial cells, and endothelial cells. The combined laminin/DAPI staining is described here as it was 
performed on microscope slides containing freshly frozen tissue. For the perfused tissue, we had to 
make a  few adaptations  to  the  staining procedure to  compensate  for  the  thickness  of  the  free-
floating perfused slices; these deviations are given in a separate paragraph. 

The freshly frozen tissue was fixed in 3.6% formaldehyde in PBS. After fixation, slides were 
washed in PBS and then permeabilized (permeabilization solution consisted of PBS with 1% goat 
serum and 0.1% saponin) at room temperature for 15 min. After washing in PBS and blocking (PBS 
with 5% normal goat serum and 0.05% saponin) for 1 hr, the slides were incubated with rabbit anti-
laminin IgG (L9393, Sigma, St. Louis, MO, USA). The antibody was diluted 1:100 in the blocking 
solution in a humidified chamber at 4º C overnight. The next day, the slides were washed in PBS 
and then blocked again with 5% normal goat serum for 30 min. The secondary antibody (Alexa 594 
goat anti-rabbit, #A11037, Molecular Probes, Eugene, OR, USA) was diluted 1:400 in PBS and left 
to incubate at room temperature for 1 hr. The slides were washed and treated with DAPI (4',6-
diamidino-2-phenylindole,  Merck,  Darmstadt,  Germany)  diluted  1:1000  in  PBS  at  room 
temperature  for  5  min.  Thereafter,  the  slides  were  washed  again,  a  few  drops  of  Vectashield 
(Vectashield mounting medium for fluorescence, Vector Laboratories, Burlingame, CA, USA) were 
added, and the slides were coverslipped. The edges of the slides were sealed with nail polish and the 
slices were stored at 4°C. 

Free floating slices were incubated in 0.75% triton X-100 in 0.01M PBS (abbreviated as 
PBST) for 30 minutes at room temperature. The slices were then blocked with 5% normal goat 
serum (Dakocytomation) in PBST for 60 minutes at room temperature and incubated with rabbit 
anti-laminin IgG (#9393, Sigma, St Louis, MO, USA) in PBST with 1% normal goat serum for 24 
hours at 4ºC. The next day, the tissue was washed in 0.01M PBS and then blocked again with 5% 
normal goat serum in PBST for 30 minutes at room temperature, followed by incubation in Alexa 
594-conjugated goat anti-rabbit (#A11037, Mol. Probes, Eugene, OR, USA) diluted in PBST with 
1% normal goat serum for 3 hours at room temperature. After washing in PBS, the slices were 
immersed in 1 μg/ml DAPI (Merck,  Darmstadt,  Germany)  in  PBS at  room temperature for 25 
minutes. The slices were then mounted onto glass microscope slides in distilled water and cover-
slipped using Vectashield. The edges were sealed with nail polish and the slides were stored at 4°C. 
 
- Combined BrdU/ZENK/DAPI staining

A combined BrdU/ZENK/DAPI immunohistological staining was performed only on free-
floating slices that contain part of the HVC (as defined by the Nissl staining). Birth marker BrdU, 
which had been injected before the birds were implanted with testosterone, incorporates into newly 
born cells. The immediate early gene ZENK (or egr-1) is rapidly expressed in the song system in 
response to certain stimuli, such as singing and exposure to song. Two different approaches were 
used for  this  triple  stainings:  An all-fluorescent  immunostaining (figure 4.4A) and a  combined 
DAB/fluorescent immunostaining (figure 4.4B, and see also table 4.1). 

For the all-fluorescent immunostaining, the brain slices were permeabilized in 0.2% triton 
X-100  (#93443,  Sigma-Aldrich,  Steinheim,  Germany)  in  0.01M  PBS  for  30  minutes  at  room 
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temperature (this fluid will be referred to as PBST). During the final 5 minutes of incubation in 
PBST the slices were placed in a 37°C stove. The slices were then incubated in 0.1N HCl (37%, 
#X942.1, Rotipuran®, Carl Roth & Co., Karlsruhe, Germany) for 20 min at 37° Celsius, in order to 
disrupt the nuclear membrane and allow the antibody to reach the in the DNA incorporated BrdU. 
Subsequently,  the slices were washed in neutralizing buffer (12 g/l  H2O, pH 8.5; Trizma base, 
#T1503, Sigma-Aldrich, Steinheim, Germany) 2 x 5 minutes at 37°C. The slices were then removed 
from the stove and maintained at room temperature again. They were washed 2 x 5 minutes in 
PBST and incubated in 20% normal goat serum (# X0907, Dakocytomation, Glostrup, Denmark) in 
0.01M PBS for 30 minutes to prevent aspecific binding of the primary antibody. The slices were 
then  incubated in  a  1:100 dilution  of  mouse-anti-BrdU (anti-BrdU from mouse  IgG,  #347580, 
Becton Dickinson Biosciences, San Jose, CA, USA) in 0.01M PBS at 4° C for 60 hours. After this 
incubation period, the slices were collected from the refrigerator and equilibrated at room tempera-
ture for 1 hour. They were then washed in PBST 3 x 5 minutes and incubated in a 1:400 dilution of 
biotinylated  goat-anti-mouse  secondary antibody (polyclonal  goat  anti-mouse  immunoglobulins/ 
biotinylated #E0433, Dakocytomation, Glostrup, Denmark) in 0.01M PBS at room temperature for 
2 hours. After another washing session of 3 x 5 minutes in PBST, the slices were incubated in a 5 μg 
/ ml dilution (1:200 from stock solution (in 0.01M PBS) of streptavidin-FITC (fluorescein isothio-
cyanate from Streptomyces avidinii) in 0.01M PBS in a light-protected box at room temperature for 
1 hour (#S3762, Sigma-Aldrich, Steinheim, Germany). From this step onward, light exposure to the 
slices was kept to a minimum by coverage with aluminum foil in order to preserve the fluorescent 
quality. The slices were washed 1 x 5 minutes in 0.01M PBS and 2 x 5 minutes in PBST. To prevent 
aspecific binding within the slice, they were blocked with 5% normal goat serum in 0.01M PBS at 
room temperature for 20 minutes. The slices were then incubated in a 1:500 dilution of rabbit anti-
egr1 (which marks the immediate early gene [IEG] ZENK) in PBST at 4°C for 20 hours (#sc-189, 
Santa Cruz Biotechnology, Heidelberg, Germany). After this incubation period, the slices were left 
to equilibrate at room temperature for 1 hour, before being washed in PBST 3 x 5 minutes. Again, 
the slices were blocked with 5% normal goat serum in 0.01M PBS at room temperature for 20 
minutes to prevent aspecific binding. They were then incubated in a 1:400 dilution of the secondary 
antibody Alexa Fluor 594 goat anti-rabbit in 0.01M PBS at room temperature for 1 hour (2 mg/ml, 
#A11012, Invitrogen, Eugene, Or, USA). The slices were washed again 3 x 5 minutes in 0.01M 
PBS and then immersed in a 1 μg / ml dilution of DAPI in PBS at room temperature for 25 minutes 
(#1.24653.0100, Merck, Darmstadt, Germany). The slices were washed 2 x 5 minutes in 0.01M 
PBS and mounted onto glass microscope slides in distilled water and set aside to dry completely. 
The  dried  slides  were  dipped  in  water  and  coverslipped  using  Vectashield  (#H-1000,  Vector 
Laboratories Inc., Burlingame, CA, USA). The edges were sealed with nail polish and the slides 
were put aside again to dry. The slides were stored in the dark at 4° C. 

An example of the all-immunofluorescent staining is shown in figure 4.7: This figure shows 
immunostainings for ZENK in red (4.7A), for BrdU in green (4.7B) and for DAPI in blue (4.7C). 
When these three stainings are merged, both neurons double stained for ZENK and DAPI and 
neurons  triple  stained  for  ZENK,  DAPI  and  BrdU  can  be  detected  (4.7D  and  E  at  a  higher 
magnification). While DAPI labels DNA of all cells (neurons, glial cells, and endothelial cells), 
ZENK  is  only  expressed  by  neurons  that  are  active.  BrdU  is  incorporated  in  cells  that  were 
mitotically active during the time BrdU was administered, and may incorporate not only in neurons, 
but also in new endothelial cells, which may in turn be organized in vessels (4.7F). 

Apart from the all immunofluorescent staining, we also performed a combined staining for 
BrdU, ZENK and DAPI,  using DAB to label  the BrdU antibody (figure 4.4B).  This  combined 
DAB/fluorescent  immunostaining  was  performed  similarly  as  described  above  for  all 
immunofluorescent staining, with a few changes and adaptations. In chronological order: 

-  Immediately after  the first  30 minute incubation in 0.2% triton X-100 in 0.01M PBS 
(PBST) and before the 20 minute incubation in 0.1N HCl, the slices were immersed in a 
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0.3% H2O2 solution in dH2O at room temperature for 5 minutes (#H3410, Sigma-Aldrich, 
Steinheim, Germany) and thereafter washed 3 x 5 minutes in PBST. This step was added in 
order to prevent aspecific binding of DAB to blood vessels and erythrocytes. 
- After the incubation in biotinylated goat anti-mouse and before the 20-hour incubation 
with rabbit egr-1, the protocol was changed as follows: The slides were washed in PBST (3 
x  5  minutes)  and  immersed  in  horseradish  peroxydase  coupled  streptavidin  at  room 
temperature  for  2  hours  (1:400  in  0.01M  PBS;  #P0397,  Dakocytomation,  Glostrup, 
Denmark). The slices were washed 2 x 5 minutes in PBST and 1 x 5 minutes in 0.01M TBS. 
Next, the slices were immersed in a solution that consisted of 15 ml 0.01M TBS, 1 tablet of 
DAB and 12 μl H2O2 (as indicated by the manufacturer of the DAB: 3,3’-diaminobenzidine 
tetrahydrochloride, #D5905, Sigma-Aldrich, Steinheim, Germany). The slices stayed in this 
solution until they started to turn brown (after about 8-10 minutes). They were then washed 
twice thoroughly in 0.01M TBS and twice in 0.01M PBS. The slices were blocked for 20 
minutes in 5% goat serum and we continued with the rest of the immunostaining. 

Neurons expressing DAB could be distinguished from erythrocytes by their round shape. While 
neurons  appear  as  round structures,  erythrocytes  appear  flattened and more  irregular  in shape. 
Erythrocytes express peroxydase: H2O2 treatment was used to prevent most, but unfortunately not 
all, aspecific binding of DAB to erythrocytes (see figure 4.8A). In order to be able to merge the 
DAB stain with the immunofluorescent stain, we converted the DAB signal into a green fluorescent 
signal using ImageJ (see figure 4.8B). Unfortunately, the binding of DAB to the tissue blocks the 
fluorescent  signal  that  is  emitted from the same place where the DAB is  bound (figure 4.8C). 
Therefore, we did not use tissue that underwent a combined DAB/immunofluorescent staining to 
locate triple-stained neurons, but we did use the DAB-labeled new neurons to obtain the number of 
new neurons within HVC. 

All  immunofluorescent  steps  are  summarized  in  table  4.1.  For  both  types  of 
immunohistochemical  approaches,  we  counted  the  number  of  DAB-labeled  neurons (see  figure 
4.8A) or the number of triple-labeled neurons (BrdU + ZENK + DAPI; white in figure 4.7E) in 
HVC in several slices of brain tissue. Figure 4.9B shows that the outline of HVC can be observed in 
DAPI-stained brain slices. Therefore, we used DAPI to ensure that we only counted neurons within 
HVC area. The area enclosed by the perimeter around HVC was known for each slice, since this 
area  had  been  measured  in  Nissl-stained  sections  that  had  lain  adjacent  to  the  BrdU-labeled 
sections. The HVC volume in each slice was calculated by multiplying the surface area of HVC by 
the thickness of the slice (40 μm). By counting the number of new neurons within a known volume 
(i.e. the slice, or within 3 slices of the same animal), we could calculate the total number of new 
neurons and their density (number of new neurons per mm3) in HVC. 
 
- Activity-induced ZENK expression

In order  to  investigate  the expression of the IEG ZENK in HVC as  a  result  of  singing 
behavior, we performed a combined ZENK/DAPI immunostaining on 7 female canaries that had 
been treated with testosterone, BDNF and either PBS or VEGFR2 inhibitor, as has been described 
above, and that had sung during the course of the experiment. 2 hours prior to sacrifice, these birds 
were put together in a cage, and their singing behavior was observed. Free-floating brain slices from 
perfused animals were stained for ZENK and DAPI similar to what is described for the combined 
BrdU/ZENK/DAPI immunostaining. Briefly: Slices were incubated in 0.2% triton X-100 in PBS 
(PBST) for 30 minutes at room temperature and then incubated for 20 minutes in 0.1N HCl at 37°C, 
followed by neutralization in 0.1M sodium borate. After a 30 minutes blocking-step in 20% goat 
serum, the slices were incubated in rabbit anti egr-1 diluted 1:500 in PBST at 4°C for 20 hours. The 
next day, the slices were washed in PBS and blocked in 5% goat serum at room temperature for 20 
minutes. Then they were incubated in goat anti-rabbit Alexa-Fluor 594 at a 1:400 dilution at room 
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temperature for 1 hour. After another washing step, the slices were incubated in a 1 μg / ml solution 
DAPI in PBS at room temperature for 25 minutes. The slices were then washed again, mounted, 
dried, coverslipped with Vectashield, and sealed with nail polish. To test the accuracy of the ZENK 
immunostaining, we simultaneously stained some slices similarly as described here, but with the 
omission of the primary antibody (these slices were incubated at  4°C for 20 hours in only the 
solvent of the rabbit anti-egr-1).
 
4.2.4. Morphometry
- HVC and RA volume

The Nissl- and NeuN-stained slides were examined under a Leica Leitz light-microscope 
(type DMRBE FLV/photo TV, Wetzlar, Germany), which was equipped with a digital camera (Leica 
Leitz  HB  050L1,  Visitron  Systems,  Puchheim,  Germany).  Photographs  were  analyzed  using 
specialized software (SPOT Diagnostic Instruments, Visitron Systems, Puchheim, Germany). HVC 
area was recognized based on its magnocellular nature and was measured in Nissl-stained slices by 
digitally drawing a perimeter around it and allowing the software to calculate the enclosed area. 
HVC volume was calculated by multiplying the sum of the areas of all sections of one brain by the 
sum of the thickness of the measured slice and the interval (“gap”) between the measured slices 
(Figure 4.6B). In some of the birds, we calculated the volume of RA in in the same way from 
NeuN-stained tissue. Average HVC and RA volumes of birds from different treatment groups were 
compared. In order to compare the effects of testosterone treatment on females, we added some data 
from male canaries (n = 10). These were treated exactly as the females, with the only difference that 
they did not receive testosterone implants. The volumes of the HVCs and RAs of these males are 
shown in Figure 4.11C in the results section of this chapter. 
 
- Counting neurons: NeuN staining

Tissue immunostained for NeuN was examined under a Leica Leitz light-microscope (type 
DMRBE FLV/photo TV, Wetzlar, Germany). Photographs were taken with a camera (Leica Leitz 
HB050L1, Visitron Systems, Puchheim, Germany) and transferred to a computer to be analyzed 
using SPOT software (SPOT Diagnostic Instruments, Visitron Systems, Puchheim, Germany). All 
neurons in a sampling area of 148.5 x 94.4 x 40 μm = 0.000560736 mm3 were counted, using the 
differentially adjustable focal plane of the microscope. Previously calculated HVC and RA volumes 
were used to calculate neuronal density was determined. The diameters of neurons and their nuclei 
in the HVC and the RA were compared using the program ImageJ (NIMH, Bethesda, MD, USA). 
 
- Blood vessel diameter: Laminin/DAPI staining

Vascularization  within  the  HVC  area  was  compared  to  that  outside  the  HVC,  in  the 
telencephalon, with the help of customized software (RF Jansen) to measure the area covered by 
blood vessels as a percentage of total section area inside HVC and outside HVC. Furthermore, 
vessel diameter was determined using ImageJ software. The organization and distribution of blood 
vessels is three-dimensional, and only part of the vessels run along an axis that lies perpendicularly 
to the plane in which vessel diameter was measured. Therefore only vessels in which the length is at 
least five times the width were measured in order to prevent observational errors. The sampling area 
was 216 x 216 μm, both inside HVC are and outside HVC area. We measured vessels in 3 different 
brain slices per bird, and at least 8 vessels per measuring area. 
 
- Functional new neurons: Combined BrdU/ZENK/DAPI staining 

The  fluorescent  labeling  was  examined  using  a  Leica  AF6000  microscope  system 
(www.leica-microsystems.com/Microscopes).  The  number  of  DAB-labeled  neurons  and  triple 
labeled neurons was counted in 3 slices. We could accurately estimate the volume of HVC within 
each slice by multiplying the thickness of the slice, which was 40 μm, by the HVC area measured in 
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an adjacent slice that had been stained with Nissl and had been used to determine the volume of 
HVC. By counting the number of new neurons within a piece of HVC of known volume, we could 
extrapolate  to  estimate  the  total  number  of  neurons  within  HVC and the  neuronal  density  (in 
number of new neurons per mm3, assuming homogeneous distribution). We could not count the 
number and density of new HVC neurons in female canaries treated with BDNF, but  not  with 
testosterone: These animals have small HVCs (see figure 4.13), leading to a limited number of brain 
slices  containing HVC.  Unfortunately,  we were  left  with  insufficient  brain  tissue  to  perform a 
successful combined BrdU/ZENK/DAPI staining and quantify the results in this group of animals.

 
-Activity-induced ZENK expression

We counted the number of ZENK-expressing neurons using a high magnification of a Leica 
AF6000 microscope system. An area of 138 x 104 μm within HVC (which was located using the 
DAPI immunostaining) was randomly selected, yielding a volume of 138 x 104 x 40 (slice thick-
ness) = 574080 μm3 (or 0.00057408 mm3). All neurons expressing ZENK were counted throughout 
the entire selected volume. Since the thickness of the slices exceeded the dimensions of the focal 
plane,  we used a  confocal-like approach to collect  a series of optical sections within the same 
selected volume, by changing the focal plane. Using this approach, we counted at least 3 different 
and randomly chosen locations per HVC-containing brain slice. Furthermore, we examined ZENK 
expression in 5 slices per  animal.  For each animal,  we used the neuronal  density as had been 
determined from the NeuN staining and calculated the percentage of ZENK expressing neurons. 
 
4.2.5. Statistics

Statistical  analyses  were  performed  using  Kyplot  (Version  4.0.1d;  Kyence  Inc,  Tokyo, 
Japan), Systat version 7 (SAS Institute Inc., Cary NC, USA), and JMP version 5.1 (SAS Institute 
Inc., Cary, NC, USA) as described in Chapter 3. P-values below 0.05 are considered statistically 
significant. The plus-minus symbols (±) in text are always standard deviations. Error bars in figures 
are either standard deviations or standard errors of the mean, as is indicated in the figure legends. 
 
 

Results

4.3.1. HVC- and RA volumes

- Nissl versus NeuN 
Series of slices were stained using the Nissl-method for bright-field microscopy to reveal the 

cytoarchitecture of the brain: We used a thionin stain specific for DNA in all cell nuclei, and Nissl 
substance  (the  cytoplasmic  RNA of  neurons  and  ribosomal  proteins  within  the  endoplasmatic 
reticulum: Peters et al., 1991). Thionin binds to acidic proteins and nucleic acids with a specificity 
determined by the pH of the final staining solution. We also stained with NeuN (Neuronal Nuclei), 
an antibody, which reacts with soluble proteins that occur in most neuronal cell types throughout the 
vertebrate  nervous  system.  HVC volume was  measured  in  Nissl-stained  sections  as  well  as  in 
NeuN-stained sections. HVC stands out in both staining methods because of its characteristic, dense 
cytoarchitecture  (figure  4.10A,  and  see  Gahr  1990b).  Both  of  the  staining  procedures  yielded 
similar data (volumetric difference between these staining procedures according to a t-test:  p = 
0.7647). RA volume was measured in NeuN-stained sections, where RA is easily located under a 
light-microscope due to its magnocellular appearance (figure 4.10B). NeuN staining also revealed 
the fibrous pathway that connects RA and HVC (figure 4.10C). 
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- HVC- and RA volumes in freshly frozen tissue
We measured HVC area in a series of Nissl-stained slices and calculated the volume by 

multiplying  these  areas  by the  thickness  of  the  stained slices  and their  distance  to  each other. 
Volumes of HVC areas in individual slices were used to calculate the volume of the entire HVC for 
each bird (see Methods). We compared the HVC volumes of different treatment groups with each 
other  (figure  4.11A).  HVC  volume  was  increased  in  animals  that  had  been  implanted  with 
testosterone (T, n = 21; 0.2653 ± 0.0684 mm3) as compared to animals that had been implanted with 
an empty piece of silastic tubing (null, n = 10; 0.1440 ± 0.041 mm3). A t-test showed that this 
difference in HVC volume as a result of testosterone treatment was significant (p < 0.0001). This 
effect  of  testosterone  treatment  is  seen  regardless  of  the  treatment  protocol  the  animals  had 
undergone. Testosterone-treated, PBS-injected animals (T+P, n = 14; 0.2729 ± 0.0741 mm3) had 
significantly larger HVCs than did null-treated animals injected with PBS (null+P, n = 4; 0.1573 ± 
0.0591  mm3,  t-test:  p  =  0.0115).  Testosterone-treated  animals  injected  with  VEGFR2 inhibitor 
(T+VEGFR2-I, n = 7; 0.2501 ± 0.0574 mm3) had significantly larger HVCs than did null-treated 
animals injected with VEGFR2 inhibitor (null+VEGFR2-I, n = 6; 0.1352 ± 0.0263 mm3, t-test: p = 
0.0012). However, treatment with the VEGFR2 inhibitor itself had no effect on HVC volume: There 
was no difference in HVC volumes between T+VEGFR2-I animals and T+PBS animals (n = 7; 
0.2501 ± 0.0574 mm3 and n = 14; 0.2729 ± 0.0741 mm3, respectively; p = 0.5486). Additionally, we 
found no difference between the HVC volumes of null+VEGFR2-I animals and T+PBS animals (n 
= 6; 0.1352 ± 0.0263 mm3 and n = 4; 0.1573 ± 0.0591 mm3, respectively; p = 0.5233). 

We found similar effects of our treatment protocol on the volume of song nucleus RA, as 
measured in NeuN-stained tissue (figure 4.8B). Testosterone treatment increased RA volume (n = 
17; 0.1418 ± 0.0417 mm3) as compared to null-treatment (n = 9; 0.0919 ± 0.0124 mm3). A t-test for 
unequal variances showed a difference of p = 0.0004. This effect of testosterone treatment on RA 
volume was seen only in T+PBS-treated animals, but not in T+VEGFR2-I-treated animals: T+PBS-
treated animals had larger RAs than did null+PBS-treated animals (n = 11; 0.1547 ± 0.0369 mm3 

and n = 4; 0.0915 ± 0.007 mm3, respectively; p = 0.0002). However, the RAs of T+VEGFR2-I-
treated animals were not significantly larger than those of null+VEGFR2-I-treated animals (n = 6; 
0.1183 ± 0.0426 mm3 and n = 5; 0.0922 ± 0.0164 mm3, respectively; p = 0.0211). Treatment with 
the  VEGFR2 inhibitor  itself  had  no  effect  on  RA volume:  The  RA volumes  of  T+VEGFR2-I 
animals were not different from RA volumes of T+PBS-treated animals (n = 6; 0.1183 ± 0.0426 
mm3 and n = 11; 0.1547 ± 0.0369 mm3, respectively; p = 0.0847). Additionally, no difference was 
observed between the RA volumes of null+VEGFR2-I and null+PBS-treated animals n = 5; 0.0922 
± 0.0164 mm3 and n = 4; 0.0915 ± 0.007 mm3, respectively; p = 0.1958). 

We also investigated whether the increase in HVC volume was correlated with the increase 
in RA volume (figure 4.8C). We performed a Pearson’s linear correlation test, calculated Pearson's 
coefficient of regression, and supplemented the resultant R2 with a t-test for paired comparison for 
means. We found that there is a correlation between the volumetric sizes of the HVC and the RA of 
our female canaries (R2  = 0.4561; p = 0.0002). In the graph of figure 4.8C volumes of the HVCs 
and RAs of 10 male canaries (see Chapter 3) are also shown and are indicated by a red dashed circle 
(males injected with VEGFR2 inhibitor are shown by red dots and males injected with PBS are 
shown as brown triangles). We also found a correlation between volumetric sizes of male HVCs and 
RAs (R2 = 0.8904; p < 0.0001). Within this group of males, we found no effect of treatment with the 
VEGFR2 inhibitor on HVC volume (t-test  p = 0.3817) or on RA volume (p = 0.2226):  Males 
injected with PBS (n = 5) had an average HVC volume of 0.539 ± 0.086 mm3 and an average RA 
volume of 0.257 ± 0.086 mm3. Males injected with VEGFR2 inhibitor (n = 5) had an average HVC 
volume of 0.490 ± 0.081 mm3 and an average RA volume of 0.194 ± 0.063 mm3. 
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- HVC volumes in perfused tissue
Because the  sucrose  treatment  necessary for  the  cryoprotection of  perfused tissue has  a 

strong dehydrating effect (meaning the brain “shrinks”), we cannot compare volumetric data from 
perfused  animals  to  data  from decapitated  birds.  Therefore,  we  measured  compared  the  HVC 
volumes of all perfused birds separately. 

The HVC volumes that were measured in the perfused brains are given in figure 4.13A. 
Birds that were not implanted with testosterone but that were infused with the BDNF vector (in the 
graph  depicted  as  null+BDNF,  n  =  6)  had  HVC volumes  of  0.1007  ±  0.0342 mm3,  (with  no 
difference between singing and non-singing null+BDNF birds; t-test: p = 0.1951). Birds that were 
only implanted with empty silastic implants but were not given BDNF had HVC volumes of 0.0997 
± 0.0307 mm3.  These HVCs were significantly smaller  than those of all  testosterone treatment 
groups as was determined by a t-test. HVCs from null+BDNF birds and null only birds do not differ 
(p = 0.9605). HVC volumes of birds that had been treated with testosterone were much larger: The 
average HVC volume of all testosterone-treated animals (n = 26) was 0.1989 ± 0.0507 mm3, which 
demonstrates a significant influence of testosterone on HVC volume (p < 0.0001). Figure 4.13A 
shows significantly larger HVCs in testosterone-treated animals that were not treated with BDNF (T 
no BDNF, n = 9, HVC volume is 0.2047 ± 0.0464 mm3, p < 0.0001), as well as in animals that were 
treated with a BDNF carrying vector (T+BDNF, n = 16, HVC volume is 0.1988 ± 0.0547 mm3: p = 
0.0016). Similar to freshly frozen brains, we again found no effect of the VEGFR2 inhibitor on 
HVC volume: There was no significant difference between the HVC volumes of T+PBS-treated 
birds and T+VEGFR-I-treated birds (n = 5, 0.2266 ± 0.0406 mm3 and n = 5, 0.1827 ± 0.0446 mm3, 
respectively:  p  =  0.1793,  NS),  or  between  T+PBS+BDNF-treated  animals  and  T+VEGFR2-
I+BDNF-treated animals (n = 5; 0.1836 ± 0.0495 mm3 and n = 6; 0.2160 ± 0.0583 mm3, respec-
tively: p = 0.5208, NS). Also vector-induced local over-expression of BDNF in the HVC had no 
influence on HVC volume: The HVC volume of animals treated with testosterone and not infused 
with BDNF was not different from animals treated with testosterone and infused with the BDNF 
carrying vector (p = 0.8142, NS).
 
- Is there a correlation between HVC volume, syllable repertoire, and syrinx weight?

Since syrinx weight, syllable repertoire and HVC volume are all increased by treatment with 
testosterone, we investigated the relation between these factors. In figure 4.12A, the number of 
syllables sung by a bird (X-axis) is plotted against the weight of the syrinx in milligrams (Y-axis). 
For the analysis we only included singing birds, but the graph shows the non-singing birds as well. 
The circles and squares are testosterone-treated females and the declining line is the correlation 
coefficient between the syllable repertoire and the syrinx weight of these females (both the PBS-
treated  birds  and  the  single  singing  VEGFR2-I-treated  bird  were  included).  Pearson's  linear 
correlation test complemented with a t-test showed no significant correlation between these two 
parameters (R2 = 0.09729; p = 0.3237, NS). The data from 7 male canaries are included in figure 
4.12A as well as triangles. Similar to the females, we found no relation between syrinx weight and 
syllable repertoire in male canaries (R2 = 0.1893; p = 0.3293, NS). In a group of female birds, we 
ranked the total song production of each bird, starting at the bird that sung most. Then we ranked 
the weight of the syrinx in the same group of birds, starting at the bird that had the heaviest syrinx. 
We then analyzed the relation between the ranked numbers of total song production and syrinx 
weight  and  plotted  these  in  figure  4.12B.  Again,  we  found  no  correlation  between  these  two 
testosterone-stimulated  parameters  (Spearman/Kendall  rank correlation test:  Rho = 0.0070;  p  = 
0.9181,  NS).  Also  in  these  birds,  we  found  no  correlation  between  HVC  volume  and  song 
production (data not shown: Spearman/Kendall rank correlation test: Rho = 0.5175; p = 0.1071, 
NS). Then, we tried to relate the weight of the syrinx to the volume of HVC in our female canaries 
(figure  4.12C),  but  again  we  were  unable  to  demonstrate  one  (Pearson’s  linear  correlation 
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complemented with a t-test: R2 = 0.0232; p = 0.4778, NS). Finally, we investigated whether female 
canaries with a large HVC volume also produced a larger syllable repertoire. However, we were 
unable to find a significant correlation between these two parameters (Spearman Rank Correlation 
test; Rho = -0.0026: p = 0.958 and see figure 4.12D). 
 
- Dose-dependent effect of testosterone on HVC volume

A group of birds was treated with various doses of testosterone for a prolonged period of 
time (see Chapter 3), after which the birds were decapitated and their brains were quickly frozen 
over liquid nitrogen, sliced and stained with Nissl in order to determine HVC volume (figure 4.15). 
We compared HVC volume data from these birds with those of (100%) testosterone and PBS-
treated female canaries.  Testosterone at  any dose increased HVC volume as compared to HVC 
volumes of birds that were not receiving any testosterone at all. We found no difference in HVC 
volumes between birds implanted with empty implants or with cholesterol-only implants (HVC 
volumes of 0.1329 ± 0.0224 mm3 and 0.1135 ± 0.0120 respectively; two-sided t-test for unequal 
variances, p = 0.2781). Therefore, these animals were grouped. The average HVC volume of 0% 
testosterone animals was 0.1294 ± 0.0218 mm3, and this was significantly different from HVCs of 
females treated with 10%-testosterone (HVC volume is 0.187 ± 0.0327 mm3, p = 0.0031), of 25%-
testosterone-treated  females  (HVC  volume  is  0.236  ±  0.0324  mm3,  p  <  0.0001),  of  50%-
testosterone-treated females (HVC volume is 0.2803 ± 0.0611 mm3, p < 0.0001), and of 100%-
testosterone-treated females (HVC volume is 0.2886 ± 0.0684 mm3, p < 0.0001). The volumes of 
HVCs of birds that received different concentrations of testosterone did not differ from each other 
(for all comparisons: p > 0.05). A single factor ANOVA showed a significant effect of increasing 
concentrations  of  testosterone  on HVC volume (p  < 0.0001).  Birds  from all  treatment  groups, 
except the 0%-testosterone-treated birds, were able to sing. 
 
- Effect of tutoring on HVC volume 

We measured the HVC volumes in Nissl-stained, perfused brain sections of birds described 
in Chapter 4. One group of females that had been raised in acoustic isolation from male canaries 
was treated with both testosterone and with BDNF, and was exposed to a tutor song at the start of 
the experiment (group 1, n = 7, -AE+TS+B). A second group of females had been raised in aviaries 
with adult male and female conspecifics and was thus acoustically experienced. These birds were 
also treated with testosterone and BDNF, but not exposed to tutor song (group 2, n = 10, +AE-
TS+B). Another group of acoustically experienced birds was treated with testosterone but not with 
BDNF and was not tutored (group 3, n = 10, +AE-TS-B). It should be mentioned here that only 4 of 
the 10 birds of group 2 could be used in the song learning analysis described in Chapter 4. 

We compared HVC volumes between groups. The average HVC volume of the tutored birds 
(-AE+TS+B) was 0.202 ± 0.037 mm3; the average HVC volume of -birds was 0.197 ± 0.066 mm3; 
the average HVC volume of no BDNF birds was 0.199 ± 0.045 mm3 (see figure 4.9). A single factor 
ANOVA revealed no difference between the HVC volumes of the treatment groups (p = 0.9803). 
Since  there  was  no  difference  between  HVC volumes  of  the  various  experimental  groups,  the 
behavioral differences between the various experimental groups are not caused by these features 
and are not discussed further. 
 
- Summarizing the effects of testosterone on HVC volume 

Even small amounts of testosterone are sufficient to increase HVC volume. This is similar to 
what  has  been  described  in  song  sparrows,  where  testosterone  levels  well  below  normal 
physiological levels in males during the breeding season significantly increase HVC volume (Smith 
et  al.,  1997;  Tramontin  et  al.,  2001).  However,  since  we did  not  measure  the  blood levels  of 
testosterone in the present experiments,  we can not make a definitive statement about the final 
concentration of testosterone in our females. 
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Testosterone increases HVC volume in female canaries, while VEGFR2 and BDNF have no 
additive effect.  We also found no effect  of tutoring or the use  of  either  Nissl  or NeuN on the 
obtained  HVC  volume.  Furthermore,  even  though  the  absolute  volumes  of  song  nuclei  are 
decreased by perfusion,  the overall  effect  of  testosterone is  not  different  between perfused and 
decapitated animals: Testosterone-treatment doubled the volume of HVC in perfused animals from 
about 0.10 mm3 to about 0.20 mm3. Similarly, testosterone treatment results in a 184% increase in 
HVC volume in decapitated birds (from 0.265 mm3 to 0.144 mm3). 

 
4.3.2. Neuronal number and neuronal density 

We counted the number of  neurons in NeuN-stained slices  containing HVC and RA: A 
randomly chosen piece of HVC or RA was examined under a high magnification and the neurons in 
that  piece  were  counted,  using  different  focal  planes  in  order  to  examine  all  neurons  present 
throughout the thickness of the slice. The presence of a nucleolus was used as criterion for con-
sidering a cell as a neuron (see Mullen et al., 1992). We calculated the volume of the piece of HVC- 
or RA tissue in which we had counted the number of neurons and thereby calculated the number of 
neurons present in the entire HVC or RA by multiplying with HVC- or RA volume, assuming a 
homogeneous distribution. We used both data from perfused and from decapitated animals.
 
- HVC

Figures 4.13B and C show, respectively, the total number of neurons that were counted in 
the HVC and the density of neurons in HVC. Testosterone increased the number of HVC neurons 
from 25575 ± 8808 in untreated animals (n = 9) to 45938 ± 7854 in testosterone-treated animals (n 
= 37; p < 0.0001). There was no difference in the number of HVC neurons between testosterone-
treated animals that were or were not treated with BDNF (T+BDNF, n = 11; 45724 ± 12464 versus 
T no BDNF, n = 26; 45938 ± 7854: p = 0.3308, NS). Additionally, we found no effect of treatment 
with the VEGFR2 inhibitor, neither in animals that were not treated with BDNF (T+PBS, n = 17; 
48229 ± 8833 versus T+VEGFR2-I, n = 9; 42765 ± 4989: p = 0.3760, NS), nor in animals treated 
with BDNF (T+PBS+BDNF, n = 5; 40955 ± 13124 versus T+VEGFR2-I+BDNF, n = 6; 51286 ± 
9860: p = 0.5173, NS). Animals not treated with testosterone that were infused with the BDNF-
carrying vector had significantly less HVC neurons than either T+BDNF animals or T no BDNF 
animals  (null+BDNF,  n  =  5;  34540  ±  10007:  p  =  0.0093  and  p  =  0.0202,  respectively).  The 
null+BDNF animals had more neurons than the null animals, but this difference was not significant 
(p = 0.1070, NS). 

The neuronal density within HVC did not change as a result of testosterone treatment: We 
found no difference between null animals (176564 ± 16126 neurons/mm3) and either T no BDNF-
treated animals (169885 ± 21445 neurons/mm3: p = 0.2064) or T+BDNF-treated animals (171110 ± 
25810 neurons/mm3: p = 0.7946). Additionally, treatment with the VEGFR2 inhibitor had no effect 
on neuronal density: We found no difference in the neuronal density between the HVCs of T+PBS 
animals  and  T+VEGFR2-I  animals  (4170188  ±  26008  and  169465  ±  13827  neurons/mm3 

respectively:  p  = 0.3467),  nor  between the HVCs of  T+PBS+BDNF animals  and T+VEGFR2-
I+BDNF animals (177441 ± 30673 and 163725 ± 18661 neurons/mm3, respectively: p = 0.1924). 
However,  the  neuronal  density  in  the  HVC  of  null+BDNF-treated  animals  (252299  ±  15971 
neurons/mm3)  was  significantly  higher  than  the  neuronal  density  in  T  no  BDNF  animals, 
T+PBS/VEGFR2-I+BDNF animals, and null animals (in all cases p < 0.0001). 
 
- RA

The total number of neurons in RA was increased in testosterone-treated animals (figure 
4.16A): Animals not treated with steroids had 5477 ± 925 neurons per RA, while animals treated 
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with testosterone had 7208 ± 1810 neurons (p = 0.0120). The number of neurons in RA was not 
affected by treatment with the VEGF receptor inhibitor: T+VEGFR2-I animals had 6753 ± 1676 
neurons per RA, while T+PBS animals had 7453 ± 1897 neurons per RA (p = 0.4242, NS). Figure 
4.16B  shows  the  neuronal  density  within  RA,  which  was  affected  by  testosterone  treatment. 
Animals not treated with steroids had 59714 ± 7917 neurons per mm3 RA and testosterone-treated 
animals and 53048 ± 7812 neurons per mm3 RA (p = 0.0305). VEGFR2 inhibitor treatment had no 
effect (54144 ± 8026 neurons per mm3 in T+VEGFR2-I-treated animals and 52257 ± 7787 neurons 
per mm3 in T+PBS-treated animals; p = 0.5161, NS). In conclusion, neuronal density within RA is 
not affected by treatment with VEGFR2 inhibitor, similar to what is seen in HVC. However, RA 
neuronal density in testosterone-treated animals is smaller than in animals that were not treated with 
steroids.  The  total  number  of  RA neurons  is  increased  by  testosterone  treatment,  but  not  by 
additional VEGFR2 inhibitor treatment. 
 
4.3.3 Neuronal morphology 

We analyzed the morphology of neurons within the HVCs and RAs of decapitated animals. 
Sex differences have been observed in the morphology of HVC neurons (Nixdorf et al., 1989). Sex 
hormones are able to  induce morphological  changes and modify cellular  activity (Woolley and 
McEwen, 1994; White et  al.,  1999). For example, several authors have reported a testosterone-
induced increase in the soma size of RA-projecting HVC neurons and of RA neurons (Nottebohm, 
1980; DeVoogd et al., 1985; Rasika et al., 1994; Tramontin et al., 1998, 2000; Meitzen et al., 2007). 

NeuN stains the nucleus of a neuron most intensely, but some of the staining can also be 
seen in the cytoplasm. The nucleolus of neurons stays relatively unstained and can therefore be used 
as criterion for determining a cell as a neuron (Mullen et al., 1992). Staining intensity did not differ 
between  treatment  groups,  and  no  other  apparent  differences  in  for  example  cell  morphology 
between the treatment groups were observed. Within NeuN-stained sections containing HVC or RA, 
we measured both the diameters of the whole neurons (figures 4.17 C and D), and the diameters of 
neuronal nuclei (figures 4.17A and B).  Diameters of nuclei  and cell  soma measured within the 
different treatment groups were compared to each other. The results are presented in figure 2.3.8. 
Figure 4.17A illustrates that the diameters of the nuclei of RA neurons are significantly larger than 
the diameters of the nuclei of HVC neurons in testosterone-treated birds (T, 6.55 ± 1.24 μm for RA 
nuclei  and 5.86 ± 0.75 μm for  HVC nuclei;  t-test:  p  = 0.0001),  as  well  as  in  birds  that  were 
implanted with an empty implant (null; 6.94 ± 0.81 μm for RA nuclei and 6.16 ± 1.01 μm for HVC 
nuclei; p = 0.0016). There is no overall effect of testosterone treatment on nuclear diameters, neither 
for the nuclear diameters of HVC neurons, nor for the nuclear diameters of RA neurons (p = 0.1213, 
NS, and p = 0.1392, NS, respectively). Figure 4.17B shows the nuclear diameters for the different 
treatment groups individually: The nuclei of RA neurons are larger than those of HVC neurons in 
T+PBS animals (7.05 ± 0.98 μm for RA nuclei and 5.93 ± 0.76 μm for HVC nuclei; p < 0.0001) and 
in null+VEGFR2 inhibitor animals (6.94 ± 0.86 μm for RA nuclei and 5.82 ±1.14 μm for HVC 
nuclei;  p  =  0.008).  However,  the  difference  between  these  parameters  was  not  significant  in 
null+PBS animals (6.94 ± 0.73 μm for RA nuclei and 6.31 ± 0.94 μm for HVC nuclei; p = 0.0602, 
NS).  In T+VEGFR2 inhibitor-treated animals,  HVC nuclei  were actually larger  than RA nuclei 
(5.05  ± 0.47  μm for  RA nuclei  and 5.75  ± 0.73  μm for  HVC nuclei;  p  = 0.0167).  When we 
compared the nuclear  diameters between different  treatment  groups,  we found that  the average 
diameter of RA neurons was significantly smaller in T+VEGFR2 inhibitor animals compared to 
those of T+PBS animals (p < 0.0001) or to null+VEGFR2 inhibitor animals (p < 0.0001). A single 
factor ANOVA test  showed no effect  of treatment  group on the diameters of HVC nuclei (p = 
0.1680, NS), but a significant effect on the diameters of RA nuclei (p < 0.0001). Figure 4.17C 
shows that the diameters of the soma of RA neurons is significantly larger than the diameters of the 
soma of HVC neurons in testosterone-treated birds (15.39 ± 1.81 μm for RA cells and 13.78 ± 1.57 
μm for HVC cells; a t-test showed a significant difference of p < 0.0001), but not in birds that were 
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implanted with an empty implant (13.79 ± 1.50 μm for RA cells and 14.24 ± 1.50 μm for HVC 
cells; p = 0.2766, NS). Additionally, the difference between HVC and RA soma size in null-treated 
animals  is  also  not  significant  (t-test,  p  =  0.4513).  There  is  an  overall  increasing  effect  of 
testosterone treatment on the diameters of RA neurons (p = 0.0001), but not on the diameters of 
HVC neurons (p = 0.2104, NS).  Figure 4.17D shows the diameters of somata for the different 
treatment groups individually. The somata of RA neurons are larger than those of HVC neurons in 
T+PBS animals (15.61 ± 1.91 μm for RA neurons and 13.99 ± 1.54 μm for HVC neurons; p < 
0.0001) and in T+VEGFR2 inhibitor animals (14.77 ± 1.33 μm for RA neurons and 13.44 ± 1.59 
μm for HVC neurons; p = 0.0101) but not in any of the null-treated animals: null+PBS animals have 
a cell soma diameter of 13.67 ± 1.63 μm in RA neurons and 14.33 ± 1.52 μm in HVC neurons (p = 
0.2867, NS), and null+VEGFR2 inhibitor animals have a cell soma diameter of 13.86 ± 1.45 μm in 
RA neurons and 14.03 ± 1.53 μm in HVC neurons (p = 0.7995, NS). A single factor ANOVA test 
showed no effect of treatment group on the diameter of HVC neuron soma size (p = 0.2590, NS), 
even though a t-test demonstrated that testosterone increases RA soma diameter in T+PBS animals 
when  compared  to  null+PBS animals  (p  =  0.0065):  The  diameters  of  HVC neurons  were  not 
affected by VEGF receptor inhibitor treatment (T+PBS versus T+VEGFR2 inhibitor: p = 0.1357, 
NS and null+PBS versus null+VEGFR2 inhibitor: p = 0.6615, NS). The diameter of RA neurons 
was also not affected by VEGFR2 inhibitor treatment (T+PBS vs T+VEGFR2 inhibitor, p = 0.1335, 
NS; null+PBS vs null+VEGFR2 inhibitor, p = 0.7533, NS), but we did find an overall effect of 
treatment on RA soma size using an ANOVA (p = 0.0006). 

It  should  be  noted  that  the  relatively  small  increase  in  neuronal  diameter  leads  to  a 
substantially larger neuronal volume. For example, a testosterone-induced increase in the mean RA 
soma  diameter  to  112%  that  of  control,  which  equals  a  139%  increase  in  neuron  volume  as 
compared to control. We conclude from these results that the mean soma diameter of RA neurons is 
increased  by testosterone  treatment.  Furthermore,  the  mean nuclear  diameter  of  RA neurons is 
decreased by VEGFR2 inhibitor treatment in combination with testosterone, while neither the soma 
diameters nor the nuclear diameters of HVC neurons are affected by any of the treatments. 
 
4.3.4. Blood vessels in HVC 

Slices of brain were stained for the vessel marker laminin (figure 4.9A) and counterstained 
for the aspecific DNA marker DAPI, which marks neurons, glial cells, and endothelial cells (figure 
4.9B).  In  general,  the  outline  of  HVC  in  DAPI-stained  tissue  is  clearly  visible  due  to  its 
magnocellularity.  Also in the laminin-stained material, the blood vessels in HVC appear thicker 
compared to those in the rest of the pallium: Figures 4.9A’ and A” show a close-up of blood vessels 
inside HVC area and in the pallium directly surrounding HVC. Figure 4.9C shows the laminin- and 
the DAPI staining merged: In this figure, the HVC clearly stands out. We measured the diameters of 
blood vessels inside HVC and outside HVC. 

The mean blood vessel diameter of vessels outside HVC area was similar for all treatment 
groups. The average diameter of all birds together was 6.22 ± 0.59 μm. A single factor ANOVA 
showed that the blood vessel diameter outside HVC area of all animals was indeed similar (p = 
0.2071, NS). Therefore, the average diameter of blood vessels outside HVC was determined as 
control value and set at 100%. We calculated the increase of the vessel diameter inside HVC as a 
percentage of the vessel diameter outside HVC. This was done in perfused as well as in decapitated 
animals. A single factor ANOVA test showed that the blood vessel diameters inside HVC areas did 
differ between treatment groups (p < 0.0001). We proceeded to compare the HVC vessel diameters 
in different treatment groups (figure 4.9D).

We found that the diameters of vessels in HVC are significantly larger than the diameters of 
vessels  outside  HVC  area  for  all  testosterone-treated  groups  (T+PBS,  T+VEGFR2-I, 
T+PBS+BDNF, and T+VEGFR2-I+BDNF) and for null+BDNF animals. In all these cases, t-tests 
demonstrated a significant difference of p < 0.0001. Animals treated with empty implants only (not 
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infused with BDNF) had HVC vessel diameters that were not larger than vessel diameters outside 
HVC (p = 0.0629, NS).

Treatment  with testosterone increases the diameter  of  blood vessels  inside HVC area to 
132.3  ±  13.6% of  the  diameter  of  vessels  outside  HVC area  (t-test:  p  =  0.00037).  The  mean 
diameter  of  blood vessels  inside  the  HVC areas  of  all  testosterone-treated  birds  was  8.21  μm. 
Additional  treatment  with  BDNF does  not  further  affect  blood  vessel  diameter:  All  T+BDNF-
treated birds had a HVC blood vessel diameter that was 138.5 ± 13.4% the value of vessels outside 
HVC area, which is not significantly different from animals treated with only testosterone (p = 
0.7391). In the absence of testosterone, BDNF increased the HVC vessel diameter, as mentioned 
above: null+BDNF animals had an increased HVC vessel diameter of 113.9 ± 7.4%. However, this 
is only marginally larger than what we found in animals not treated with testosterone or BDNF (p = 
0.0657, NS). The diameters of HVC blood vessels in null+BNDF animals is smaller than that found 
in any of the groups of testosterone-treated birds: p < 0.0001 in birds treated T+PBS (132 ± 13.6%), 
treated with T+PBS+BDNF (135.4 ± 15.5%), treated with T+VEGFR2-I+BDNF (141.3 ± 10.6%), 
and p = 0.00016 in birds treated with T+VEGFR2-I (133.2 ± 8.6%). We found no effect of the 
VEGFR2 inhibitor on vessel diameter, neither in T+BDNF-treated birds (p = 0.9767), nor in T no 
BDNF-treated birds (p = 0.6966),  nor in  null-treated animals (p = 0.2868).  In summary,  blood 
vessel diameter is increased by testosterone, but not affected by additional treatment with BDNF or 
VEGFR2 inhibitor. However, treatment with BDNF in the absence of testosterone does increase 
HVC vessel diameter as compared to vessel diameter outside HVC area. 

In  an  attempt  to  obtain  information  on  the  degree  of  vascularization,  we  measured  the 
percentage of area manifested with vessel tissue within HVC tissue and of tissue surrounding HVC 
(not shown). The total area of vasculature within HVC was always larger than the area outside 
HVC, both in testosterone-treated (t-test: p < 0.0001) and in control animals (p = 0.0033). There 
was no effect of the VEGFR2 inhibitor on vascularization in HVC area or outside HVC area: these 
animals had on average 9.9 ± 2.2 % vessels in HVC and 7.8 ± 1.5 % vessels outside HVC, while 
PBS-treated animals had on average 9.6 ± 2.5 % and 7.5 ± 1.8 % vessels, respectively (t-test, inside 
HVC area p = 0.4770, NS; outside HVC area p = 0.1984, NS). There is, however, an effect of 
testosterone on vascularization inside HVC and outside HVC: Animals treated with testosterone had 
on average 9.6 ± 2.4 % vessels in HVC and 7.6 ± 1.7 % vessels outside HVC, while control animals 
had on average 12.3 ± 1.7 % and 9.9 ± 1.9 % vessels, respectively (t-test, inside and outside HVC 
area both p < 0.0001). 
 
4.3.5. Number and density of BrdU-positive neurons

Figure  4.18A shows  the  total  number  of  new neurons  we  counted  in  the  HVC of  one 
hemisphere by combining the DAB- and the FITC methods. There is no effect of staining method 
(t-test: ranging from p = 0.3226 to p = 0.8934, depending on the treatment group). New neurons 
were  counted in  T+PBS+BDNF animals  (n  =  4),  in  T+VEGFR2-I+BDNF animals  (n  =  4),  in 
T+PBS animals (n=5) and in T+VEGFR-I animals  (n = 3).  We also grouped the data from all 
animals treated with testosterone and BDNF, regardless of additional treatment (T+BDNF, n = 8). 
The number of new, BrdU labeled neurons in the HVCs of T+VEGFR2-I animals was on average 
31.3 ± 7.9 new neurons, which is significantly lower than that of T+PBS animals, who have 63.3 ± 
4.8 new neurons (t-test: p < 0.0001). The number of new neurons in the HVCs of T+PBS+BDNF 
animals  was  on  average  56.3  ±  23.4  neurons.  The  number  of  new  neurons  in  the  HVCs  of 
T+VEGFR2-I+BDNF animals was on average 63.5 ± 14 neurons, which did not yield a significant 
difference  in  the  number  of  new  neurons  between  T+PBS+BDNF  and  T+VEGFR2-I+BDNF 
animals (p = 0.471), but T+VEGFR2-I+BDNF animals did differ significantly from T+VEGFR2-I 
animals (p = 0.0022). The number of new neurons in T+PBS animals did not differ from T+B 
animals (p = 0.7009), so we need to conclude from these results that there is no effect of BDNF 
treatment  on  new  neuronal  recruitment.  The  average  number  of  new  neurons  in  HVCs  of  all 
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testosterone+BDNF-treated animals was 59.9 ± 19, which is significantly higher than the data we 
found for T+VEGFR2-I animals (p = 0.0001). 

Figure 4.18B shows the density of new, BrdU-labeled HVC neurons per mm3. The density 
of the new neurons in T+VEGFR2-I animals was on average 156.3 ± 47.2 per mm3, which is signi-
ficantly lower than in T+PBS animals: 347.3 ± 86.7 new neurons per mm3 (t-test: p < 0.0001). The 
HVC neuronal density in T+PBS+BDNF animals was on average 311.9 ± 150.3 new neurons per 
mm3.  The  density  of  the  new neurons  in  the  HVCs  of  T+VEGFR2-I+BDNF animals  was  on 
average 322.8 ± 86.5 neurons, which did not yield a significant difference in the number of new 
neurons between T+PBS+BDNF and T+VEGFR2-I+BDNF animals (p = 0.8609). The number of 
new neurons in T+PBS animals did not differ from T+B animals (p = 0.6104), which is another clue 
that  BDNF treatment  has no additional  effect  on the recruitment  of new neurons.  The average 
number of new neurons in HVCs of all testosterone+BDNF-treated animals was 317.4 ± 118.6, 
which is significantly higher than the data we found for T+VEGFR2-I animals (p = 0.0002). It is 
obvious that the number of BrdU-labeled new neurons that are born and recruited into HVC is far 
less than the number of neurons that are added to HVC as a result of treatment with testosterone.

New neurons were not only found in the HVCs of the birds, but in some birds also in the 
hippocampus, around the lateral ventricle, and around the point of entry of the micro-needle that 
was used to infuse the BDNF-carrying vector into the HVC. Figure 2.6 demonstrates the presence 
of new neurons, labeled with DAB, around the entry point of the needle. 
 
4.3.6. Activity-induced ZENK expression

In order to investigate ZENK expression in HVC as a result of the act of singing or listening 
to  song,  we  performed  a  combined  DAPI-ZENK  immunostaining  on  the  brains  of  7  female 
canaries.  These females had been treated with testosterone, BDNF and either PBS or VEGFR2 
inhibitor and had gone through the same experimental procedures as described above. During the 
course of the experiment, all 7 females had sung and 2 hours before sacrifice they were taken out of 
their individual sound-isolated boxes and put together in a cage, where their behavior was observed. 
While in that communal cage, 3 of the 7 birds were singing. The other 4 were not singing, but could 
obviously hear the singers. After sacrifice and processing of the brain tissue as described above, 
brain slices were stained for DAPI and ZENK. HVC location could be defined from the DAPI 
staining and ZENK expression within the HVC was measured in each bird. In all 7 birds, whether 
singing prior to sacrifice or not, we observed ZENK expression in HVC neurons. Within a known 
brain  volume  (see  materials  and  methods  section),  we  calculated  the  percentage  of  ZENK 
expressing neurons as part of all neurons by using the neuronal density obtained from the NeuN 
staining. The percentage of neurons that expressed ZENK was equal for singers and non-singers 
(singers:  34.37 ± 10.6% and non-singers: 33.03 ± 5.4%, t-test:  p = 0.1407, NS, and see figure 
4.19A). However, ZENK expression in most HVC neurons was relatively weak as compared to 
expression in the NCM (caudal part of the medial nidopallium). NCM is an auditory area that lies 
ventrally to HVC, and is known to have high ZENK expression (Jarvis and Nottebohm, 1997; see 
figure  1.2).  When  we  counted  only  those  HVC neurons  that  were  expressing  ZENK at  levels 
equally high to that of NCM neurons, we found that 8.2 ± 1.9% of the HVC neurons of birds that 
were singing prior to sacrifice expressed high levels of ZENK, while this was 6.1 ± 0.7% in non-
singing, birds (t-test: p = 0,0061 and see figure 4.19B). There were no labeled neurons in control 
stainings in which the primary antibody was omitted (figure 4.19C). 

Even though the expression of ZENK in the female songbird brain in response to song 
perception has been studied extensively (see Bolhuis and Gahr, 2006), there is, to our knowledge, 
no literature that discusses the ZENK expression in testosterone-treated female songbird during the 
motor act of singing. 

In the present study we found new neurons that had incorporated cell birth marker BrdU and 
at  the  same time co-expressed  the  immediate  early gene  ZENK. This  indicates  that  these new 
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neurons were active at the time the birds were sacrificed and probably functionally integrated into a 
neuronal network. For functional integration, new neurons extend dendrites and axons and form 
synapses (Stanfield and Trice, 1988; Hastings and Gould, 1999; Markakis and Gage, 1999). In rats, 
induction  of  LTP (long  term  potentiation)  in  vivo in  the  dentate  gyrus  leads  to  an  increased 
proliferation and survival of newly born neurons (Bruel-Jungerman et al., 2006). Additionally, LTP 
induces expression of ZENK leading to downstream gene transcription and the synthesis of proteins 
that modify synaptic plasticity (Jones et al., 2001). Further, ZENK expression is induced by LTP in 
a substantial fraction of 2-week-old but not 1-week-old neurons (Bruel-Jungerman et al.,  2006). 
This indicates that there is an activity-dependent gene regulation in newly born neurons that are 
integrated into local circuitry. Thus, even though the newly born HVC neurons in this study were 
about 4-5 weeks old (when the animals were sacrificed), ZENK expression further identifies them 
as HVC neurons. However, it remains to be seen why these HVC neurons expressed ZENK even in 
females that were not singing prior to sacrifice. Previous studies have reported that ZENK is only 
expressed in song system neurons of actively singing birds although even in these studies a small 
fraction of HVC cells might express ZENK (Mello and Ribeiro, 1998; Jarvis et al., 1998; Feenders 
et al., unpublished). A further possibility is that ZENK induction in HVC neurons could represent a 
motivation to sing. We measured ZENK expression in the HVCs of female canaries that had been 
housed in a group two hours prior to sacrifice. Some of the birds within this group engaged in 
singing behavior while other birds were not singing during the two hours they were group-housed, 
even though they were singing shortly before: Singing behavior in the latter group of females might 
have been inhibited by social interactions. Alternatively, some HVC neurons might express ZENK 
in relation to sensory input not requiring own motor activity.
 
 
 
4.4. Discussion
 

In this chapter, we demonstrate that treatment with testosterone not only induces singing 
behavior but also results in a variety of changes at the neuroanatomical level in the song system. 
Testosterone-induced changes in HVC morphology (volume, number of neurons, neuronal density) 
and the small number of new neurons recruited into HVC were not altered by treatment with BDNF. 
BDNF did, however, overcome the decreased neuron recruitment observed in the VEGFR2 inhibitor 
and  testosterone-treated  females.  Further,  in  the  females  not  treated  with  testosterone,  BDNF 
increases HVC neuronal number and density without affecting HVC volume. Additionally, BDNF 
did not affect the testosterone-induced increase in HVC vessel diameter. We conclude that over-
expression of BDNF in HVC not only increases and advances (male-like) singing behavior (see 
Chapter  2)  but  does  so  without  affecting  testosterone-induced  changes  at  the  level  of  brain 
morphology. Since BDNF reinstated neuron recruitment levels of VEGFR2-inhibited animals to 
those  seen  in  other  testosterone-treated  females,  these  new  neurons  might  be  important  for 
testosterone-dependent song crystallization. However, this possibility is in conflict with the timing 
of song development and shall be discussed in detail below, after a methodological discussion of the 
identification  of  new neurons.  Next,  we  will  discuss  some  of  the  earlier  findings  on  rates  of 
neurogenesis within and between different species, which are controversial. 
 
4.4.1. Methodological considerations concerning the use of cell birth markers

In the following, some problems that may arise from marking newly born neurons with 
BrdU will  me discussed.  The halopyrimidine  BrdU is  used  for  the  detection  of  cell  birth  and 
proliferation (Nowakowski  et  al.,  1989) and can be labeled immunohistochemically by using a 
monoclonal antibody directed against single-stranded DNA containing BrdU (Gratzner, 1982), as 
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has  been  done  in  this  thesis.  The rate  of  neurogenesis  is  generally  quantified  by counting the 
number of BrdU-positive cells. However, different studies have used different dosages of BrdU, 
different application schemes, and the permeability of the blood–brain barrier to BrdU may differ 
between species. These and other inconsistencies between studies make it difficult to draw firm 
conclusions (see for a review Taupin, 2007). 

BrdU is believed to relatively easily pass the blood-brain barrier and probably uses the same 
carrier-mediated nucleoside transporter  as  thymidine,  and is,  like  thymidine,  removed from the 
brain through the cerebrospinal fluid (Lynch et al., 1977; Thomas et al., 1997). VEGF produced in 
the HVC in response to treatment with steroid hormones (or already present in a matrix-bound 
form)  may  not  only  mediate  angiogenesis,  but  may  also  result  in  increased  local  vascular 
permeability,  which  could  also  result  in  a  less  strict  blood-brain  barrier  (Nag  et  al.,  1997; 
Proescholdt et al., 1999; Yancopoulos et al., 2000; Zhang et al., 2000). This indicates that the blood-
brain barrier permeability could be hormonally regulated and could result in a steroid hormone-
dependent  increase  in  the  access  of  systemically  bound  agents  to  the  brain  parenchyma.  The 
possibility that markers of DNA replication and mitosis, such as BrdU and 3H-thymidine, might 
gain access to HVC more easily in testosterone-stimulated birds cannot be ruled out. The avian 
blood-brain barrier is not as well developed as the mammalian blood-brain barrier (though it has an 
overall similar structure with very tight intercellular junctions and similar impermeability to certain 
substances: Stewart and Wiley, 1981; Brightman and Reese, 1969), which would further increase 
the availability of BrdU in the brain of testosterone-treated canary as compared to rodents. Further, 
some conditions that have been reported to increase neurogenesis, like anesthetics, glucocorticoid 
treatment, and traumatic brain injury, are known to disrupt the blood-brain barrier, and/or alter the 
blood flow to the brain: such conditions might increase the number of “new” cells due to increased 
BrdU-brain accessibility (Gould and Gross, 2002; Eadie et al., 2005).

The integration of halogenated thymine analogs, such as BrdU and 3H-thymidine, into the 
DNA alters DNA stability (thereby increasing the risk of sister-chromatid exchanges, mutations and 
DNA double-strand breaks) and lengthens the cell cycle of cells that incorporate thymidine analogs 
(Bannigan and Langman, 1979; Saffhill and Ockey, 1985; Morris, 1991; Morris et al., 1992). Thus, 
the cytotoxic effects of BrdU may alter the survival rate and the proliferation rate of newly born 
neurons (Taupin, 2007). Because of the relative toxicity of BrdU, it is recommended to use low 
doses of BrdU. Unfortunately, relatively high doses of BrdU need to be administered to an organism 
in order to compensate for aspecific binding of the antibody and to increase measurable labeling of 
BrdU by its antibody for immunocytochemistry.

BrdU is a marker of DNA synthesis,  and not just  of the S-phase of the mitotic process. 
Therefore, studying neurogenesis with BrdU requires distinguishing cell proliferation from other 
events  involving  DNA synthesis,  like  DNA repair,  reentering  abortive  cell  cycles,  and  gene 
duplication without cell division (Taupin, 2007). 

BrdU is gradually metabolized when integrated into the DNA (Hume and Saffhill, 1986) 
and, more rapidly, in the blood plasma: The half-life of BrdU in blood plasma is around 8 to 11 
min-utes  in  human  (Kriss  et  al.,  1963).  Because  of  the  rapid  metabolization  in  blood,  the 
concentration  of  BrdU that  reaches  the  brain  after  systemic  injection  is  only a  fraction  of  the 
administered dose.  Already two hours  after  the  systemic administration,  the levels  of  available 
BrdU are  too  low for  significant  labeling  in  the  adult  brain  (Packard  et  al.,  1973;  Hayes  and 
Nowakowski, 2000). Thus labeling the total proliferating population of cells in the brain at any on 
time would theoretically (based on the length of the cell cycle) require injections every 2 hours 
(Bauer and Patterson, 2005). If we want to label the proliferating population of cells over a week (as 
was done in the present experiments) injections would have to be given to an animal every two 
hours during the entire week, which would be extremely stressful for the animal.  This may be 
partially circumvented by giving BrdU with the drinking water,  which is,  however,  difficult  to 
standardize.
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Intracerebroventricular injections of BrdU lead to higher concentration of BrdU in the brain 
than peripheral injections (Kaplan, 1983; Zhao et al., 2003) but the required surgery is very stressful 
for  the  animal.  Intraperitoneal  or  intravenous  injections  are  the  most  common mode  of  BrdU 
administration for studying adult neurogenesis, as these do not need surgery (Kuhn et al., 1996; 
Gould et al., 2001; Kornack and Rakic, 2001a). Most studies on adult neurogenesis in rodents and 
in  primates  use  BrdU  at  doses  between  50  and  100  mg/kg  bodyweight.  Doses  of  50  mg/kg 
bodyweight do not have apparent toxic effects (Miller and Nowakowski, 1988; Takahashi et al., 
1995). However, oral administration or multiple injections of BrdU increase the severity of the toxic 
side-effects of BrdU (Sekerkova et al., 2004).

Thus,  in  summary,  there might  be many reasons why the total  number of BrdU-labeled 
neurons, thought to be newly generated in adulthood, differs between studies even within the same 
species. In relation, the numbers of new HVC neurons we report of in the present study, are rather 
low compared to some studies (Goldman and Nottebohm, 1983; Rasika et al., 1994, 1999) but in the 
range of others (e.g. Kirn et al., 1994; Li et al., 2000).
 
4.4.2. Testosterone-dependent HVC and RA gross morphology and song phenotype

Many studies of the song system as well  as of other sex hormone-dependent behavioral 
control circuits postulate a correlation between the quality or quantity of behavioral performance 
and the size of behavioral control areas (Nottebohm et al.,  1981; Kroodsma and Canady, 1985; 
Bernard et al., 1996; MacDougall-Shackleton et al., 1998; Airey et al., 2000; Airey and DeVoogd, 
2000).  Although Gahr and colleagues questioned the causality of this correlation (Gahr,  1990b; 
Gahr et al., 1998; Leitner et al., 2001a; Fusani et al., 2003; Gahr, 2004; Voigt et al., 2007), the 
results of the present experiments are among the best data sets that shows that volume of HVC and 
RA are  not  directly  linked  to  male-like  singing  behavior:  HVC  and  RA size  are  similar  in 
testosterone-treated singing females and non-singing testosterone females silenced via VEGFR2-I 
treatment. Similar, both the present research and previous works (Gahr, 1990b; Gahr et al., 1998; 
Leitner et al., 2001a; Fusani et al., 2003; Leitner and Catchpole, 2004; Voigt et al., 2007) suggest 
that the number of neurons in these areas is not sufficient to predict the song phenotype. In relation, 
it is likely that the size and neuron number of HVC and RA depend on androgens (Fusani et al., 
2003).  Following  the  inhibition  of  VEGF  signaling,  the  production  of  testosterone-dependent 
BDNF locally in HVC is likely to be reduced. Since female canaries with inhibited VEGF signaling 
also do not sing, this suggests that BDNF is necessary for song production. Since BDNF expression 
in HVC is mediated by the estrogenic metabolites of testosterone (Dittrich et al., 1999; Louissaint et 
al., 2002), the action of BDNF on HVC and singing behavior can be separated from androgenic 
affects on HVC morphology including overall neuron number and neuron size. This implies that the 
masculinized HVC morphology is not sufficient for the development and production of crystallized 
song and song learning. Which BDNF-mediated effects lead to song development needs to be seen, 
but they might be similar to the action of BDNF in other learning circuits such as the hippocampus. 
Whether this action of BDNF on song patterning and learning is likely to involve the recruitment of 
newly born neurons into HVC shall be discussed in the concluding Chapter 5.

Alternatively, the reason of the inhibited singing behavior after VEGFR2 inhibitor treatment 
might be found in the phenotype of RA neurons. In the RA, but not in the HVC, we noticed that the 
testosterone-induced increase in volume and in the total number of neurons was accompanied by an 
increase in the mean diameter of the RA neurons. However, this phenotype was similar in inhibitor-
treated and PBS-treated testosterone females, indicating that it does not account for the lack of sing-
ing in the former. More important, the mean diameter of the nuclei of RA neurons was significantly 
smaller in testosterone plus VEGFR2 inhibitor-treated females compared to testosterone plus PBS 
females. However, since this measure was also different between VEGFR2-inhibited females not 
treated  with  testosterone  and  those  treated  with  testosterone,  the  relevance  of  this  finding  is 
questionable. It may just reflect a large variability in the size of RA neuron nuclei. 

83



84



Chapter 5
 

Conclusions

 
Testosterone-dependent  singing  is  crucial  for  reproductive  behavior  in  canaries,  and 

testosterone treatment of otherwise non-singing female canaries can instate song production in these 
birds. In the brains of these female canaries, this process appears to involve testosterone-dependent 
angiogenesis and neuronal recruitment into the central nucleus of the avian song system, HVC. 
HVC is a popular model used to study the behavioral relevance of neuronal recruitment due to its 
well-defined and relatively restricted functions in mediating the acquisition and execution of song. 
It has been reported previously (Louissaint et al., 2002) that testosterone induces the production of 
VEGF and its receptor VEGFR2, which supports angiogenesis and also leads to an upregulation of 
BDNF production by HVC endothelial cells. BDNF, in turn, supports the recruitment of new HVC 
neurons, which are generally thought to play a role in song learning. The goals of the research 
described in this thesis, were to study the causality between testosterone, VEGF and BDNF on one 
hand, and both singing behavior and neuronal plasticity, including neurogenesis on the other hand, 
in the HVC of adult female canaries. 
 
5.1. Summary

In this thesis, female canaries were implanted with testosterone, systemically treated with an 
inhibitor of the VEGFR2 receptor, and infused with a vector leading to the expression of BDNF 
locally in HVC. The songs of the females were recorded, and after sacrifice neuronal plasticity, 
including neuronal recruitment, was investigated. 

I report here that inhibition of signaling through the receptor of VEGF blocks testosterone-
induced singing behavior in female canaries. However, exogenous BDNF upregulation locally in 
HVC is sufficient to reverse this blockages of testosterone-induced song by VEGFR2-inhibition. 
Moreover, testosterone-treated female canaries infused with BDNF developed songs that were more 
elaborate and male-like (or stereotyped) than those of testosterone-treated females that were not 
treated with BDNF, in terms of syllable repertoire and repetition rates. BDNF resulted in an increase 
in the use of syllables repeated at a high repetition rate, which is a sexually salient song feature. 
Further,  I  report  the  remarkable  finding that  BDNF treatment  in  the absence  of  testosterone is 
sufficient to induce the production of  (simple) song in adult female canaries.

Independent  of  the  induction  or  inhibition  of  song  development,  all  testosterone-treated 
females  had a  masculinized song system.  Testosterone  treatment  resulted  in  an increase  in  the 
weight of the syrinx and in differentiation of the neural song control regions, such as HVC and RA. 
The testosterone-dependent neural differentiation is manifested in the increased numbers of neurons 
and the amplified vascularization, and is reflected in an increased volume of HVC and RA. Next to 
the extended vascular system, the mechanisms underlying the volumetric increases of HVC and RA 
might concern a net addition of newly born neurons, since there is no change in neuronal density in 
HVC and only a small change in RA (see also Strand and Deviche, 2007). Whether this explanation 
holds  is  questionable  for  nucleus  RA,  since  no  adult  born  neurons  are  recruited  into  RA 
(Nottebohm, 1985; Nordeen and Nordeen, 1988; Strand and Deviche, 2007, but see also Kirn and 
DeVoogd, 1989). Alternatively, testosterone might induce a neuron phenotype in HVC or RA of 
permanently existing neurons that are quiescent under conditions of low testosterone. This possibili-
ty was suggested by Gahr (1990b; 1997) to explain discrepancies between seasonal changes of 
HVC morphology and HVC volume in male canaries. A third possibility is that, at least for HVC, 
growth is based on at least two neuronal mechanisms; the masculinization of a permanently existing 
HVC  neuron  scaffold  and  the  recruitment  of  new  neurons  into  this  scaffold  (Gahr,  1990b). 
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Whatever the neural mechanisms underlying the increase in HVC- and RA volume, the volumetric 
increase and overall neuron number are not affected by the VEGFR2 inhibitor. However, this does 
not rule the possibility that certain neuron populations do not differentiate or are not recruited when 
signaling through the VEGFR2 is inhibited.

The effects of testosterone on the plasticity of the song system were not modulated by co-
treatment with either VEGFR2 or BDNF. Concerning the recruitment of newly born neurons into 
HVC, we found such neurons in all testosterone-treated females in rather low numbers. The new 
HVC neurons were functionally competent in that they expressed the immediate early gene ZENK; 
a marker of neuronal activity. BDNF co-treatment of testosterone-implanted females did not further 
increase the number of new HVC neurons while  VEFGR2 inhibition decreased these numbers. 
BDNF over-expression locally in HVC resulted in the reinstatement of neuron recruitment levels in 
VEGFR2-inhibited animals to those seen in other testosterone-treated females. We conclude that 
over-expression of BDNF in HVC increases and advances (male-like) singing behavior without 
affecting testosterone-induced changes at the level of brain morphology. Since BDNF reinstated 
neuron recruitment levels of VEGFR2-inhibited animals to those seen in other testosterone-treated 
females, these new neurons might be important for testosterone-dependent song crystallization. 

Last, we wanted to see if testosterone-dependent induction of singing allows the birds to per-
form sensorimotor learning and to evaluate if the above factors might be linked to song learning. To 
this end, adult female canaries that had been raised in acoustic isolation from male canary song 
were treated with testosterone and BDNF and exposed to tutor song. Such tutored females were able 
to copy the temporal (but not spectral) structure of the tutor song, and their syllable repertoires and 
repetition rates were not different from acoustically experienced females.  All testosterone-treated, 
singing females incorporated similar numbers of new neurons into their HVCs, independently from 
BDNF-treatment or tutoring. These behavioral and neuroanatomical results imply the following: 

First, the effects of testosterone on HVC volume, total neuron number and neuronal density 
is insufficient to account for the development of song, since these neural phenotypes were similar 
among all  testosterone-treated  female  canaries,  whether  singing or  not,  even though they were 
different between from those of control animals. 

Second,  vocal  development  in  testosterone-treated  female  canaries  depends  on  VEGF 
signaling through VEGFR2 and is associated with the downstream, BDNF-induced recruitment of 
new HVC neurons. However, the present work demonstrates that the expression of BDNF precedes 
and probably causes  the production of  testosterone-dependent  singing activity,  and not,  as  was 
suggested by previous work, that the expression of BDNF is the result of singing behavior. 

Third,  although  BDNF  reinstates  neuron  recruitment  in  correlation  with  singing  in  the 
female canaries treated with both testosterone and VEGFR2, the function of such new HVC neurons 
remains to be seen. While new HVC neurons are unlikely to play a role in song induction and 
development, they might be important for testosterone-dependent song crystallization or features of 
song that are not directly linked to song performance.

Fourth, next to song induction, I report that BDNF influences the stereotypy of testosterone-
dependent song production, especially the repetition rate at which syllables are sung, which is a 
sexually salient feature of canary song. According to the previous argument, the effects of BDNF on 
song production are probably reflected at another level of brain plasticity than neuron recruitment, 
potentially at the level of synaptic functioning and plasticity. Also, it cannot be excluded that BDNF 
affects singing after retrograde and/or anterograde transport in the song control system.

Fifth, female canaries are shown to be capable of sensorimotor learning, independent of their 
auditory history, and acoustic experience during early life is not necessary for testosterone-treated 
female canaries to produce stereotyped songs. BDNF seems not only necessary for the production 
of stereotyped song but also aids in sensorimotor learning. The present work was unable to appoint 
a role of newly born HVC neurons in testosterone-dependent song learning.

In the following, the above findings are discussed in more detail.
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5.2. Is there a relation between neurogenesis and the behavioral phenotype?
The coordinated interaction of neurogenesis and angiogenesis may be critical for behavioral 

plasticity in those animals that utilize neurogenesis as a means of remodeling central neural circuits 
in adulthood (Louissaint et al., 2002). Yet despite a number of recent experimental efforts to define 
the  behavioral  significance  of  neurogenesis  in  the  adult  mammalian  brain,  the  specific  role  of 
neuronal addition in learning and memory of complex behaviors remains unclear (Cao et al., 2004; 
Meshi et al., 2006; Saxe et al., 2006; 2007). This is partially due to the low numbers of new neurons 
that are recruited into most described neurogenic circuits, but also to the multi-functionality of most 
brain regions of interest, such as the hippocampus: The hippocampus is involved in tasks as diverse 
as  spatial  navigation,  stress  responses,  and memory formation (Miller  and McEwen,  2006).  To 
address this problem, we studied the recruitment of new neurons into vocal control nucleus HVC, 
because HVC has well defined and relatively restricted functions in mediating the acquisition and 
execution of song (Nottebohm et al., 1976; Yu and Margoliash, 1996; Hahnloser et al., 2002). We 
carried through by manipulating both testosterone-induced angiogenesis and neuronal recruitment, 
while quantitatively characterizing testosterone-induced song as a measure of behavioral outcome, 
in order to allow causal conclusions to be generated from these fundamentally correlative data. 

We  found  that  the  otherwise  typical  induction  of  song  by  testosterone  is  inhibited  by 
concurrent administration of a VEGFR2 tyrosine-kinase inhibitor, a treatment that was previously 
shown to (transiently) inhibit the expansion of the HVC microvasculature (Louissaint et al., 2002). 
Furthermore, we show that the mean diameter of blood vessels in HVC increases as a result of 
testosterone treatment, even though the testosterone-induced gross morphological changes of the 
HVC were not prevented or altered by VEGFR2 inhibition. However, since the vascularization of 
HVC at the time of sacrifice was similar between the inhibitor- and control treatment groups, the 
testosterone-induced  development  of  the  HVC  microvasculature  is  not  sufficient  for  singing. 
Similarly, the testosterone-induced development of overall HVC neuron numbers and -volumes is 
insufficient for song development, since these phenotypes were different between control groups 
and  the  various  testosterone-treated  groups  but  similar  between  all  testosterone-treated  groups, 
whether singing or not. Alternatively, the fact that we did not find an effect of VEGFR2 inhibitor 
treatment on vessel diameter in the HVC could be explained by the delayed sacrifice relative to the 
time point of inhibitor cessation, making this protocol not appropriate to assess angiogenesis. In 
relation,  Louissaint  and  colleagues  (2002)  demonstrated  that  testosterone  induces  angiogenesis 
within a few days of treatment in adult female canaries. The increase in HVC vessel diameter (32 
%) and thus vessel lumen surface (74 %) we report here, may point in the direction of an increased 
blood flow in HVC. This increased blood flow can be the result of an increased metabolic demand 
by the expanded female HVC after testosterone implantation. However, our protocol allows for the 
exclusion of the vascularization per se as the factor that inhibits singing, since it was not different 
between the singing and non-singing testosterone-treated groups at the time of sacrifice. 

We conclude from the present work that inhibition of the VEGFR2 tyrosine-kinase blocks 
the  behavioral  effects  of  testosterone  but  not  those  on  the  level  of  gross  morphological 
differentiation of the song system. These findings point to some testosterone-dependent factors that 
modify the neuronal properties of the HVC, which are lacking if VEGFR2 tyrosine-kinase activity 
is low. However, in our study the inhibition of the VEGFR2 signaling pathway was systemic and 
the lack of testosterone-induced song development could be a global effect of the inhibitor that 
might  involve  many vocal  areas  or  might  have  affected  the  song  control  circuit  indirectly.  In 
relation,  in  mammals,  VEGFR2 signaling appears  to  be neuroprotective  in  many brain  regions 
(Zachary, 2005). Furthermore, although the VEGFR2-I used in these experiments is rather specific 
for VEGFR2 (Hennequin et al., 1999), non-specific effects cannot be ruled out entirely. However, in 
order to identify a specific effect of VEGFR2 signaling on singing behavior, we use the finding that 
VEGFR2  signaling  is  required  for  the  testosterone-dependent  production  of  BDNF  in  HVC 
(Louissaint et al., 2002).
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A crucial  observation  from our  experiments  is  that  the  expression  of  exogenous  BDNF 
locally  in  HVC  overcomes  the  inhibitory  effect  of  VEGFR2-blockage  on  singing  behavior  of 
testosterone-treated  female  canaries.  This  shows  that  testosterone  induced  singing  requires 
VEGFR2 signaling in the HVC, that facilitates BDNF production. Although lesions of the HVC 
suggested that canaries are still motivated to sing without an intact HVC (Nottebohm et al., 1976), 
the present work strongly indicates that BDNF signaling anchored in HVC is necessary for singing 
and involved in the control of the putative song pattern generator. Thus, elevated levels of BDNF in 
HVC are not the consequence but the cause of singing activity, in contrast to a previous hypothesis 
(Rasika  et  al.,  1999).  Some  of  the  birds  started  to  sing  before  BDNF  expression  had  been 
significantly increased by testosterone (see figure 2.11 and see Louissaint et al., 2002). It is possible 
that baseline levels of BDNF, matrix-bound BDNF, or upregulation of BDNF below detection levels 
are sufficient to support song production. Louissaint et al. (2002) report that the mRNA levels of 
BDNF are significantly increased 14 days after testosterone implantation. Further, BDNF by itself is 
sufficient to induce the production of subsong in the absence of testosterone. It would be interesting 
to  test  whether  subsong production by these null+BDNF birds  further  increases  over  time and 
whether or not it may develop into adult male-like song. The finding that female canaries treated 
only with BDNF (not with testosterone) produce simple songs is in contrast with a previous study of 
Rasika and colleagues (1999), who infused BDNF near HVC without inducing song production. 
Interestingly, the production of subsong by our animals only started after the predicted levels of 
BDNF  had  presumably  returned  to  baseline  (figures  2.2  and  2.11).  A follow-up  study  should 
investigate what happens to the song and/or subsong of BDNF-treated birds if they are exposed to 
prolonged periods of low BDNF-levels. 

All singing testosterone-treated females had initially produced subsong before switching to 
stereotyped song. The first stereotyped songs were produced between 5 days and 3 weeks after 
testosterone implantation. This was also the case for the few birds that sang after treatment with 
testosterone and the VEGFR2 inhibitor. The decision if  the songs of such T+VEGFR2-I-treated 
females are different from normal testosterone induced songs in terms of onset of subsongs and 
syllable repertoire, would require more singing T+VEGFR2-I females. Female canaries treated with 
BDNF but not with testosterone only produced subsong, and did so with a delayed onset (see figure 
3.7A). Nonetheless, the volumes of the HVCs of these null+BDNF females remained at a non-
masculinized size, which was comparable to HVCs of the non-singing control females (that were 
not treated with testosterone or with BDNF). However, HVC neuron number and neuronal density 
were  increased in  the  subsong-producing  null+BDNF females.  Unfortunately,  since  we did not 
expect that such females would sing at all, they were not treated with BrdU. Thus we do not know if 
the increase in the number of HVC neurons is due to BDNF-dependent neuron recruitment into 
HVC or to BDNF-dependent modifications of existing HVC circuits. The mechanisms of BDNF-
induced increase in neuron numbers needs to be studied in the future. Next to an inadequate neural 
organization, such as low neuron numbers of the song control region HVC and the probable lack of 
masculinization of other song control regions of null+BDNF females, muscular (i.e. testosterone-
dependent)  shortcomings  might  explain  the  fact  that  null+BDNF females  produce  only simple 
songs.  Nota bene:  In the null+BDNF females we did observe an increased neuronal  density as 
compared to females not treated with testosterone or with BDNF (data not reported).

Next to the high probability to sing, the songs of the T+VEGFR2-I+BDNF females were 
similar or even more structured compared to the songs of testosterone-only treated females. This 
indicates that whatever upregulates BDNF in HVC, facilitates differentiation of sexually salient 
song features, such as more song segments in which syllables are repeated at a high speed. This 
notion is supported by the finding that BDNF expression can be modulated by many factors, in 
addition to sex hormones, that reflect environmental conditions (Li et al., 2000; Louissaint et al., 
2002;  Solis  and  Perkel,  2005;  Berton  et  al.,  2006).  In  relation,  female  canaries  in  which  the 
conversion of testosterone into estrogens was inhibited, produce songs with only few tours at fast 
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repetition rates and lack BDNF expression in HVC (Fusani et al., 2003). In the light of the present 
findings and those of Louissaint and colleagues (2002),  this could be due to reduced estrogen-
induced upregulation of VEGFR2 in endothelial cells and subsequent endothelial quiescence. 

The  cellular  mechanisms that  are  induced  by the  BDNF-signaling  in  HVC are  unclear. 
BDNF  is  well  known  to  play  an  important  role  in  many  different  events,  including  synaptic 
functioning and plasticity and neuron recruitment  (Rasika  et  al.,  1999;  Louissaint  et  al.,  2002; 
Huang and Reichardt, 2003; Yamada and Nabeshima, 2003), which we studied in detail.  In our 
females, BDNF compensated the inhibitory effects of VEGFR2-blockage on the recruitment of new 
functional HVC neurons. The transient activity of the expression plasmid suggests that exogenous 
BDNF  production  lasts  for  about  two  weeks,  which  overlaps  with  the  time  period  where  the 
bioactivity of infused BDNF protein and its effect on long-term survival of new HVC neurons are 
the highest (Alvarez-Borda et  al.,  2004). Additionally,  the BDNF-dependent recruitment of new 
neurons in the T+VEGFR2-I females indicates that this action of testosterone is not mediated via 
VEGFR2 directly, although VEGFR2 signaling might be neurogenic by itself (Jin et al., 2002). This 
BDNF induced recruitment supports the notion that the behavioral effects of BDNF are, at least in 
part,  the  result  of  a  local  action  of  BDNF  within  HVC.  Nonetheless,  both  retrograde  and 
anterograde mechanisms in the song control system may contribute as well. 

Even though the long held dogma that new neurons are not added to the adult mammalian 
brain  has  been rejected,  the  functional  significance  of  adult  mammalian  neurogenesis  is  under 
debate  (Cao  et  al.,  2004;  Meshi  et  al.,  2006;  Saxe  et  al.,  2006;  2007).  Ongoing  hippocampal 
neurogenesis is thought to be import for learning and memory, but when neurogenesis is knocked 
out, for example by radiation, preliminary findings have been inconclusive. While some studies 
have suggested that at least some types of learning are dependent on the occurrence of neurogenesis 
(e.g. Shors et al., 2002; Santarelli et al., 2003), others have not found any effect (e.g. Meshi et al., 
2006). Manipulations that increase neurogenesis may have positive effects on some behaviors while 
negatively  affecting  others,  and  the  positive  behavioral  effects  of,  for  example,  environmental 
enrichment or antidepressant treatment are independent from their effects on neurogenesis (Meshi et 
al., 2006). Additionally, some authors have suggested that the act of learning itself might encourage 
neuronal  survival  (Gould  et  al.,  1999c;  Lemaire  et  al.,  2000).  The  exact  mechanisms  of  how 
learning and memory would be affected by or interact  with neurogenesis  remain unclear.  New 
neurons, which have an increased excitability (Doetsch and Hen, 2005), might increase memory 
capacity  (Becker,  2005),  reduce  interference  between  memories  (Wiskott  et  al.,  2006),  or  add 
information about time to memories (Aimone et al., 2006). 

The ambiguous results concerning the behavioral significance of mammalian neurogenesis 
are partially due to the low numbers of new neurons that are recruited and their short survival time. 
Moreover, the hippocampus, which is often used to investigate mammalian neurogenesis and its 
behavioral relevance, is a multi-functional brain region involved in a diverse range of tasks and 
responses (Miller and McEwen, 2006). Another area of indistinctness is whether or not there is a 
causal  link  between  hippocampal  neurogenesis  and  the  behavioral  effects  of  learning  and/or 
memory formation in the first place. Newly born neurons in the mammalian hippocampus may aid 
existing  neural  circuits  in  processing  new  information,  but  this  is  not  necessarily  reflected  in 
behavioral modifications. Alternatively, the recruitment of new neurons into existing populations 
may simply be for repair- or maintenance purposes (Zhao et al., 2003) or an epiphenomenon of 
gliogenesis.

Although the overall number of new neurons in our testosterone-treated female canaries is 
small, they are nevertheless functional as judged from their expression of the immediate early gene 
ZENK, which is upregulated in HVC of vocalizing songbirds (Jarvis and Nottebohm, 1997). This 
small number would indicate that new neurons play a specific patterning role in the HVC. Previous 
works suggests that new HVC neurons assume a sedentary phenotype in HVC within 8-15 days, but 
become part of the descending pre-motor pathway after about a month (Kirn et al., 1999). Such 
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timing would  be in  conflict  with  the  idea  that  neuron recruitment  is  the  neural  mechanism of 
BDNF-induced song production, since singing behavior in our females started about 10 days after 
BDNF treatment, and male-typical song patterns are achieved about 20 days after BDNF treatment. 
A detailed  time-series  study  of  neuron  recruitment  into  HVC  of  T+VEGFR2-I+BDNF-treated 
females combined with a detailed behavioral analysis would be important in this matter. Next to 
their  potential  role  in  song  development,  the  newly  recruited  HVC  neurons  may  function  in 
consolidation of song motor memories.  The T+VEGR2-I+BDNF females crystallize their  songs 
when the BrdU-labeled HVC neurons are 3-4 weeks old, while the singing T+VEGFR2-I never 
develop stable  male-typical  songs.  Alternatively,  new neurons  might  not  be important  for  song 
development and song crystallization but instead for song learning (Chapter 3). However, although 
we  can  clearly  demonstrate  that  combined  testosterone-  and  BDNF  treatment  increases  the 
production of learned temporal patterns, the number of new HVC neurons in these experimental 
groups was similar (Chapter 4). This indicates that BDNF-anchored mechanisms in HVC improve 
song learning via a mechanisms that is not based on the recruitment of new neurons. Thus, BDNF 
might  affect  HVC function via  other  forms of  neuronal  plasticity than the  recruitment  of  new 
neurons,  such  as  the  differentiation of  existing neurons (see  Chapters  1  and 2).  Future  studies 
aiming on entirely abolishing neuron addition to HVC under testosterone- and/or BDNF treatments, 
shall  verify the exact  role  of neuron recruitment  in  VEGFR2 tyrosine-kinase-mediated,  BDNF-
dependent  song  development  by  testosterone-treated  female  canaries  (and  see  figure  1.6). 
Additionally, such future studies shall explain the mechanisms of HVC growth that, too, in light of 
the small number of new neurons and unchanged neuronal density in small and large female HVCs, 
is difficult to explain on the basis of neuron recruitment alone (Gahr, 1990b; Gahr, 1997). 
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Appendix
 

 
A.1. Canaries and humans
 

Canaries  belong to the order  of  the  Passeriformes and the  suborder  of  the Passeri,  also 
known as perching birds or songbirds. The Latin name of this order is derived from that of the 
house sparrow (Passer domesticus).  Songbirds evolved about 50 million years ago in the western 
part  of  Gondwana,  that  later  became Australia,  New Zealand  and  Antarctica.  and  later  spread 
around  the  world.  Canaries  belong  to  the  family  of  Fringillidae (finches),  genus  Serinus.  The 
scientific name of the canary is Serinus serinus (European serin finch) and the subspecies that has 
turned into the domesticated canary that we know now is known as Serinus canaria, since canaries 
were initially found on the Canary Islands. Gran Canaria was visited by the ancient Romans, who 
probably named it  Insularia  Canaria, meaning Island of  the  Dogs.  It  is  thought  that  the  dense 
population of an endemic breed of large, fierce dogs that were kept by the inhabitants, was the 
characteristic that was most striking to the Romans (nowadays, these 'dogs' are speculated to be a 
species of Monk Seals).  Another explanation for the name descends from Berber North African 
tribes: The Canarii (or Guanches). In Berber language the islands are called Tkanaren or Taknara. 
The songbird species was named after the islands centuries later. 

During the nineteenth and the early twentieth century,  coal miners in for example Great 
Britain, Germany and the Appalachians in the United States took caged canaries (or other small 
animals with a high metabolism) with them deep into the mines (figure A.7). These canaries were 
very useful as early warning systems for the presence of carbon monoxide and other noxious gases 
(see for example Halliday, 2000). In those days, measures for mine ventilation were thought too 
costly or simply not available or possible, and the miners were left to their own devices to deal with 
poisonous air quality and the risk of lethal explosions. So the miners started to bring canaries into 
the mines for their protection and kept a close eye on the birds. Canaries have a high metabolism, 
and when they would start to act strangely, showed signs of distress, or keeled over, the miners 
would evacuate (more details on miner's canaries can be found on the website of the Mine Safety 
and Health Administration (MSHA): http://www.msha.gov/CENTURY/canary/canary.asp). 

Miner's  canaries were usually second-rate,  inferior songbirds that could not sing well  or 
were discolored. Nonetheless, they served well as life savers and this practice goes on in some 
mines today. 

Domestic canary breeds are generally divided into three main groups: 
- Colorbred canaries, which are bred for their many color mutations. Examples include Ino, 
Eumo, Satinette, Bronze, Ivory, Onyx, Mosaic and Brown. 
-  Type  canaries,  which  are  bred  for  their  shape,  conformation,  or  other  physical 
characteristics. Examples include Border, Fife, Gloster, Lizard, Frilled, Gibber Italicus, Raza 
Española, Berner, Lancashire and Yorkshire.
-  Song  canaries,  which  are  bred  for  their  unique  and  specific  song  patterns.  Examples 
include  Spanish  Timbrado,  Roller,  Waterslager  (or  Wasserschlager),  American  Singer, 
Russian Singer and Persian Singer. Song canaries that are used in laboratories have usually 
been bred in captivity for centuries and have been selected for song features desired by 
humans. As a result, both their vocal performance and their song repertoire are different  
from those of canaries living in the wild (see Leitner et al., 2001b). 
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A.2. Avian respiration, sound production, and sound perception

A.2.1. The avian respiratory system
Birds  in  flight  require  more  energy  than  (terrestrial)  mammals  do.  Especially  when 

migrating, birds fly at altitudes where oxygen is in such short supply that most mammals would not 
survive. Bats form an exception and can tolerate extreme hypoxia (Thomas et al., 1985). Some bat 
species have been recorded hunting moths or colliding with airplanes as high as 3 kilometers above 
the ground (McCracken, 1996; Peurach, 2003; see Maina et al., 2000 for a comparison between 
avian and bat respiratory systems). Birds have evolved a respiratory system that is fundamentally 
different from that of mammals. The relatively small and compact lungs of birds are connected with 
air sacs and -spaces that extend between the internal organs and even into the hollow (pneumatized) 
bones. The avian respiratory system allows oxygen-rich air to flow through it at all times. Birds 
breathe in through their two nostrils (also called nares) situated at the base of the bill (except in 
kiwis, where they are at the tip of the bill, and in gannets, where nostrils have become redundant 
and breathing occurs through the mouth). The air enters the trachea and then passes the syrinx (the 
bird's vocal organ, see below for details), which is situated at the site where the trachea divides into 
the two primary bronchi and a number of secondary bronchi. However, the freshly inhaled air does 
not go to the lungs immediately, but is fed into the abdominal air sacs instead, with a small volume 
channeled to the posterior air sacs. The abdominal air sacs are the largest and most important of a 
bird's air sacs. While breathing in mammals occurs with the help of the diaphragm, avian breathing 
is controlled by muscular contractions of the ribcage. These contractions reduce or increase the 
overall size of the body cavity and thus force air in and out of the various air sacs. When the bird 
exhales, the air moves from the abdominal and posterior air sacs into the lungs. During the next 
inhalation, the air moves through the lungs into the interclavicular, thoracic and anterior air sacs. 
When the bird exhales for the second time, the air passes up the bronchus and out of the bird's 
system. Hence, it takes two breaths instead of one for air to enter and leave a bird's respiratory 
system. Because of the air sacs, the lungs maintain a constant volume of air, preventing the birds 
from losing energy by just breathing. The fact that air passes through the lungs, allows for an almost 
continuous flow of air over the alveoli, providing the bird with a very sufficient exchange of gases. 
In addition, the gas exchange rate is enhanced by the fact that bird alveoli are 10 to 100 times 
smaller than human alveoli, giving a far greater surface area per volume for gaseous exchange to 
take place (see figure A.1). Thus, the fundamental difference between mammalian and avian lungs 
is  that  in  birds,  the  air  does  not  flow  in  and  out  of  the  longs,  as  it  does  in  mammals,  but 
unidirectionally through the lungs.
 
A.2.2 General mechanisms of bird vocalization 

Even though a few bird species have no voice (notably storks, pelicans, and some vultures) 
most  birds  produce some sort  of  vocal  sound,  with the  singing ability of  the Passeriformes or 
songbirds  standing  out  in  particular.  Canaries  and  other  songbirds  can  sing  in  long  bursts  for 
minutes  on  end,  seemingly without  catching their  breath.  In  fact,  they do breathe during  song 
production by taking shallow mini-breaths, which are synchronized with each syllable they sing. In 
canaries, each syllable is accompanied by a pulse of air pressure and each silence by a pressure fall, 
up to a repetition rate as fast as 27 sounds per second (Hartley, 1990; Suthers, 1997).

The sound-producing organ in birds is called the syrinx. It is the equivalent of the human 
voice box (or larynx), but is situated at the bottom of the trachea at the junction of the two primary 
bronchi, whereas the larynx is situated at the top of the mammalian trachea (Du Verney, 1686). The 
syrinx contains membranes, which vibrate and generate sound waves when air from the lungs is 
forced through the syringeal aperture (a constriction of the airway at the site of the syrinx) and pas-
ses over these membranes. The pitch of the produced sound is controlled by changing the tension on 
the membranes, and both pitch and volume may be changed by the force of exhalation. The muscles 
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of the syrinx control the details of song production: Songbirds have the greatest number of syringeal 
muscles of all birds, ranging from 4 to as many as 9 pairs (Larsen and Goller, 2002). The syrinx 
contains androgen receptors (Lieberburg and Nottebohm, 1979) and testosterone treatment increases 
the size of the muscles of the syrinx in both males and females (Wade and Bullman, 2000). 

Birdsong  is  produced  by  the  two  independently  working  syrinx-halves,  mainly  during 
expiration (Suthers, 1997). Sounds can be produced by only the left syrinx, only the right syrinx, or 
by  contributions  of  both  halves  (Suthers,  1997;  Suthers  and  Goller,  1997).  Different  songbird 
species  show differential  use  of  the  syrinx  halves.  Even  within  different  strains  of  a  songbird 
species, different preferences for left, right, or left-and-right use of the syrinx have been observed. 
For  example,  the  Waterslager  canary produces most  sounds  with  the  left  side  (Nottebohm and 
Nottebohm,  1976;  Hartley  and  Suthers,  1990),  while  the  domestic  canary  shows  no  strong 
preference for either half of the syrinx (Suthers et al., 2001). The production of bipartite syllables is 
under control of both halves of the syrinx (Hartley, 1990): In the Waterslager canary, the right side 
of the syrinx is responsible for the higher frequency sounds, while the left side produces the lower 
frequency sounds (Nottebohm and Nottebohm, 1976). The production of these complex syllables 
requires precise coordination of the muscles controlling respiration and syringeal coordination and 
may therefore be an important indicator of a male bird’s condition (Hartley, 1990).  It is believed 
that sexy syllables are energetically costly to produce and may therefore be used by the females as 
an indicator of male fitness. 
 
A.2.3. Anatomy of the song system of songbirds

The song system (see figure 1.1) is essential for song learning and production. Lesion- and 
electrophysiological  studies  of  this  vocal  control  system  have  begun  to  elucidate  the  neural 
mechanisms underlying song. The song system consists of two main pathways (see figure 1.1): The 
caudal sensorimotor pathway is involved in song production and the anterior sensory pathway in 
song learning. The pathways overlap at several points and both include nucleus HVC. Originally, 
HVC was an acronym for High Vocal Center or Hyperstriatum Ventrale pars Caudale, but since the 
avian  brain  nomenclature  revision,  the  abbreviation  is  used  as  a  proper  name  (Fortune  and 
Margoliash, 1995; Reiner et al., 2004a, 2004b). 

The sensorimotor pathway connects nucleus HVC to nucleus RA (robust  nucleus of the 
acropallium): Neurons within HVC send their axons to RA, where they synapse onto RA neurons. 
In this way, chemical messengers, such as growth factors, can be transported both anterogradely and 
retrogradely between HVC and RA. From RA, neurons project  to several  areas  in the medulla 
oblongata and the brainstem, including the tracheosyringeal part of the hypoglossal nucleus (the 
twelfth  cranial  nerve  nucleus,  or  nXIIts),  which  innervates  the  muscles,  and  the  nuclei  that 
coordinate respiration during song production (Wild, 1994, 2004a; Nottebohm et al., 1976; Vu et al., 
1994).  Lesions  to  nuclei  in  this  motor  pathway,  or  to  any  of  their  connections,  result  in  the 
deterioration or even the termination of song production in adult birds (Nottebohm et al., 1976). 

A number of other song nuclei play a modulatory role in the production of song, including 
the  thalamic  nucleus  uvaeformis  (Uva),  the  thalamic  dorsomedial  nucleus  of  the  intercollicular 
complex (DM), and nucleus interfacialis (NIf, which is an immediate auditory afferent to the HVC: 
McCasland, 1987; Williams and Vicario, 1993). Lesions in HVC or any of the structures between 
HVC and the syrinx (for example RA) will reduce a bird’s ability to sing. The side of the lesion (left 
or right), determines the severity of the damage to song production and also determines which song 
features are affected (see below and Halle et al., 2003). HVC and RA contain not only premotor 
neurons that are active during singing, but also auditory neurons that are strongly responsive to pre-
sentation of the bird's own song (McCasland, 1987; Margoliash, 1983, 1986; Doupe and Konishi, 
1991; Vicario and Yohay, 1993; Yu and Margoliash, 1996). All nuclei of the song system are present 
in twofold; one in the left and one the right hemisphere. The connections between these song nuclei 
are generally limited to the hemisphere in which the nuclei are situated (ipsilaterally), all the way 
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down to the innervation of the muscles of the syrinx. Each half of the syrinx is ipsilaterally innerva-
ted by nXIIts and independently produces sound. There is no clear unilateral dominance in song 
production in the domestic canary, even though the Waterschlager canary has a strong left syringeal 
dominance (Halle et al., 2003). However, RA also innervates both the ipsi- and contralateral respira-
tory control networks in the brainstem, which consists of nRAM (nucleus retroambigualis, innerva-
ting  expiratory  motor  neurons),  PAm  (nucleus  paraambigualis,  innervating  inspiratory  motor 
neurons), and DM (dorsomedial nucleus of the intercollicular complex; see Ashmore et al., 2005 for 
details). The nuclei of the respiratory network project bilaterally onto the thalamic nuclei uvaefor-
mis (Uva) of both hemispheres (Wild et al., 1997), which in turn provide feedback (either directly 
or indirectly via NIf) to HVC: This allows for a coordinated activity of the HVCs in both hemis-
pheres (Williams and Vicario 1993; Vu et al. 1994, 1998; Striedter and Vu 1998). The circuit that is 
thought to be involved in song pattern generation consists of HVC, RA, the respiratory control 
network, and Uva (Reinke and Wild, 1998). The respiratory control networks also project across the 
medulla upon each other (Ashmore et al., 2005) and they can innervate the contralateral nXIIts, 
even though ipsilateral innervation of nXIIts is predominant (Wild et al., 2000). The degree of later-
alized syringeal dominance seems to influence the projections that run from RA to the contralateral 
XIIts  and respiratory nuclei.  Contralateral  projections are substantial  in  Waterschlager  canaries, 
which have a strong left syringeal dominance, while they are less pronounced in domestic canaries 
and catbirds, which have no clear unilateral syringeal dominance (Suthers et al., 2004, and least 
pronounced in zebra finches, which have a right-sided syringeal dominance (Wild et al., 2000). 

The sensory pathway of the song system consists of the HVC, the striatal nucleus Area X, 
the medial portion of the dorsolateral nucleus of the thalamus (DLM), and the lateral part of the 
magnocellular nucleus of the anterior nidopallium (lMAN: Okuhata and Saito, 1987; Bottjer et al., 
1989). The medial part of the latter nucleus (mMAN) is believed to play an indirect role in motor 
production by innervating HVC (for details, see Schmidt et al., 2004). Unlike the motor pathway, 
the anterior forebrain pathway (AFP) is not required for the production of adult song but is essential 
during  song  learning  by  juveniles  (Nottebohm et  al.,  1976;  Bottjer  et  al.,  1984;  Nordeen  and 
Nordeen, 1988; Simpson and Vicario, 1990; Sohrabji et al., 1990; Scharff and Nottebohm, 1991; 
Morrison and Nottebohm, 1993; Volman, 1993). Lesions in lMAN or Area X in adult songbirds 
have little immediate effect on song (Williams and Nottebohm, 1985), while lesions during the song 
learning period, such as during the critical period for song learning in zebra finches, have a drastic 
effect and permanently damage the bird’s song (Bottjer et al., 1984). Area X is involved not only in 
song learning, but also in the contextual production of song (Ball, 1999; Schlinger and Brenowitz, 
2002). Furthermore, evidence is accumulating that Area X is necessary to enable vocal plasticity in 
juvenility as well as in adulthood (Bottjer et al., 1984; Sohrabji et al., 1990; Scharff and Nottebohm, 
1991; Brainard and Doupe, 2001; Brainard, 2004). The nuclei that are interconnected by the AFP 
are connected to and looped-back onto the motor pathway. The AFP plays a role in modifications to 
adult song after experimentally induced deafening (Brainard and Doupe, 2000a) and after challen-
ging song production by sectioning of the tracheal syringeal nerve (Williams and Mehta, 1999).

In the canary, 50 to 60% of all HVC neurons project to RA, roughly 20% project to 
Area X and much of the remainder are interneurons (Kirn et al., 1991, 1999; Alvarez-Buylla et al., 
1988a; Nottebohm et al., 1990). HVC neurons that project to RA are known to have highly selective 
auditory response  properties  (Mooney et  al.,  2002)  and exhibit  discrete  and selective  bursts  of 
premotor activity during singing (Hahnloser et al., 2002). 

Apart from the two pathways mentioned above, there is a third pathway in the avian song 
system that projects onto HVC (black in figure 1.1, but see figure 1.2 and Bolhuis and Gahr, 2006). 
This pathway is not directly used in song production or song learning, but is necessary for auditory 
perception. Nerve impulses from the cochlea are send to field L, the primary auditory processing 
region, which projects directly upon HVC (see A.2.3 for details on the avian auditory system). This 
field consists of three subfields and receives auditory input from the thalamus. Some papers have 
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suggested a homology between the avian field L and the mammalian auditory cortex (e.g. Wise, 
2003). Additionally, regions NCM (caudal part of the medial nidopallium) and CMM (caudal part of 
the medial mesopallium) are involved in auditory perception, but also in song memory storage (see 
figure 1.2; Bolhuis and Eda-Fujiwara, 2003; Sockman et al., 2002). In fact, indications that NCM 
and CMM might contain the neural substrate for tutor song memory are accumulating (Bolhuis et 
al., 2000, 2001, Terpstra et al., 2004; Phan et al., 2006). Neurons within several nuclei of the song 
control  system  (notably  HVC,  RA,  Area  X  and  lMAN)  respond  when  a  zebra  finch,  either 
anesthetized or awake (see Schregardus et al., 2006), is exposed to conspecific song, tutor song, or 
the bird’s own recorded song (Solis et al., 2000; Margoliash and Konishi, 1985; Margoliash, 1986).
 
A.2.4 Hearing in songbirds
- The avian ear

The vertebrate ear evolved in fish as an organ of balance and still performs this function 
today in a variety of species (Baird, 1974). The avian ear, like that of mammals, has three sections: 
The outer ear, the middle ear, and the inner ear (figure A.3A and B). These three sections eventually 
convert sound pressure waves into nerve impulses and send these to the brain. 

The avian outer ear, or external ear, does not have a pinna, unlike mammalian ears. Instead, 
birds  have  a  ruff  of  feathers  around  the  ear  opening,  called  ear  coverts or  auriculars. These 
specialized feathers surround the ear opening in most birds (except ostriches, vultures, and some 
galliformes) to minimize air turbulence. The avian ear opening is just below and behind the eyes. A 
short  canal,  called the  external  acoustic  meatus  or  auricular  funnel,  leads to  the eardrum (also 
known as tympanic membrane or tympanum), which is a thin membrane stretching across the ear 
canal.  The vibrations of the eardrum are transferred further onto the structures of the middle ear. 
The shape  of  the  outer  ear  and the  shape of  the  ear  opening vary between species.  The most 
extensive variations of the ear are found among the owls. The ears of several owl species, including 
barn owls (Tyto alba), are bilaterally asymmetrical (one ear opening is positioned lower on the skull 
than the other). Owls can therefore accurately localize azimuth and elevation, and detect directional 
motion. This gives owls the equivalent of binocular hearing, allowing them to pinpoint the source of 
a sound extremely accurately. 

The avian middle ear consists of just one middle ear bone; the stirrup or stapes (but in birds 
this bone may also be referred to as the columella). Mammals on the other hand, have three middle 
ear  bones:  The hammer (malleus),  the anvil  (incus),  and the stirrup (stapes).  The bones of  the 
middle ear function as levers, and increase the vibrations of the eardrum. In humans, the stirrup 
moves with about 20 times the force of the hammer due to this lever principle. The avian stirrup is 
attached to the rear of the eardrum and transmits the eardrums’s vibrations through the middle ear to 
another membrane that spans across the hearing canal; the  oval window, which is situated at the 
entrance of the inner ear. 

The inner ear consists of three semicircular canals, which are part of the vestibular system 
(also known as the balance system) and detect changes in rotational movements (equilibrioception), 
and the cochlea. The cochlea is the actual hearing organ and is a fluid-filled chamber with hair-like 
cells, or (stereo-)cilia. The bird cochlea is not as strongly coiled as the mammalian cochlea: It has 
only 0.75 turns, while for example the human cochlea has 2.5 turns. Vibrations of the oval window 
causes pressure waves in the fluid of the cochlea. The avian cochlea measures between 2 and 11 
mm in length and contain between 3,000 and 17,000 hair cells. Motion of the cochlear fluid causes 
movement of the basilar membrane on which the hair cells are situated. Vibrations of the basilar 
membrane cause movement of the hair cells, which have an apical bundle of cilia that are deflected 
during mechanical stimulation. The hair cells will move against the tectorial membrane (see figure 
A.3B).  These vibrations and movements create nerve impulses that are then transmitted along the 
auditory nerve to the cochlear nucleus in the brainstem and further to the thalamus and the auditory 
regions of the telencephalon.
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Hair cells are non-neuronal mechanoreceptor endothelial cells. Sensory hair cells serve as 
the transducing elements in the ears of all vertebrates. The morphology of these cells is in principle 
similar from very primitive vertebrates (like hagfishes and lampreys) to mammals (see Slepecky, 
1996; Braun and Northcutt, 1997). Nonetheless, there are specializations in sensory hair cells of 
various species that may reflect adaptations. The avian basilar papilla for example, has both “tall” 
and “short” hair cells that are thought to play a role in micromechanical tuning (Gleich and Manley, 
2000). The perceived frequency of a sound depends on which hair cells are stimulated. The cells 
that lie closest to the oval window are short and respond to higher frequencies. The cells furthest 
from the oval window are long and are responsive to lower frequencies. In birds, the average space 
constant (which is the distance along the cochlea relative to the frequency that is detected) is less 
than 1 mm per octave (Manley 2000). 

Loss or damage of sensory cells or hair cells in the inner ear results in hearing impairment. 
Hair cells and sensory cells can be damaged by overexposure to intense sounds or by treatment with 
certain types of so-called ototoxic antibiotics, such as the aminoglycosides (for example gentamicin, 
kanamycin, amikacin, and streptomycin: These antibiotics were widely used in the 1940s and 1950s 
as a remedy for tuberculosis and other serious bacterial infections. Nowadays, they are still used in 
both humans and animals because of their efficacy, despite their serious side effects of renal and 
auditory toxicity; see Forge and Schacht, 2000 for a review). Aminoglycosides target hair cells in 
the high-frequency, proximal portion of the basilar papilla. At low single doses, only hair cells at the 
proximal tip of the basilar papilla are killed (Janas et al., 1995). Also infections or autoimmune 
pathologies, aging and genetic defects can play a role. Once hair cells are damaged and lost in post-
natal mammals, they are not replaced, and hearing loss is permanent (Ruben, 1967). Mammalian 
vestibular hair cells have shown some capacity for regeneration though (Warchol et al., 1993; Rubel 
et al., 1995). Birds, and also fish and amphibians, have the ability to regenerate and replace the hair 
cells of the inner ear following damage or loss (e.g. Cotanche, 1987; Cruz et al., 1987; Corwin and 
Cotanche 1988; Ryals and Rubel, 1988; Corwin, 1981; Jorgensen and Mathiesen, 1988; Oesterle et 
al.,  1997).  These  new  hair  cells  were  found  to  be  functional  (Smolders,  1999;  Bermingham-
McDonogh and Rubel,  2003 and see  figure  A.2).  The undamaged avian  cochlea  is  mitotically 
quiescent, but it may become active when injured hair cells are ejected from the sensory epithelium. 
The nonsensory (epithelial) supporting cells respond to the damage by reentering the cell cycle, 
either by proliferation or by transdifferentiation, the latter process not involving mitosis. The new 
hair  cells  make connections  with the  overlying  tectorial  membrane and with  both afferent  and 
efferent cochlear nerve processes (see Cotanche, 1999 for a review). 
 
- Auditory perception of birds

Birds have good hearing in general and are most sensitive to frequencies of 1 to 4 kHz, 
which is comparable to hearing in humans. This is partly why we find bird song so pleasant and 
why birdsong is useful in bird identification. In birds as a whole, the hearing ranges are known to 
vary from a below 100 Hz to over 29 kHz, even though not all birds have this range. For instance, 
the common mallard (Anas platyrhynchus) has a range from 300 Hz to 8 kHz. There are even some 
species that use echolocation, such as the oilbirds (Steatornis caripensis) and the cave swiftlets 
(genus Aerodramus) (Griffin, 1954, 1958; Griffin and Suthers, 1970; Konishi and Knudsen, 1979; 
Griffin and Thompson, 1982; Suthers and Hector, 1982, 1985; Price et al., 2004). Some birds, such 
as pigeons, can hear sounds with a very low frequency (such as wind blowing across buildings and 
mountains,  distant  thunderstorms,  the  breaking of  ocean waves,  and even far-away volcanoes). 
Pigeons can detect sounds as low as 0.05 to 0.1 Hz (Kreithen and Quine, 1979). 

The ability of birds to discriminate between differences in sound frequencies and to detect 
gaps between sounds is generally similar to the ability in humans. Within sounds, some birds are 
able to recognize and remember something akin to absolute pitch (Hulse and Cynx, 1985), whereas 
humans perceive sounds only via relative pitch. Absolute pitch (or perfect pitch) is  the ability to 

96



attach  labels  to  isolated  auditory  stimuli  on  the  basis  of  pitch  alone  and  without  an  external 
reference. Very few humans can hear, recognize, and remember absolute pitch (only 1 in 10,000 US 
citizens has this ability; Sachs, 1995). Relative pitch allows humans to hear a tune in one octave and 
still recognize the tune in a different one, while birds cannot do this, but do recognize timbre (a 
fundamental note combined with harmonies). Recognizing timbre and harmonic variations gives 
birds great versatility in sounds that they can respond to, and, in some cases, reproduce. Pigeons are 
able to respond to and distinguish between the musical styles of Bach and Stravinsky (Porter and 
Neuringer, 1984). Java sparrows (Padda oryzivora) and black-faced sheathbill (Chionis minor) are 
able to discriminate between English and Chinese spoken language (Watanabe, unpublished). 

Another striking ability of the avian auditory system is that birds are able to hear shorter 
notes than humans do. Humans process sounds in bytes of 1/20 of a second long whereas birds 
discriminate up to 1/200 of a second. This means that where humans hear only one sound or note, 
birds may hear as many as ten separate notes in a very rapid succession (Barber, 1993). So, birds are 
about ten times as sensitive to rapid fluctuations in both pitch and intensity as humans. 
 
- Auditory perception of Belgian Waterslager canaries 

The hearing thresholds in songbirds are typically correlated with the frequency spectrum of 
their song (Dooling et al., 1971; Wright et al., 2003). Canaries have been bred in captivity for the 
past 500 years for the quality of their song and for their plumage (Güttinger, 1985). A canary strain 
that  is  frequently  used  in  song  bird  research  is  the  Belgian  Waterslager.  Belgian  Waterslager 
canaries have been selectively bred for loud, low-pitched song, but have simultaneously developed 
poor  high-frequency  hearing,  which  is  thought  to  be  associated  with  hair  cell  abnormalities 
(Okanoya and Dooling, 1985, 1987 and see below). For both young and adult birds, the absolute 
threshold in the middle- to high-frequency range is between 20 and 40 decibels higher than those in 
other canaries (Dooling, 1982 and see figure A.6), including canaries of other strains and hybrid 
canaries (Konishi, 1969; Okanoya and Dooling, 1987; Wright et al., 2004). 

From hatch until about 2 months of age, hearing development in Belgian Waterslager cana-
ries is normal (Brittan-Powell and Dooling, see Wright et al., 2004), but high-frequency hearing loss 
has been found in chicks as young as 20 days (Brittan-Powell and Dooling, see Wright et al., 2004). 
Both calls and songs of Belgian Waterslager canaries contain energy primarily at lower frequencies: 
The peak of the power spectrum in Belgian Waterslager canaries can be found at 2,000 - 4,000 Hz 
(Nottebohm and Nottebohm, 1978; Okanoya et al., 1990; Wright et al., 2004; Dooling et al., 1971; 
Güttinger, 1985; Okanoya and Dooling, 1987, and see figure A.6) rather than above 4,000 Hz, like 
in wild canaries (Güttinger, 1985). The Belgian Waterslagers hear best in the region between 1,000 
and 2,000 Hz, while wild canaries hear best in the region between 2,000 and 4,000 Hz. One reason 
that Belgian Waterslager canaries do not incorporate high frequency information into their vocal 
repertoires is most likely because they cannot detect or discriminate high frequency sounds well.

Belgian Waterslagers have a  reduced number of hair  cells  on their  basilar  papilla  (30% 
reduction as compared to non-Belgian Waterslager canaries: Gleich et al., 1994a). Furthermore, they 
show a reduction in the size and the thresholds of the compound action potential (Gleich et al., 
1994b) and the number of auditory nerve fibers is reduced (12% reduction as compared to non-
Belgian Waterslager canaries: see Gleich et al., 2001). Additionally, the volumes of two auditory 
nuclei in the brainstem are decreased in Belgian Waterslagers: The volume of nucleus magnocellu-
laris is reduced by 28% and the volume of the nucleus laminaris is reduced by 24%. These volumet-
ric decreases were attributed to a reduction in cell size (see Kubke et al., 2002 for details). Hair cell 
damage in Waterslager canaries is also found in the vestibular system, suggesting parallels with 
some combined auditory and vestibular neuroepithelial disorders observed in mammals (such as 
Ménière’s disease in humans and diseases found in some mutant mouse strains (Steel, 1991). 

Belgian Waterslager canaries and Roller canaries have both been bred selectively for their 
song. These strains have lower pitched songs than wild canaries or canaries that have been bred for 
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other qualities than song (Güttinger, 1985). Additionally, song canaries typically vocalize at a lower 
frequency range,  sing more frequent  and longer  tours,  prefer  shorter  syllables,  and have fewer 
syllable types in their repertoires (Güttinger, 1985). There seems to be a close relationship between 
hearing  sensitivity  and vocalization learning in  the  Belgian  Waterslager  canary.  Thus,  selective 
breeding  for  particular  song  qualities  may  also  have  affected  the  mechanisms  underlying 
memorization and production of acoustic  information in these canaries.  Scientific  data on song 
learning in Belgian Waterslager canaries should be considered carefully.
 
 
 
A.3. Neurogenesis 
 
A.3.1. New neurons are derived from stem cells

Neurons and glial cells are produced from neural progenitors derived from neural stem cells. 
The existence of stem cells in the adult brain has been postulated following the discovery that 
neurogenesis indeed continues into adulthood in rats (Altman and Das, 1965). Neural progenitor 
cells  have been isolated from the brains of many vertebrate species,  including mice, songbirds, 
primates, and even humans (Pincus et al., 1997; Roy et al., 2000; Johansson et al., 1999; Pagano et 
al., 2000; Nunes et al., 2003; Kukekov et al., 1999). However, the origin and identity of neural stem 
cells in the adult brain remains to be defined. Many experiments on neural stem cells are performed 
in vitro on cultured cells, also called neurospheres. These are floating heterogeneous aggregates of 
cells, containing a large proportion of stem cells (Reynolds and Weiss, 1992). They can be propaga-
ted for extended periods of time, may differentiate into both neuronal and glial cells, and therefore 
behave as stem cells. However, some studies suggest that this behavior is induced by the culture 
conditions in progenitor cells, the progeny of stem cell division that normally undergo a strictly lim-
ited number of replication cycles in vivo (Doetsch et al., 2002). Furthermore, neurosphere-derived 
cells do not behave as stem cells when transplanted back into the brain (Marshall et al., 2006). 

Neural progenitor cells share many properties with hematopoietic stem cells. Remarkably, 
when injected into the blood, neurosphere-derived cells differentiate into various cell types of the 
immune system (Bjornson et al., 1999). Cells that behave as neural stem cells have been found in 
the bone marrow, the site of origin of hematopoietic stem cells (Kucia et al., 2006). It has been 
suggested that new neurons in the hippocampal dentate gyrus (which is a neurogenic niche in the 
mammalian brain, see below) arise from circulating hematopoietic stem cells. Indeed, newly born 
cells  first  appear  in  the  dentate  gyri  in  the  heavily  vascularized subgranular  zone immediately 
adjacent to blood vessels. Even though the generation of new neurons in the hippocampal dentate 
gyrus is now well established, the presence of truly self-renewing stem cells has been debated (Bull 
and Bartlett, 2005).

Many newly born neurons will not survive long enough to develop into mature, functional 
neurons.  The decision whether  a  new neuron will  or  will  not  survive  and  will  or  will  not  be 
integrated into a neuronal circuitry, is made early in its development. When the new neurons are 
about 1 week old, they are likely to persist (Kempermann et al., 2003). The development of newly 
born neurons greatly depends on the environment in which they persist, both in vivo and in vitro. 
For example, co-culturing adult-derived precursor cells with astrocytes induces their development 
into electrically active neurons that are able to form networks in vitro (Song et al., 2002). It appears 
that in most parts of the brain something inhibits progenitor cells from dividing to produce new 
neurons.  It  is  still  not  exactly  known how neurogenesis  continues  in  some areas,  such  as  the 
olfactory bulb and the dentate  gyrus  of the hippocampus,  but not  in  others.  Understanding the 
mechanisms involved in this process could provide an opportunity for disinhibiting progenitor cells 
throughout  CNS to allow them to produce new neurons,  which could have a  major  impact  on 
therapeutic strategies to overcome diseases, trauma, or aging. 
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Neurogenesis  is  thus  primarily  regulated  by two  key  mechanisms:  First,  control  of  the 
proliferation of precursor cells leading to an expansion of the pool of immature new neurons with 
the potential to become integrated into existing networks (“neuronal proliferation”), and second, 
control  of  the  selective  recruitment  of  new  neurons  or  otherwise  apoptotic  elimination 
(Kempermann et al., 2004a). 
  
A.3.2 Factors that affect neurogenesis

Neurogenesis is affected by many factors and the list of factors that exert an influence on 
neurogenesis is still growing. This paragraph is not meant to be complete, but will rather attempt to 
give an impression of the wide variety of these factors,  that can be both internal and external. 
External factors, such as the environment in which an animals lives, may act upon neurogenesis 
indirectly via steroid hormones (both glucocorticoids and gonadal hormones), which in turn modify 
the expression of internal factors, such as morphogens and growth factors (see for example Shors, 
2006). 
 
Internal factors
- Morphogens

A morphogen  is  a  conceptually  defined  substance  that  controls  the  pattern  of  tissue 
development during ontogeny and the positions of the various specialized cell types within a tissue 
both  during  ontogeny and  in  adulthood.  They do  so  by forming  a  concentration  gradient  that 
indicates the orientation in the developing organism (such as dorsal  versus ventral and anterior 
versus posterior). Hippocampal astrocytes have been reported to express the morphogens Wnt-3 and 
Int (Rijsewijk et al., 1987; Lie et al., 2005). Wnt signaling is though to be a key pathway through 
which these astrocytes promote neurogenesis of adult neural stem cells, and thereby for neuronal 
fate determination of endogenous neural stem cells (Rijsewijk et al., 1987; Lie et al., 2005). Wnt 
signaling in neurogenic zones acts in cooperation with another morphogen, Sonic Hedgehog (SHh). 
While Wnt acts on neuronal precursors that mature and contribute to the dentate gyrus, SHh is 
involved  in  progenitor  cell  maintenance  during  adulthood.  Loss  of  SHh  signaling  results  in 
abnormalities in the dentate gyrus and olfactory bulb, such as a reduction in hippocampal neural 
progenitor proliferation (Lai  et  al.,  2003).  Stimulation of the SHh pathway in the mature brain 
results in elevated proliferation of adult progenitors (Machold et al., 2003; Lai et al., 2003). 

- Growth factors 
The role of growth factors in the adult brain is comprehensive: Growth factors may function 

in  synaptic  plasticity,  learning,  environmental  enrichment,  physical  exercise  and  neurogenesis. 
Growth factors are thought to regulate adult neurogenesis in mammals in the dentate gyrus, the sub-
ventricular zone, or both. Examples of growth factors that have been shown to affect neurogenesis 
are: ciliary neurotrophic factor (CNTF: Emsley and Hagg, 2003; Chojnacki et al., 2003), epidermal 
growth factor (EGF: Kuhn et al., 1997), heparin-binding epidermal growth factor (HB-EGF: Jin et 
al., 2003a), fibroblast growth factor 2 (FGF2: Jin et al., 2003b; Kuhn et al., 1997), insulin growth 
factor 1 (IGF-1: Aberg et al., 2003), transforming growth factor (TGF: Craig et al., 1996; Enwere et 
al., 2004), vascular endothelial growth factor (VEGF: Jin et al., 2002; Greenberg and Jin, 2005; Cao 
et al., 2004; Louissaint et al., 2002), and brain-derived neurotrophic factor (BDNF: Zigova et al., 
1998; Rasika et al., 1999; Louissaint et al., 2002; Katoh-Semba et al., 2002). 
 
External factors

A wide variety of external  factors have been reported to increase rates of neurogenesis, 
neuronal  survival,  neuronal  recruitment  and/or  integration of  neurons  into  an existing network. 
These factors include genetic predispostition of an animal (van Praag et al., 2000; Taupin, 2005), 
voluntary physical exercise like wheel-running (e.g., Bjornebekk et al., 2005; van Praag et al., 1999; 

99



Ra et al., 2002; Sharma et al., 1991; Ide and Secher, 2000; Delp et al., 2001; Swain et al., 2003), 
seizure (Parent et al., 1997), exposure to an enriched environment (Kempermann et al., 1997), the 
application of specific learning stimuli (Gould et al., 1999c; Dobrossy et al., 2003; Leuner et al., 
2004), epileptic seizure (Pont et al., 1995; Carpentier et al., 1990; Parent et al., 1997), stroke (Liu et 
al.,  1998),  traumatic  brain  injury  or  kainic  acid  treatment  (Dash  et  al.,  2001),  several  drugs 
(antidepressants, lithium, but also anaesthesia: Endo et al., 1997), hormones and pregnancy (Shingo 
et al., 2003), and many other facors (see for a review Lie et al., 2004). 

Environmental enrichment is a complex sensorimotor stimulation that provides animals with 
an increased opportunity for physical exercise, various learning experiences, and social interaction 
(Rosenzweig and Bennett, 1996; van Praag et al., 2000; Will et al., 2004). Exposure to an enriched 
environment  causes  biochemical,  morphological  and functional  changes in the adult  brain  (van 
Praag et al., 2000; Will et al., 2004), including a robust increase in the number of newly generated 
neurons in the dentate gyrus (Kempermann et al., 1997; Kempermann et al., 1998; Nilsson et al., 
1999; Brown et al., 2003; Kronenberg et al., 2003). Physical exercise, learning, and social interac-
tions have also been shown to independently increase neurogenesis. This enhancement in neuro-
genesis is thought to be caused by improved survival of newly born granule cells (van Praag et al., 
2000),  yet  effects  on  the  proliferation  of  subgranular  progenitor  cells  have  also  been  reported 
(Kempermann et a., 1998; Kronenberg et al., 2003). The precise mechanisms by which environ-
mental enrichment produces these effects are not completely understood, but a widely accepted 
hypothesis  is  that  enriched housing  conditions  stimulate  the  production of  certain  neurotrophic 
factors  (even  though  it  is  also  possible  that  these  effects  on  neurogenesis  are  mediated  by 
neurotransmitters and/or synaptic plasticity). Exposure to an enriched environment increases the 
gene expression of nerve growth factor (NGF: Mohammed et al.,  1993; Pham et al.,  1999), of 
BDNF (Falkenberg et al., 1992), and of glial-cell-derived neurotrophic factor (GDNF: Young et al., 
1999).  Physical  activity  results  in  elevated expression  of  IGF-1  (Carro  et  al.,  2000),  of  FGF2 
(Gomez-Pinilla et al., 1997; Gomez-Pinilla et al., 1998), and of BDNF (Neeper et al., 1995; Widen-
falk et al., 1999). Several of these growth factors have also been suggested to function in learning 
and synaptic plasticity, in particular NGF and BDNF (Kang and Schuman, 1995; Figurov et al., 
1996; Fischer et al., 1987). Taken together, there seems to be some overlap in the expression of 
these factors in enrichment, running, learning and neurogenesis. The mechanism of action and the 
cause-and-effect relationships between these factors remain to be determined.

Adverse conditions can result in a decrease of cell proliferation and include chronic stress 
(Gould et al, 1998;  Tillfors et al., 2001, Endo et al., 1997), certain diseases such as  Huntington 
disease  (Curtis  et  al.,  2003)  and Alzheimer’s  disease  (Jin  et  al.,  2004),  certain  types  of  drugs 
(opiates), neurotransmitters like dopamine, and aging (Kuhn et al., 1996). The link between stress, 
depression, and decreased hippocampal neurogenesis is well-documented (e.g., Lee et al., 2002a; 
Sheline et al., 1999; Malberg et al., 2000; Manev et al., 2001). Animals exposed to physiological 
stress (such as cold, heat, or pain) or psychological stress (for example isolation) show markedly 
decreased levels of adult-born neurons. Additionally, it has been reported that aversive odors (such 
as predator odors, which are naturally aversive experiences) negatively affect the cell proliferation 
in the hippocampal dentate gyrus due to an increase in the levels of stress hormones (Karten et al., 
2005).

Even though certain psychological conditions such as stress and depression may decrease 
the rate of neurogenesis (see above), the beneficial effects of medication used to treat such disorders 
has been observed to increase neurogenesis (Malberg et al., 2000; Manev et al., 2001). Santarelli 
and colleagues (2003) demonstrated that the behaviorally beneficial effects of antidepressants in 
rats did not occur when neurogenesis was prevented with X-ray irradiation techniques. Adult-born 
neurons are more excitable than older neurons due to the differential effect of GABA receptors. This 
is consistent with numerous findings linking certain non-aversive behaviors (learning, exposure to 
environmental enrichment, and exercise) to increased levels of neurogenesis. 
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A.4. VEGF and angiogenesis
 

Angiogenesis and vasculogenesis are distinct processes at the cellular level, yet  both are 
controlled by molecular mechanisms coordinated by an overlapping set  of genes (Folkman and 
D'Amore, 1996; Risau, 1997). Angiogenesis is not restricted to embryonic development, but also 
occurs during adult life. Angiogenesis occurs in the female reproductive system where it builds the 
endometrium before menstruation: It supports the development of the ovarian follicle and corpus 
luteum  and  forms  the  placenta  after  fertilization  (Hansen-Smith,  1988).  Angiogenesis  is  also 
involved in wound healing, the repair of injured tissues (Risau, 1995), and in many pathological 
conditions including tumor growth, inflammatory diseases such as rheumatoid arthritis and diabetic 
proliferative retinopathy,  atherosclerosis,  psoriasis,  ischemic heart  and limb diseases,  and many 
others (Griffioen and Molema, 2000; Bodolay et al., 2002; Carmeliet and Jain, 2000). In addition to 
its angiogenic and neuroprotective properties, vascular endothelial growth factor (VEGF) also plays 
a  role  in  adult  neurogenesis  by  supporting  the  proliferation  and  differentiation  of  neuronal 
precursors (Palmer et al., 2000), by releasing neurotrophic factors (Louissaint et al., 2002), and by 
directly acting on neural precursors (Jin et al.,  2001, 2002a; Rosenstein et al.,  2003). Increased 
expression of  VEGF and its  receptors  leads to an upregulation of second messenger-associated 
intracellular pathways, including the PI3K/Akt and the MAPK pathway (Cross et al., 2003; Zachary 
and Gliki, 2001; Jin et al., 2000b). 
 
A.4.1. History of angiogenesis and VEGF

For quite some time, it has been known that (human) tumors are highly vascularized and that 
tumor vasculature has a highly variable morphology (see for example Lewis, 1927; the archives of 
Rudolf Virchow, 1847, and articles mentioned in Algire et al., 1945). In 1939, Ide and colleagues 
observed a potent angiogenic response after they implanted a tumor into the ear of a rabbit: This 
was the first paper reporting the presence of tumor-derived vascular growth factors. A few years 
later,  in  1945,  Algire  and  colleagues  proposed  that  neovascularization  is  an  essential  step  in 
tumorigenesis. Greenblatt and Shubick along with Ehrmann and Knoth (both in 1968) placed a filter 
between a tumor and its host, and in that way showed that angiogenesis is induced by one or more 
diffusible, tumor-released growth factors. The first attempt to isolate a specific pro-angiogenenic 
signal  was  taken by Folkman and colleagues  (1971),  who identified  a  soluble  “tumor  specific 
factor” that they described as mitogenic for endothelial cells and responsible for formation of new 
capillaries. Senger and colleagues (1983) identified and partially purified a protein that induced 
vascular leakage. They named it “vascular permeability factor”. Ferrara and Henzel (1989) isolated 
and later cloned a protein that is mitogenic only to endothelial cells. Therefore, they named this 
protein “vascular endothelial growth factor” (VEGF). Tests revealed that “tumor specific factor”, 
“vascular permeability factor”, and VEGF are the same secreted protein. In 1992, it was suggested 
that  VEGF  expression  is  highest  in  the  most  ischemic  sections  of  tumors  and  subsequently 
postulated that hypoxia is a key environmental trigger for (neo-)angiogenesis in tumors (Shweikj et 
al., 1992; Plate et al., 1992). In that same year, two receptors for VEGF were identified: VEGFR1 
(or  FLT-1:  feline  sarcoma  virus-like  tyrosine  kinase  receptor;  see  De  Vries  et  al.,  1992)  and 
VEGFR2 (or KDR [kinase domain region, which is also known as Flk-1: fetal liver kinase]; see 
Terman et al., 1992). 
 
A.4.2. Principles of angiogenesis

Angiogenesis is a multi-step process for the formation of new blood vessels from existing 
vessels by the activation of quiescent endothelial cells in response to angiogenic stimuli (Folkman, 
1975, 1985; Risau, 1997; Conway et al., 2001; Carmeliet, 2000; Yancopoulos et al., 2000). The fact 
that angiogenesis forms vessels from existing vessels, separates it from another process of vessel 
formation; vasculogenesis. Vasculogenesis is a process where vessels are spontaneously formed in 
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the absence of pre-existing vessels. Vasculogenesis is mainly restricted to embryonic development, 
but may also occur in adult species under certain circumstances (such as during tumor growth or 
following cardiac ischemia or other trauma). Vasculogenesis is believed to occur when angioblasts 
(endothelial  precursor/progenitor  cells)  migrate  and  differentiate  to  form new blood  vessels  in 
response  to  local  cues,  such  as  growth  factors.  These  vascular  formations  are  then  remodeled 
through angiogenesis. 

There are two different forms of angiogenesis: sprouting angiogenesis and non-sprouting 
angiogenesis.  The  latter  form  is  also  known  as  splitting  angiogenesis  or  intussusceptive 
angiogenesis. Sprouting angiogenesis was the first identified form of angiogenesis and the stages in 
which it occurs are well characterized. First, angiogenic growth factors activate receptors present on 
endothelial cells that are part of a pre-existing blood vessel. Next, pericytes from the abluminal 
surfaces of the capillaries (which support vessels) are retracted and the activated endothelial cells 
release proteases that degrade the basement membrane surrounding the pre-existing vessels. This 
allows endothelial cells to detach from the original vessel wall and to proliferate and migrate into 
the  surrounding  matrix  to  form solid  sprouts.  These  sprouts  extend  towards  the  source  of  the 
angiogenic stimulus, thereby forming a connection between neighboring vessels. Endothelial cells 
migrate in tandem with these sprouts with the assistance of integrins that adhere them to the sprouts. 
The sprouts then remodel into tube-like structures that will form a vessel lumen (Bicknell, 1997). 
Pericytes then “cap” the new vessels and a new basement membrane is produced to complete the 
developmental sequence. Sprouting of new vessels from existing ones may occur at a rate of several 
millimeters per day and enables new vessels to grow across gaps in the vasculature. 

Non-sprouting  angiogenesis  does  not  form new vessels,  but  splits  existing  ones  (Burri, 
2004). This form of angiogenesis was first observed in neonatal rats and involves the extension of a 
capillary wall into the lumen to split a single vessel into two vessels, both composed of part of the 
old  vessel.  Splitting  angiogenesis  consists  of  four  phases.  First,  two  opposing  capillary  walls 
establish a zone of contact. Then endothelial cell junctions are reorganized and the vessel bilayer is 
perforated to allow endothelial cells and growth factors to access the vessel lumen. Next, a core is 
formed between the two new vessels at the zone of contact. This core is filled with pericytes and 
myofibroblasts, which begin laying collagen fibers into the core to provide an extracellular matrix 
for the growth of the vessel lumen. Finally, the core is further constructed into an actual vessel. 
Splitting angiogenesis allows for reorganization of existing vessels and their cells, and permits the 
number of vessels to increase, without a corresponding increase in the number of endothelial cells. 
Splitting angiogenesis is important in embryonic development, where the resourses to create the 
developing vasculature are scarce. 

Angiogenesis is a complex series of interdependent events,  controlled by many different 
factors  that  all  exert  their  positive  and  negative  influences  direct  or  indirect  on  the  changing 
vasculature. The most important mediators of angiogenesis are growth factors (or cytokines), such 
as VEGF (Goto et al., 1993), delta-like ligand 4 (Dll4: Lobov et al., 2007), TGF (Sato et al., 1993), 
FGF  (Christofori,  1997), angiopoietins  1  and  2  (Ang1  and  Ang2:  Thurston,  2003),  matrix 
metalloproteinase (MMPs: Haas et al., 2000) and hypoxia. Hypoxia may be the result of exercise 
(Prior et al., 2004), or of high altitude and thus reduced oxygen pressure (Mathieu-Costello, 2001). 
The growth factors, and especially VEGF, are considered to be the primary inducers (Hanahan and 
Folkman, 1996).
 
A.4.3. The regulation of VEGF expression 

The family of vascular  endothelial  growth factors consists  of 7 members of structurally 
related proteins that regulate the growth and differentiation of multiple components of the vascular 
system, especially blood- and lymph vessels. Their angiogenic effects are thought to be mediated 
primarily through VEGF-A (or simply VEGF: Ferrara, 2004a; Hicklin and Ellis, 2005; Relf et al., 
1997; Stimpfl et al., 2002). VEGF-A is considered the prototype member of the VEGF family and 
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the key regulator of blood vessel growth. VEGF-C and VEGF-D are involved in the regulation of 
lymphatic angiogenesis (Karkkainen et al.,  2002).  The precise role of VEGF-B is currently not 
known. Since VEGF-B is highly expressed in striated muscle, myocardium and brown fat (Enholm 
et al., 1997; Salven et al., 1998), its function may be linked to high cellular energy metabolism. 
Roles in cell proliferation and vessel growth, or possibly in inflammatory angiogenesis have also 
been suggested (Mould et  al.,  2003).  Table A.1 gives a synopsis  of the members of the VEGF 
family, their receptors, and their probable functions. Figure A.4 gives an extensive overview of the 
members of the VEGF family and the interactions with their receptors. The diverse roles of the 
different VEGF family members emphasize the unique role of these factors in controlling growth 
and differentiation of various anatomic components of the vascular system. The work described in 
this thesis focuses on VEGF-A, and VEGF used throughout the thesis refers to VEGF-A. 

The human VEGF (-A) gene is organized in 8 exons, which are separated by 7 introns. The 
entire  gene spans approximately 14 kDa (Houck et  al.,  1991; Tischer  et  al.,  1991).  Alternative 
splicing of the VEGF mRNA has been shown to result in the expression of several different VEGF 
isoforms  (VEGF121,  VEGF145,  VEGF165 (the  predominant  isoform),  VEGF183,  VEGF189 and 
VEGF206 encode putative proteins of respectively 121, 145, 165, 183, 189 and 206 amino acids: 
Houck et al., 1991; Tischer et al., 1991; Ferrara, 1997; Poltorak et al., 1997). Expression of all 
different isoforms of VEGF is necessary for survival and proper functioning. For example, mice 
expressing exclusively VEGF120 (which is the mouse isoform of the human VEGF121) die shortly 
after birth (Carmeliet et al., 1999). 

VEGF expression may be regulated by a variety of factors, such as hypoxia, growth factors 
and their receptors, cytokines, hormones, and others. Hypoxia can quickly and strongly induce the 
expression of VEGF, both in vitro (Minchenko et al., 1994; Shima et al., 1995) and in vivo (Plate et 
al., 1994; Shweiki et al., 1992). Hypoxic conditions are, among others, an important stimulance of 
tumor angiogenesis. As a tumor expands, it continuously outgrows its existing blood supply, leaving 
a  rim of  necrotic  and hypoxic  tissue.  This  triggers  the  induction  of  VEGF expression  and an 
expansion of  tumor  vascularization.  Hypoxia  primarily activates  VEGF transcription via  HIF-1 
(Hypoxia-Inducible Factor-1:  Gimbrone, et  al.  1972;  Adair  et  al.,  1990; Gustafsson and Kraus, 
2001; Mathieu-Costello, 2001; Semanza, 2002; Bergers and Benjamin, 2003), which binds enhancer 
elements  on  the  promoter  of  the  VEGF  gene  (Semanza,  2002;  Bergers  and  Benjamin,  2003). 
Hypoxia  may  also  increase  the  permeability  of  blood  vessels  through  VEGF  and  nitric  oxide 
(Fischer et al., 1999; Tuder et al., 1995). 

In  addition,  the  over-expression  of  growth  factors  and  their  receptors  may  lead  to  an 
increased expression of VEGF. Examples include PDGF (which has been demonstrated to promote 
endothelial  cell  survival  and  vascular  maturation  by  recruiting  pericytes  and  vascular  smooth 
muscle  cells  in  vivo;  see  Finkenzeller  et  al.,  1992;  Cao et  al.,  2002),  epidermal  growth  factor 
receptor (EGFR, also known as human epidermal receptor1 [HER1] or ErbB1: Goldman et al., 
1993; Salomon et al., 1995; Maity et al., 2000; Artega, 2002), HER2 (or ErbB2, Yang et al., 2002; 
Akagi et al., 2003), IGF-1 Receptor (IGF-1R: Reinmuth et al., 2002; Warren et al., 1996), TGF-β 
(Pertovaara et al., 1994), and keratinocyte growth factor (Frank et al., 1995). Several cytokines may 
also increase VEGF expression. These include interleukin-6 (Cohen et al., 1996) and interleukin 1β 
(Ben-Av et al., 1995). 

Furthermore, several hormones have been described to increase the expression of VEGF, 
including steroid hormones (see Louissaint et al., 2002), thyroid stimulating hormone (Soh et al., 
1996), and luteotrophic hormone (Garrido et al., 1993). 

Finally, a variety of other factors can lead to the increased expression of VEGF, such as 
oncogenes and tumor suppressor genes (see for example Ellis et al., 1998; Konishi et al., 2000; 
Ikeda  et  al.,  2001;  Ebos  et  al.,  2002;  Goldman  and  Mello,  2003;  Fujisawa  et  al.,  2003), 
cyclooxygenase-2 (Joo et al., 2003), and prostaglandin E2 (Harada et al., 1995).
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A.4.4. VEGF receptors
VEGFR1 

VEGFR1 is  a  receptor  for  VEGF(-A)  and  can  also  bind  VEGF-B  and PlGF (placental 
growth factor). VEGFR1 is a key receptor in embryological angiogenesis, but does not appear to be 
critical  to  pathogenic  angiogenesis.  Its  role  appears  to  vary  with  stages  of  development, 
physiological and pathophysiological conditions, and cell type (Hicklin and Ellis, 2005; Olofsson et 
al.,  1998). VEGFR1 exists in two forms: A membrane-bound form and a shorter, soluble form. 
VEGFR1 is upregulated by hypoxia via HIF-1-dependent mechanisms (Gerber et al., 1997). It binds 
to  VEGF with a  higher  affinity than VEGFR2 (Waltenberger  et  al.,  1994)  and reveals  a  weak 
tyrosine autophosphorylation in response to VEGF. Still, the function of VEGFR1 remains obscure. 
VEGFR1 signaling is implicated in many events, reportedly the paracrine release of hepatotrophic 
molecules from liver sinusoidal cells (LeCouter et al.,  2003), monocyte/macrophage chemotaxis 
(Barleon et al., 1996; Hiratsuka et al., 1998), mobilization of hematopoietic progenitors (Lyden et 
al., 2001; Hattori et al., 2002), and pathological angiogenesis (Lutton et al., 2002, Carmeliet et al., 
2001). Another striking feature of VEGFR1 - especially of its soluble form - is that it appears to act 
as a “decoy receptor” that negatively regulates the functioning of VEGF by preventing its binding to 
VEGFR2 without transmitting an intracellular signal (Hiratsuka et al., 1998; Kendall and Thomas, 
1993; Fong et al., 1995; Park et al., 1994; Gille et al., 2000; Fong et al., 1999; Ferrara, 2004a). 
VEGFR1 not only passively inhibits the function of VEGFR2, but studies of chimeric receptors also 
show  that  VEGFR1  inhibits  VEGFR2  involvement  in  angiogenesis  through  specific  signaling 
pathways (Meyer and Rahimi, 2003; Zeng et al., 2001). Yet, binding of the alternative ligand PlGF 
to VEGFR1 amplifies VEGF-driven angiogenesis through transphosphorylation of VEGFR2. PlGF 
stimulates autophosphorylation of distinct tyrosine residues of VEGFR1 and expression of different 
target genes downstream to VEGF. Function and signaling properties of VEGFR1 may therefore 
differ both during different developmental stages within an animal, as well as in different cell types, 
and depending on the binding ligand. Additionally, there appears to be an interaction between the 
two  VEGF  receptors  at  several  levels.  This  may  be  enhanced  by  the  formation  of 
VEGFR1/VEGFR2 heterodimers (see for more information on these chimeric receptors Autiero et 
al., 2003). 
 
VEGFR2

VEGFR2/Flk-1/KDR shares its overall structural organization with VEGFR1 (de Vries et al., 
1992; Matthews et al., 1991; Shibuya et al., 1990; Terman et al., 1991) and binds to VEGF-A, -C, 
-D,  and  -E  (Ferrara  et  al.,  2003).  It  plays  a  critical  role  in  the  proper  differentiation,  and 
organization of endothelial cells into vascular beds, making VEGFR2 the major mediator of the 
mitogenic,  angiogenic and microvascular  permeability-enhancing effects  of  VEGF (Hicklin  and 
Ellis, 2005). VEGFR2 is a 230-kDa protein. Two different VEGFR2 mRNAs have been reported; 
one of them is a full-length prototypic form and the other one is shorter as a result of alternative 
splicing (Wen et al., 1998). Soluble forms of VEGFR2 have not been reported so far, but soluble 
VEGFR1 may form a VEGF-stabilized complex with the extracellular domain of VEGFR2 in vitro 
(Kendall  et  al.,  1996).  Ligand  binding  to  VEGFR2  promotes  the  proliferation,  migration,  and 
survival of endothelial cells (Ferrara, 2004a). Characterization of the human VEGFR2 promoter has 
revealed  an  endothelium-specific  activation  element  in  the  first  exon  (Ronicke  et  al.,  1996). 
VEGFR2 is a very early marker of endothelial cell precursors and is expressed in mesodermal cells 
prior to any morphological evidence for endothelial cell differentiation (Yamaguchi et al., 1993). 
Proper VEGFR2 expression is crucial in both development and during adult life. Transgenic mice 
lacking the VEGFR2 die  in utero because they fail to develop blood islands and organized blood 
vessels (Shalaby et al., 1995). 

It has been suggested that VEGFR2 can stimulate angiogenesis on its own. In contrast to 
VEGF isoforms that bind to VEGFR1, VEGF isoforms that bind to VEGFR2 are independently 
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capable  of  triggering  endothelial  cell  mitosis,  chemoattraction,  and  permeability  enhancement 
(Ferrara, 2004a; Gille et al., 2001). The activation and signaling of VEGFR2 may be positively or 
negatively influenced by co-expression and activation of VEGFR1 (Hicklin and Ellis, 2005; Ogawa 
et al., 1998) and VEGFR2 has been reported as a co-receptor for neuropilin-1 (Neufeld et al., 1999). 
The co-expression of both receptors enhances the binding of VEGF to VEGFR2 and thereby VEGF-
mediated chemotaxis (Soker et al., 1998). 

Under  pathological  conditions,  VEGFR2  mediates  an  antiapoptotic  effect  via  PI3k-
dependent  signaling  pathways.  This  leads  to  a  promotion  of  the  survival  of  endothelial  cells, 
induced by VEGF (Jin et al., 2000a). VEGF may also carry out a neuroprotective role via VEGFR2 
(Oosterhuyse et al., 2001; Storkebaum et al., 2004). Neuroprotection is mediated via the PI3k/Akt 
and the MEK/ERK signaling pathways (Wick et al.,  2002; Ogunshola et al.,  2002; Kaya et  al., 
2005) and is accomplished by VEGF rescuing cholinergic neurons from NMDA-induced cell death 
in vivo (Moser and Humpel, 2005).
 
A.4.5. Distribution of VEGF and its receptor in the adult CNS

VEGF plays a role in the maintenance of normal vessel physiology throughout the body, and 
VEGF-expression patterns have been investigated mostly in rodents. In the adult rat, VEGF mRNA 
is expressed in the kidney, lung, liver, and spleen (Ferrara et al., 1992). In addition, VEGF and its 
receptor are expressed throughout the adult rodent brain, including the cerebellum (Marti and Risau, 
1998; Monacci et al., 1993), but also in the spinal cord, the superior cervical ganglion, the dorsal 
root ganglion, and in axons of peripheral nerves (Oosterhuyse et al.,  2001; Papavassiliou et al., 
1997; Sondell and Kanje, 2000; Yang et al., 2003). VEGF can be excreted by most somatic cell 
types, including endothelial cells, neurons, and glial cells. Expression of VEGF and its receptor 
have been found in several cell types of the central- and peripheral nervous system, including glial 
cells of the brain, astrocytes of the spinal cord, and Schwann cells of the peripheral nervous system 
(Oosterhuyse  et  al.,  2001;  Marti  and  Risau,  1998;  Monacci  et  al.,  1993;  Sondell  et  al.,  1999; 
Lennmyr et al., 1998; Marti et al., 2000). Expression of VEGFR1 and VEGFR2 have additionally 
been found on endothelial cells within blood vessel walls (Ferrara, 2004a; Hicklin and Ellis, 2005), 
but these expression levels are much lower in the adult rodent brain than in the embryonic brain 
(Breier et al., 1992; Lennmyr et al., 1998; Marti et al., 2000; Plate et al., 1999). 

The neuronal effects of VEGF appear to be mediated predominantly by VEGFR2, which has 
been  found  in  neuronal  somata,  growth  cones  of  regenerating  axons,  and  axonal  processes 
(Lafuente et al., 2006). In vitro studies have extensively demonstrated the expression of VEGF and 
VEGFR2, but not of VEGFR1, by cultured neurons (Jin et al., 2000c; Wick et al., 2002; Svensson et 
al., 2002; Jin et al., 2002). Additionally, VEGFR2 is expressed on endothelial cells, monocytes, and 
hematopoietic stem cells (Millauer et al., 1993).
 
 
 
A.5. BDNF and its role in pathophysiological events
  

A role for brain-derived neurotrophic factor (BDNF) has been implied in the pathogenesis of 
a variety of psychological and neurodegenerative conditions, trauma, and stress. Exposure to stress 
and/or the stress hormone corticosterone leads to a decreased expression of BDNF, resulting in an 
eventual atrophy of the hippocampus (Mc Ewen, 1999).  Low levels of BDNF and it's  receptor 
TrkB, especially in the hippocampus, are correlated with depressive illnesses (Karege et al., 2002; 
Dwivedi et al., 2003) and mood disorders (for reviews see Hashimoto et al., 2004; Duman, 2004; 
Castren,  2004).  Furthermore,  in  animal  models  of  BDNF  +/-  knockouts,  similar  hippocampal 
atrophy has been described (Schaaf et al., 1998). Antidepressants can increase hippocampal BDNF 
levels in depressed humans (Chen et al., 2001) and in animal models of depression (Siuciak et al., 
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1997;  Shirayama et  al.,  2002).  Many antidepressant  drugs  facilitate  the  signalling  of  serotonin 
(and/or other monoamines),  either by inhibiting their reuptake into presynaptic terminals, or by 
binding to monoamine autoreceptors (for review on this topic, see Duman et al., 1997; Skolnick, 
1999;  Manji  et  al.,  2001;  Nestler  et  al.,  2002).  BDNF has  been  found to  interact  with  the  5-
hydroxytryptamine (5-HT or serotonin)  system (Mattson et  al.,  2004a,  2004b) and serotonergic 
neurons in the dorsal and median raphe nucleus of the mammalian brain express both BDNF and 
TrkB (Madhav et al., 2001; Merlio et al., 1992). BDNF promotes serotonergic growth following 
neurotoxic damage and protects serotonergic neurons from impairment (Mamounas et al., 1995). 
Furthermore, the loss of BDNF in mammalian knockout models is accompanied by decreased levels 
of  5-HT and of  its  main metabolite,  5-hydroxyindoleacetic  acid (5-HIAA; Lyons et  al.,  1999). 
Increased expression of BDNF, on the other hand, leads to an increased survival of serotonergic 
axons, affects the 5-HIAA/5-HT turnover ratio, and potentates the activity-dependent release of 5-
HT (Mamounas et al., 1995). However, the exact molecular mechanisms by which BDNF affects 
the serotonin system remain unclear. 

BDNF is  also  believed  to  be  involved  in  the  pathogenesis  of  Alzheimer’s  disease  and 
Parkinson’s disease (PD) (Tsai, 2003; Mattson et al., 2004a; Szapacs et al., 2004). Reduced BDNF 
levels  have  been reported in  both  Alzheimer's-  and Parkinson patients  (Holsinger  et  al.,  2000; 
Chauhan et al., 2001; Howells et al., 2000; Mogi et al., 1999; Parain et al., 1999). Additionally, 
various studies have shown possible links between low levels of BDNF and conditions such as 
obsessive-compulsive disorder (Hall et al., 2003; Mossner et al., 2005), Rett syndrome (Sun and 
Wu, 2006; Amaral et al., 2007; Weaving et al., 2005), dementia (e.g. Levinson, 2006; Castren and 
Tanila, 2006), and schizophrenia (e.g. Angelucci et al., 2005, Toyooka et al., 2002; Durany et al., 
2001), though it is still not known whether these levels represent either a cause or a symptom. 
 
 
 
A.6. Interaction of VEGF and BDNF signaling
 
A.6.1. Angiogenesis and neurogenesis

Just as is the case for stem cells in other tissues, neural stem cells appear to occupy specific 
niches in the adult central nervous system, which are the subventricular zone and the subgranular 
zone.  In  several  publications,  it  has  been suggested that  there is  a role  for  endothelial  cells  in 
modulating the  turnover  of  neural  stem cells  (both  self-renewal  and neurogenesis:  Shen  et  al., 
2004).  In  some recent  publications,  the  differentiation of  neural  stem cells  into  the endothelial 
lineage has been described (Oishi et al.,  2004; Wurmser et al.,  2004a). These studies suggest  a 
complex and dynamic coupling of neurogenesis and vasculo- and angiogenesis (Wurmser et al., 
2004b). In the dentate gyrus of the mammalian hippocampus (a site of neurogenesis, see Chapter 
1.3), proliferating endothelial cells can be found along the smaller and larger capillaries that run 
through all subfiels of the dentate gyrus. These proliferating endothelial cells are most abundant in 
the  molecular  layer,  but  are  also  present  in  the  hilus,  the  granule  cell  layer,  and  the  neural 
proliferative subgranular zone (see figure 4.3B; Cleaver and Melton, 2003; Wurmser et al., 2004a). 
Again, this suggests a role for endothelial cell proliferation in the process of neurogenesis. 

When cultured in the presence of endothelial factors, 22% of embryonic stem cells develop 
into neurons, while stem cells not co-cultured with endothelial cells produce 2% neurons (Shen et 
al., 2004). This is also true for adult stem cells, which will produce a much higher percentage of 
neurons when co-cultured with endothelial cells. The presence of endothelial factors in a co-culture 
supports both the development of projection neurons and interneurons. During normal embryonic 
development, most projection neurons are born and recruited first, while interneurons and glial cells 
arrive at later stages. Adult stem cells are primed to generate interneurons (Suhonen et al., 1996; 
Herrara  et  al.,  1999),  but are probably still  able to generate projection neurons under the right 
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conditions. It is believed that endothelial cells excrete soluble factors that maintain stem cell self-
renewal and neurogenic potential, thereby supporting the actions of FGF2, a promoter of neural 
stem cell proliferation. Endothelial factors are, however, permissive but not instructive for fate-
determination of neural stem cells (Shen et al., 2004). 

The cross-talk between neurons and endothelial cells is though to be mediated by many 
factors, but especially by vascular endothelial growth factor (VEGF) and neurotrophins such as 
brain-derived neurotrophic factor (BDNF). Receptors for VEGF and neurotrophins can be found on 
both neurons and endothelial cells (Chow et al., 2001; Ogunshola et al., 2002; Kim et al., 2004; 
Scharfman et al.,  2005).  These and other data support  the idea that there is  dynamic cross-talk 
among cells comprising the neurovascular niche and that neuroangiogenic factors exist that act on 
both vascular and neuronal cells, in paracrine as well as in autocrine ways (Shima and Mailhos, 
2000; Cameron et al.,  1998; Ogunshola et al.,  2002). This cross-talk between neurogenesis and 
angiogenesis  is  an  important  topic  of  this  thesis,  in  which  the  investigation  of  the  interaction 
between BDNF-supported neuronal recruitment and -survival and VEGF-mediated angiogenesis in 
the song nucleus HVC is described.
 
A.6.2. VEGF and the nervous system 

I  discussed  VEGF  structure  and  functioning  in  detail  in  Chapter  1.5.  Therefore,  this 
paragraph will focus on the role of VEGF in the central nervous system. Previous studies have 
demonstrated  that  neurogenesis  and  VEGF-stimulated  angiogenesis are  mechanically  and 
functionally linked in the adult central nervous system of both mammals and birds (Palmer et al., 
2000; Louissaint et al., 2002). Also in the adult mammalian brain, endothelial cells, astrocytes, and 
neurons of the hippocampal dentate gyrus form a unique cellular environment that is thought to 
control neurogenesis and that is commonly referred to as “the vascular niche for neurogenesis” 
(Palmer et al., 2000; Cleaver and Melton, 2003). It is believed that similar niches exist both in the 
rodent subventricular zone (Capela and Temple, 2002), in the rodent dentate gyrus (Palmer et al., 
2002),  and in  the  songbird  HVC (Louissaint  et  al.,  2002).  Young neurons  within  these  niches 
proliferate and differentiate in close proximity to blood vessels. Immunoreactivity of VEGF and its 
primary receptor VEGF receptor2 (VEGFR2) have been observed within such niches and within the 
tissue that directly surrounds them. Progenitor cells express both VEGF receptor1 (VEGFR1) and 
VEGFR2 when stimulated by FGF2 (Abe and Saito, 2001). However, signaling through VEGFR2 
appears to specifically mediate the effects of VEGF. In mammals, hippocampal over-expression of 
VEGF leads to increased neurogenesis and improved cognition, which are changes associated with 
both enriched environments and hippocampal tasks. Environmental enrichment (such as offering 
toys to caged laboratory rats) and hippocampal activity (like behavioral tests in mazes) are also 
associated with an increase in endothelial cells, and with recruited newly born neurons clustered 
around new blood vessels (Palmer et al., 2000). A recent study in mammals has provided support 
for the idea that the vascular and neuronal effects of VEGF are uncoupled and that VEGF only 
affects neurogenesis when it signals through VEGFR2 (Cao et al., 2004). Also testosterone-induced 
neurogenesis in the songbird HVC is mediated (indirectly) by VEGF and its receptor, by acting 
through endothelial cell-derived BDNF (Louissaint et al., 2002). These studies suggest a cross-talk 
between the endothelial and neuronal microenvironments, and additionally imply that VEGF is not 
only an angiogenic factor but also a directly-acting neurogenic factor. 
 
A.6.3. BDNF and the vascular system

BDNF is involved in neuronal survival, migration, morphological and biochemical differen-
tiation, and modulation of synaptic function in the CNS (Ferrer et al., 2001; Gorski et al., 2003). 
Similar to VEGF, the neurotrophin BDNF plays important roles in both the nervous system and the 
vascular system. BDNF can be secreted by endothelial cells in response to local demands (Leven-
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thal et al., 1999) and has both mitogenic and antiapoptotic effects on neuronal cells (see Linnarsson 
et al., 2000; Pencea et al., 2001b; Zigova et al., 1998). In this way, the endothelial cells provide 
specific  neurotrophic  support  for  neurogenesis  and neuronal  development  (figure  A.5).  In  fact, 
BDNF is secreted by cortical endothelial cells in concentrations that are sufficiently high to support 
neuronal  recruitment  from  the  ventricular  zone  of  the  adult  rat  forebrain  (Kirschenbaum  and 
Goldman, 1995; Leventhal et al., 1999). BDNF also appears to be involved in the maintenance of 
vessel  stability  through its  direct  angiogenic  actions  (Donovan et  al.,  2000).  Similar  to  what  I 
reported for VEGF’s functions in the brain, BDNF’s functions within the vascular system are not 
straightforward and are very broad. Therefore, the exact functions of BDNF on the vascular system 
in the brain (and for that matter anywhere else in the body) are still largely unknown. 

One mode by which VEGF and BDNF could interact is via nitric oxide (NO): When neural 
stem cells (NSCs) are co-cultured with brain-derived endothelial cells (BECs), robust vascular tube 
formation and maintenance is elicited. This process is mediated by the induction of VEGF and 
BDNF, and by the activation of VEGFR2 and TrkB by NO, released from neural stem cells (Li et 
al.,  2006).  In  the  absence  of  NO or  of  BDNF and VEGF,  this  induction  of  tube  formation  is 
weakened, whereas the addition of exogenous NO, BDNF and VEGF rescues the induction of tube 
formation.  It  is  believed that  an inducible positive feedback signaling loop between NSCs and 
BECs exists, and that BDNF enhances nitric oxide synthase (eNOS) activation and NO generation 
by NSCs. eNOS in the brain is expressed not only in endothelial cells but also in the neurons (Shin 
et al., 2004). This signaling loop is thought to provide for homeostasis and responsiveness of the 
NSCs and BECs that comprise the neurovasculature niche. NO and eNOS are important mediators 
of  both  angiogenesis  and  neurogenesis  (Murohara  et  al.,  1998;  Rudic  et  al.,  1998;  Ziche  and 
Morbidelli, 2000; Cooke, 2003; Duda et al., 2004).
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Nederlandse samenvatting

“Zingen op steroïden - een verhaal over neuronale plasticiteit en bloedvaten”
 

Achtergrond
De kanarie (Serinus canaria) behoort tot de orde van de zangvogels (Passeriformes) en komt 

van oorsprong voor op de Canarische Eilanden, Madeira en de Azoren. Kanaries broeden in het 
voorjaar, wanneer de dagen langer worden. Onder invloed van de toenemende hoeveelheid daglicht 
produceren mannelijke kanaries meer testosteron. Testosteron is van belang voor het mannelijke 
voortplantingsgedrag,  onder  andere  voor  de  productie  van  zang.  Zang  speelt  bij  mannelijke 
zangvogels  een  belangrijke  biologische  rol:  het  is  noodzakelijk  voor  het  afbakenen  van  hun 
territorium en het  lokken en  het  hof  maken  van  een  partner.  De  intensieve  zangproductie  van 
volwassen mannelijke kanaries tijdens het broedseizoen, welke onder invloed van testosteron staat, 
wordt  stereotiepe  zang  genoemd.  Vrouwelijke  kanaries,  die  aanzienlijk  minder  testosteron 
produceren, zingen weinig tot niet. Jonge mannelijke kanaries kunnen delen van hun zangrepertoire 
(zoals syllabes) leren door naar hun volwassen soortgenoten te luisteren. Bovendien zijn kanaries, 
in tegenstelling tot sommige andere zangvogels, ook in staat om gedurende hun volwassen leven 
nieuwe syllabes  toe te  voegen aan hun zangrepertoire.  De klassieke interpretatie  hiervan is  dat 
volwassen  mannelijke  kanaries  zang  kunnen  leren.  Echter,  of  mannelijke  kanaries  ook 
daadwerkelijk nieuwe zangelementen leren en kopiëren wanneer ze volwassen zijn, is discutabel: 
het is ook goed mogelijk dat ze  bestaande zangelementen modificeren. Bovendien denkt men dat 
kanaries een soort overerfelijk “sjabloon” bezitten dat voorschrijft hoe typische kanariezang behoort 
te klinken. Het blijkt namelijk dat wanneer er voor jonge mannelijke kanarie niets te kopiëren valt 
(bijvoorbeeld omdat er geen volwassen mannelijke soortgenoten aanwezig zijn), de jonge mannen 
hun eigen lied creëren en componeren. 

Voor het leren en het produceren van zang beschikken kanaries en andere zangvogels over 
een uniek systeem van hersenkernen. Een belangrijke kern in dit systeem is HVC (oorspronkelijk 
een  acroniem  van  High  Vocal  Center  of  Hyperstriatum  Ventrale  pars  Caudale,  tegenwoordig 
gebruikt als eigen naam): HVC is van belang voor zowel het leren van zang als het produceren 
ervan. Hoewel vrouwelijke kanaries onder normale omstandigheden niet zingen, bezitten ook zij dit 
unieke zangsysteem, zij het in een minder sterk ontwikkelde vorm. Vrouwelijke kanaries gebruiken 
hun HVC waarschijnlijk voor de herkenning en beoordeling van de zang van mannelijke kanaries. 
Vrouwtjes  hebben  een  sterke  voorkeur  voor  bepaalde  ingewikkelde  en  snelle  zang  structuren 
(“sexy”  zang).  Men  denkt  dat  mannetjes  de  kwaliteit  van  hun  genen  presenteren  middels  de 
moeilijkheidsgraad van hun zang: hoe ingewikkelder de zang, hoe aantrekkelijker de de zanger is 
voor vrouwtjes.

HVC  is,  net  zoals  de  meeste  kernen  van  het  zangsysteem,  gevoelig  voor  mannelijke 
hormonen, zoals testosteron. De seizoensgebonden fluctuaties in de concentratie testosteron in het 
bloed  gaan  gepaard  met  veranderingen  in  de  structuur  van HVC.  Testosteron  kan  in  de  HVC 
worden  omgezet  in  het  vrouwelijke  geslachtshormoon  oestradiol.  HVC  heeft  niet  alleen 
organisatorisch gezien een centrale plaats in het zangsysteem, maar het is ook de enige zangkern die 
gevoelig is voor zowel mannelijke als voor vrouwelijke geslachtshormonen. Sommige effecten van 
testosteron worden dan ook teweeggebracht via oestradiol, en zowel testosteron als oestradiol zijn 
onmisbaar voor zanggedrag. De hersenen van mannelijke zangvogels zijn veruit de belangrijkste 
bron van oestradiol in deze vogels.

Wanneer  vrouwelijke  kanaries  met  testosteron behandeld worden,  kunnen ze mannelijke 
zang ten gehore brengen. Bepaalde kernen van het vrouwelijke zangsysteem, waaronder de HVC, 
worden als het ware veranderd in een meer mannelijke uitvoering. We kunnen ons afvragen of dit 
betekent  dat  ook in  vrouwelijke kanaries  zowel  testosteron als  oestradiol  een rol  spelen bij  de 
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zangproductie en de structurele  veranderingen binnen de HVC. De paragrafen hieronder  zullen 
verder op deze vraag ingaan. 

Een van de veranderingen die optreden als gevolg van blootstelling aan testosteron is de 
toename van het  aantal  nieuwe neuronen dat  wordt  toegevoegd aan het  bestaande netwerk van 
neuronen in de HVC: dit proces wordt neurogenese genoemd. Neuronen (of zenuwcellen) zijneen 
bepaalde type cellen die een belangrijk onderdeel van het zenuwstelsel vormen. Neuronen zijn in 
staat om elektrische prikkels te ontvangen en door te geven over grote afstanden zonder dat de 
sterkte van de prikkels afneemt. Tot ongeveer 25 jaar geleden werd aangenomen dat neurogenese 
niet  mogelijk  is  in  volwassen  vogels  en  zoogdieren:  wanneer  een  neuron  beschadigd  raakt  of 
afsterft, zal deze niet vervangen worden. Echter, in 1983 toonden Steven Goldman en Fernando 
Nottebohm aan dat neurogenese wel degelijk plaatsvindt in de hersenen van volwassen kanaries. In 
de decennia daarna werd neurogenese ook aangetoond in andere volwassen vogels en in zoogdieren, 
waaronder  de  mens.  Het  is  nog  altijd  niet  duidelijk  wat  de  precieze  functie  van  deze  nieuwe 
neuronen is. Het best onderzocht is de rol van nieuwe neuronen in het olfactorische systeem van 
knaagdieren (wat betrokken is bij  reuk). Wetenschappers hebben geopperd dat nieuwe neuronen 
belangrijk zijn voor het geheugen en voor leren, en er wordt gedacht dat de nieuwe neuronen in 
mannelijke  kanaries  verantwoordelijk  zijn  voor  het  onthouden  en  produceren  van  nieuw 
aangeleerde syllabes. Deze hypothese is nog altijd niet bewezen.

In dit proefschrift wordt het onderzoek beschreven dat ik gedaan heb naar de effecten van 
testosteron  op  neurogenese  en  andere  anatomische  veranderingen  in  de  zangkern  HVC  van 
vrouwelijke kanaries en de uitwerking van deze effecten op zangproductie. Ik gebruikte vrouwelijke 
kanaries omdat het eenvoudiger is om de concentratie van testosteron in het bloed van vrouwelijke 
dieren te veranderen dan die in het bloed van mannelijke dieren. Eerder onderzoek uit 2002 van 
Abner Louissaint en collega’s, in het lab van Goldman in New York, heeft inzicht gegeven in de 
moleculaire mechanismen die ten grondslag liggen aan de effecten van testosteron op neurogenese 
in de HVC. Het blijkt dat niet alleen testosteron zelf is verantwoordelijk voor veranderingen in 
neurogenese, maar ook twee eiwitten die onder invloed van testosteron in hogere mate worden 
aangemaakt,  namelijk  VEGF  (vascular  endothelial  growth  factor)  en  BDNF  (brain-derived 
neurotrophic  factor).  VEGF  is  een  groeifactor  die  endotheelcellen  (cellen  in  de  wanden  van 
bloedvaten)  stimuleert  en betrokken is  bij  de  groei  en  aanmaak van bloedvaten.  BDNF is  een 
neurotrofine (een factor die ervoor zorgt dat cellen in leven blijven) en is van belang voor het 
overleven en het migreren van nieuwe neuronen die zijn ontstaan middels neurogenese. Louissaint 
en collega’s hebben beschreven dat testosteron de productie van VEGF door neuronen in de HVC 
stimuleert. Dit leidt tot een veranderde werkzaamheid van de endotheelcellen in de HVC, omdat 
deze  cellen  receptoren  (aangrijpingspunten)  voor  VEGF hebben.  Het  geactiveerde  netwerk  van 
bloedvaten in HVC produceert vervolgens BDNF. BDNF op zijn beurt fungeert als het ware als een 
magneet voor migrerende nieuwe neuronen en ondersteunt bovendien hun overleving. Daarnaast 
zijn  er  experimenten  gedaan  waaruit  men  heeft  geconcludeerd  dat  de  hoeveelheid  BDNF  die 
geproduceerd  wordt,  toeneemt  wanneer  mannelijke  kanaries  veel  zingen.  Het  doel  van  mijn 
experimenten was het bestuderen van de relatie tussen de effecten van testosteron, VEGF en BDNF 
op enerzijds zanggedrag en anderzijds anatomische veranderingen en neurogenese binnen de HVC. 
Hierbij bouwt dit proefschrift dus voort op de resultaten van Louissaint en collega’s. Daarnaast is 
gekeken naar het vermogen van vrouwelijke kanaries om, na behandeling met testosteron, zang te 
leren en te kopiëren.
 
De effecten van testosteron, VEGF en BDNF op de hersenen van vrouwelijke kanaries

De vrouwelijke kanaries die zijn beschreven in dit proefschrift begonnen, zoals verwacht, te 
zingen na behandeling waren met testosteron. Echter, toen deze vrouwelijke kanaries tegelijkertijd 
behandeld werden met een substantie die de receptor van VEGF blokkeert, werd de door testosteron 
veroorzaakte zangproductie onderdrukt. Wanneer de kanaries echter tevens de groeifactor BDNF 
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toegediend kregen, dan werd het onderdrukkend effect van de VEGF receptor blokker weer teniet 
gedaan en zongen de vrouwtjes. Sterker nog, de zang van vrouwtjes die behandeld waren met zowel 
testosteron als BDNF was veel mannelijker dan de zang van vrouwtjes die behandeld waren met 
alleen testosteron (en niet met BDNF): de zang van de vrouwtjes die behandeld waren met testos-
teron en BDNF was meer stereotiep, bevatte meer verschillende zangsyllabes en bestond voor een 
groter deel uit snelle “sexy” syllabes dan de zang van vrouwtjes die behandeld waren met alleen 
testosteron. Daarnaast kwamen we tot de opvallende ontdekking dat de behandeling met BDNF 
alleen al voldoende was voor vrouwelijke kanaries om simpele zang te  produceren.

Het  zanggedrag van de  vrouwelijke  kanaries  staat  onder  invloed van de gecombineerde 
effecten van testosteron, VEGF en BDNF op de hersengebieden die zangproductie aansturen. De 
HVC's van onze vrouwelijke kanaries reageerden op een verhoogde testosteronconcentratie met een 
verdubbeling in volume en van het aantal neuronen (overigens zonder dat de dichtheid van deze 
neuronen  verandert).  Dit  is  in  overeenstemming  met  wat  eerder  beschreven  is.  Daarnaast 
observeerden we dat  de diameters  van bloedvaten die  door  HVC lopen,  toenamen wanneer  de 
vogels met testosteron waren behandeld. Behandeling met de substantie die de receptor van VEGF 
blokkeert  had,  anders  dan  op  het  zanggedrag,  geen  invloed  op  bovengenoemde  anatomische 
effecten van testosteron. Deze effecten werden evenmin beïnvloed door de toediening van BDNF. 
Echter, wanneer BDNF werd toegediend aan vrouwtjes die  niet met testosteron behandeld waren, 
kon een bescheiden toename van het aantal HVC-neuronen worden gemeten (maar niet van het 
volume van de HVC). Bovendien nam de diameter van de bloedvaten in HVC toe ten opzichte van 
die van vrouwtjes die noch testosteron noch BDNF toegediend hadden gekregen. 

Deze resultaten bevestigen dat de werking van VEGF noodzakelijk is voor door testosteron 
geïnduceerde neurogenese, omdat blokkering van de VEGF-receptor leidde tot een sterke afname 
van het aantal neuronen dat werd toegevoegd aan de HVC. Echter, BDNF deed het effect van deze 
blokkade teniet wanneer vogels BDNF tegelijkertijd met testosteron en de blokker van de VEGF-
receptor toegediend kregen. Toch leidde de behandeling met BDNF niet tot de toevoeging van meer 
HVC-neuronen dan het geval was wanneer vrouwelijke kanaries met alleen testosteron behandeld 
werden. Hieruit kunnen we concluderen dat testosteron inderdaad betrokken is bij de natuurlijke 
productie van BDNF en dat dit proces afhankelijk is van VEGF. BDNF en VEGF spelen dus een 
belangrijke rol bij zowel de toevoeging van nieuwe neuronen aan bestaande netwerken, als bij de 
productie van (stereotiepe) zang. Wanneer VEGF niet goed aan zijn receptor kan binden, dan leidt 
dit tot zowel een vermindering van het aantal neuronen dat toegevoegd wordt aan de HVC, als tot 
een vermindering van de zangproductie. Echter, wanneer de verhindering van de BDNF-productie 
door de belemmerde VEGF-expressie wordt teniet gedaan door de experimentele toevoeging van 
BDNF, dan zijn zowel de toevoeging van nieuwe neuronen als de productie van zang “gered”. 

De  veranderingen  op  anatomisch  niveau  die  worden  veroorzaakt  door  testosteron,  zijn 
(grotendeels) onafhankelijk van BDNF en VEGF. Het effect dat testosterone heeft op het volume, 
het aantal neuronen, het aantal nieuwe neuronen en de neuronale dichtheid binnen HVC is niet 
voldoende om de waargenomen veranderingen in zangproductie te verklaren. Het lijkt er dus op dat 
testosteron minstens twee van elkaar onafhankelijke effecten heeft, namelijk enerzijds de effecten 
op zang en op neurogenese en anderzijds het effect op bepaalde anatomisch veranderingen binnen 
HVC.  Het  is  opmerkelijk  dat  deze  twee  aspecten  van  elkaar  te  scheiden  zijn.  Het  is  wellicht 
mogelijk dat het tijdsbestek waarin ik de parameters voor plasticiteit onderzocht heb, niet passend 
of geschikt is om veranderingen ten gevolge van BDNF-expressie waar te nemen. Daarnaast kunnen 
de  veranderingen  veroorzaakt  door  BDNF  van  een  compleet  andere  aard  zijn,  bijvoorbeeld 
plastische  veranderingen  op  subcellulair  niveau.  Dit  is  een  onderwerp  waar  ik  tijdens  mijn 
promotieonderzoek niet op ingegaan ben en waar toekomstig onderzoek zich op zou kunnen richten.
 
Het zanggeheugen van vrouwelijke kanaries

Zoals boven beschreven, kunnen jonge mannelijke kanaries bepaalde onderdelen van hun 
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zangrepertoire leren. Mannelijke kanaries ontwikkelen echter ook normale zang wanneer zij tijdens 
hun jeugd geen oefenmeester  hebben gehad:  men vermoedt  dat  kanaries  in  zulke gevallen een 
interne sjabloon gebruiken om hun zang op te baseren. In mijn proefschrift probeer ik tevens de 
vraag te beantwoorden of vrouwelijke kanaries, net als hun mannelijke soortgenoten, in staat zijn tot 
het  leren  van  zang  en  of  zij  ook  over  een  dergelijk  interne  sjabloon  beschikken.  Hiervoor 
behandelde ik een groep vrouwelijke kanaries met zowel testosteron als BDNF en een andere groep 
met alleen testosteron, waardoor beide groepen begonnen te zingen. Van de eerste groep dieren was 
de  ene  helft  opgegroeid  met  alleen  andere  vrouwelijke  kanaries  en  had  nog  nooit  mannelijke 
kanaries  horen  zingen.  De  vogels  van  de  andere  groep waren  opgegroeid  in  volières,  waar  ze 
mannelijke kanaries konden horen zingen. De vrouwtjes die nog nooit  mannelijke zang hadden 
gehoord,  kregen  aan  het  begin  van  het  experiment  als  zangvoorbeeld  een  bandopname  van 
mannelijke kanariezang te horen. Met deze opzet wilden we ten eerste het effect van BDNF op de 
ritmische  structuur  van  kanariezang  onderzoeken.  Ten  tweede  wilden  we  bekijken  hoe  goed 
volwassen  vrouwelijke  kanaries  de  ritmische  structuur  van  voorbeeldzang  kunnen  kopiëren.  Ik 
observeerde dat de individuele dieren binnen de groep behandeld met testosteron en BDNF, zang 
produceerden met een overeenkomende ritmische structuur. Dit was veel minder het geval binnen 
de groep met vrouwtjes die alleen waren behandeld met testosteron (en niet met BDNF). Daarnaast 
constateerde ik dat vrouwelijke kanaries die behandeld waren met testosteron en BDNF en nog 
nooit eerder mannelijke kanariezang hadden gehoord, in staat waren om de ritmische structuur van 
de  bandopname  te  kopiëren.  Aan  de  andere  kant  kopieerden  deze  vrouwtjes  niet  de  spectrale 
structuur van de zang op de bandopname (het spectrum van zang vertelt iets over de voorkomende 
golflengtes  en  hun  sterkte:  het  geeft  bijvoorbeeld  aan  hoeveel  lage  en  hoge  tonen  er  in  een 
zangfragment voorkomen).  Deze resultaten duiden erop dat BDNF niet alleen de productie van 
zang, maar ook het aanleren hiervan ondersteunt in volwassen vrouwelijke kanaries. 
 
Conclusie

In dit proefschrift heb ik de rol van testosteron, VEGF en BDNF onderzocht bij de productie 
van zang en de onderliggende neuronale veranderingen in de vrouwelijke kanarie. Ik kan bevestigen 
dat, overeenkomstig met eerdere observaties, testosteron, VEGF en BDNF alledie invloed hebben 
op anatomische veranderingen, inclusief neurogenese, binnen de zangkern HVC. Daarnaast tonen 
mijn onderzoeken aan dat veranderingen op neuronaal niveau daadwerkelijk een uitwerking hebben 
op de gedragingen van het organisme waarin ze optreden: in het geval van de kanarie is dit de 
productie  van  zang.  Echter,  welke  neuronale  veranderingen  precies  de  oorzaak  zijn  van 
veranderingen in het zanggedrag kan, aan de hand van de resultaten van dit promotieonderzoek, niet 
worden aangegeven. Zowel neurogenese als de productie van mannelijke (stereotiepe) zang zijn 
afhankelijk  van  de  aaneenschakeling  van een  toegenomen expressie  van  testosteron,  VEGF en 
BDNF.  De  invloed  van  BDNF op  de  stereotypie  van  zang  geproduceerd  door  met  testosteron 
behandelde vrouwelijke kanaries is nog niet eerder beschreven. In dit proefschrift wordt voor het 
eerst melding gemaakt dat BDNF in staat is om zanggedrag in vrouwelijke kanaries te induceren, 
zonder  dat  deze  vogels  ook werden  behandeld  met  testosteron.  Echter,  alleen  testosteron heeft 
invloed op hier  gemeten anatomische veranderingen (anders dan neurogenese) binnen de HVC. 
Daarnaast vermeld ik hier voor het eerst dat testosteron, maar niet VEGF, een invloed heeft op de 
diameter  van  bloedvaten  in  de  HVC.  Het  lijkt  desalniettemin  onwaarschijnlijk  dat  de  snelle 
“vermannelijking”  van  kanariezang  onder  invloed  van  BDNF  het  resultaat  is  van  toegenomen 
neuronale  overleving,  zoals  eerder  is  beweerd.  Mijn  onderzoek  toont  bovendien  aan  dat  de 
expressie van BDNF voorafgaat aan zangproductie en niet, zoals eerder gesuggereerd werd, dat de 
toename van de expressie van BDNF het  resultaat is van zangproductie. Uit het onderzoek dat 
wordt beschreven in mijn proefschrift blijkt tenslotte nog dat volwassen vrouwelijke kanaries in 
staat  zijn  een  ritmische  structuur  te  kopiëren  en  dat  BDNF  dit  sensorimotorisch  leergedrag 
ondersteunt. 
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Figures

Figure 1.1: Saggital view of the songbird brain, showing nuclei involved in singing behavior. All structures are bilateral, but only 
those on one side of the brain are shown for clarity. The green lines show connections that are involved in song production, 
while the yellow lines indicate connections involved in song acquisition. Nuclei shown in red contain receptors for androgens, 
while HVC also contains estrogenic receptors. Abbreviations: DLM = medial part of the dorsolateral nucleus of the thalamus; 
DM = dorsomedial nucleus of the intercollicular complex; HVC = letter-based name; l/m-MAN = lateral/medial part of the 
magnocellular nucleus of the anterior nidopallium; NIF = nucleus interfacialis of the nidopallium; nRAM = nucleus 
retroambigualis; nXIIts = tracheosyringeal part of the twelfth cranial nerve nucleus; RA = robust nucleus of the arcopallium;  
rVGF = rostro-ventral respiratory group; rVRG = rostro-ventral respiratory group; Uva = nucleus uvaeformis of the thalamus.

Figure 1.2: The auditory input connections in 
the song bird brain. Abbreviations: CLM: 
caudolateral mesopallium; CMM: caudomedial 
mesopallium; HVC: letter-based name; L1, L2a, 
L3: field L subdivisions; MLd: dorsal part of the 
lateral mesocephalic nucleus; NCM: caudomedial 
nidopallium; Ov: nucleus ovoidalis of the 
thalamus; RA: robust nucleus of the arcopallium. 
The figure is based on Mello, 2004; Terpstra et 
al., 2004; Bolhuis and Gahr, 2006.



Figure 1.3: The enzyme aromatase converts androgens into 
estrogens. For example, aromatase may convert testosterone 
into estradiol (A) or androstenedione into estrone (B). 

Figure 1.4: Figure after Waartiovarra, 1998. All members of 
the neurotrophin family bind to low affinity receptor p75 
(thin arrows) and also bind to one or more high affinity 
tyrosine kinase (Trk) receptor. Bold arrows indicate the 
receptor of preference of each neurotrophin, while the dashed 
arrows show weak interactions.

Figure 1.5: Time schedule according to which the experimental procedures 
were carried out. See text for a detailed explanation of the individual steps. 



Figure 1.6: A model for the proposed inter-
actions of testosterone, VEGF signaling through 
VEGFR2, BDNF, HVC morphometric plastici-
ty of existing neuronal circuits, and the recruit-
ment of new HVC neurons, ultimately leading 
to the production of song. Future studies are 
needed to shed more light on whether BDNF 
may affect song production independently from 
testosterone and VEGFR2 signaling.

Figure 2.1: The figure from Leitner et 
al., 2001a) shows the testosterone 
plasma levels (in ng per ml) of wild male 
canaries on Madeira. Testosterone levels 
fluctuate from breeding season 1 (left 
panel) to non-breeding season (middle 
panel) to breeding season 2 (right panel). 

Figure 2.2: Figure from Dittrich et al., unpublished. Expression of vector-induced BDNF. HVC cells expressed vector-induced 
BDNF mRNA transiently for about 2 weeks after in vivo transfection. A) Thegraph shows eGFP-mRNA expression in HVC as was 
analyzed by real-time PCR: Expression was maximal around 4 days after transfection and then declined the following 10 days. ΔCt 

(cycle threshold or the cycle at which the sample label crosses the threshold) is the mean Ct for reverse transcrips control reaction 
minus the mean Ct for  non-reverse transcript control reaction. B) Photographs from autoradiograms of forebrain sections obtained 
from juvenile male zebrafinches that were sacrificed 4 and 26 days after in vivo transfection. The dashed line outlines HVC. These 
sections were in situ hybridized with a radioactive anti-sense probe for eGFP (black).  
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Figure 2.4: Figure from Rattiner et 
al., 2005. A) The arrangement of the 
5 exons that compose the BDNF 
gene. The single exon number 5 at 
the 3’ side is always transcribed, 
while only one of the 4 exons at the 
5’ side, each of which is linked to 
their own promoter, is transcribed. 
B) The upregulation of each of the 5 
exons in the basolateral amygdala 2 
hours after exposure to a fear 
conditioning paradigm in rodents. 

Figure 2.5:  The sound analysis program Sound-explorer® (RF Jansen). In this screenshot, three different syllable types are 
produced over a time of 3 seconds (X-axis shows time in ms), each of which is labeled. The bottom part shows the frequen-
cy modulation (on the Y-axis in Hz). The top part of the figure shows the amplitude of the sound. The amplitude modula-
tions can be considered the Z-axis of the bottom part of the figure. The sound intensity is displayed in 256 shades of grey. 

Figure 2.6: New DAB-stained neurons (A and C) and cells stained with DAPI (B  and D) around the point of entry of the micro-
needle (dashed line) that was used to infuse the BDNF vector. The dashed lines in figures A and B show where the needle entered the 
tissue. Figures C and D show close-ups of the new neurons (arrows). The double arrow points at a group of new neurons.  



Figure 2.7:  The effects of testosterone, VEGFR2 inhibition and BDNF on singing behavior in female canaries. A) Two sonograms 
showing calls, but not songs, in sham treated birds. B) Most females treated with testosterone started to sing.. C) Birds treated with 
testosterone and injected with the VEGFR2 inhibitor usually did not sing (left sonogram), even though a small minority of the birds 
produced (simple) song (right sonogram). D) All birds treated with testosterone, VEGFR2 inhibitor and BDNF sang vigorously and 
their songs resembled male canary song (in E). E) Songs of adult male canaries as produced during the breeding season. F) Female 
canaries not treated with testosterone, but infused with the BDNF carrying vector produced very simple subsongs. 



Figure 2.8: The number of different song 
syllables produced by birds of each 
treatment group. See the materials and 
methods section for details on boxplots. 
The number of syllables is given on the Y-
axis. Within the null-, null+B-, T+PBS-, and 
T+VEGFR2-I groups, some birds did not 
start to sing: The encircled numbers written 
on the y = 0 line indicate how many birds 
never sang. Levels of significance as 
determined with a Mann-Whitney U test:   
* p ≤ 0.05; ** p ≤ 0.001; *** p ≤ 0.0001. 
Abbreviations: null = empty implant, T = 
testosterone implant, B= injected with a 
BDNF-carrying vector, P = PBS), I = 
VEGFR2 inhibitor, T+B total = all birds 
treated with testosterone and BDNF.

Figure 2.9:  The percentage of tours sung by male and female canaries at repetition rates faster than 10, 15, or 17 syllables per 
second (>10/sec; >15/sec, or >17/sec). Open boxes females not treated with BDNF; filled box are BDNF-treated females, and 
hatched boxes are males. Male canaries sing a significantly higher percentage of their tours at a rate of at least 10 syllables per 
second as compared to no-BDNF females, but not compared to BDNF females (median = 72.9; 25% quartile = 66.1; 75% quartile 
= 94.7; Mann-Whitney U test: p = 0.0042 and p = 0.2322, respectively). Male canaries sang a higher percentage of their tours at a 
rate of more than 15 syllables per second compared to both no-BDNF and BDNF females (median = 58.4; 25% = 42.3; 75% = 
65.3; p = 0.0003 and p = 0.0185, respectively). Additionally, male canaries sang a higher percentage of their tours faster than 17 
syllables per second compared to both no-BDNF and BDNF females (median = 51.0; 25% = 37.1; 75% = 65.3; p = 0.0002 and p 
= 0.0025, respectively). Levels of significance: * p ≤ 0.05; ** p ≤ 0.001. 



Figure 2.10:  Body- and syrinx weights at the time of 
sacrifice. A) Body weight at the time of sacrifice is 
presented on the Y-axis. No differences between the 
treatment groups were found. B) Syrinx weight at the 
time of sacrifice. Testosterone increases syrinx weight, 
but we found no effect of treatment with the VEGFR2 
inhibitor. Abbreviations: T = testosterone; P = PBS; I 
= VEGFR2 inhibitor; testo = all testosterone-treated 
birds; null = birds implanted with an empty implant. 
Error bars show standard error of the mean (SEM). 
Levels of significance: * p ≤ 0.05.

Figure 2.11: Estimated expression of vector-induced BDNF, testosterone-induced BDNF and total 
BDNF over time. The Y-axis shows the expression level of BDNF mRNA, but the actual expression 
level data are ambiguous and this figure is only meant to give an indication of the temporal 
interaction between vector-induced and testosterone-induced (“naturally”) BDNF. 



Figure 2.12: Screenshot of SoundExplorer showing how repetition rate was measured. The four frames that are shown, are all 
plotted against time (in seconds on the X-axis): A) The amplitude of the sound (in arbitrary units). B) The frequency of the sound in 
Hertz. This frame is also used in sonograms (for example figures 2.3 and 2.7). The horizontal lines indicate the measuring window in 
which the grey levels were counted to create the frame shown in C. C) Cumulative grey values (without dimension). The horizontal 
line is the trigger level: All sound that surpasses this level is considered to be part of a syllable shown in B. D) The duration of each 
individual syllable in an all-or-none fashion (boolean). The highlighted vertical bars show the beginning and the end of a syllable and 
the silent interval to the next syllable. The repetition rate is the number of syllables (+ following silent interval) per time unit.

Figure 3.1: The treatment para-
digms of the four groups of birds. 
Three factors would differ between 
the groups: Acoustic experience 
during ontogeny (+/-AE), exposure 
to tutor song (+/-TS) and infusion 
with BDNF (+/-B). Only the birds 
in group 1 had been raised in 
acoustic isolation from male con-
specifics and therefore had no pre-
vious acoustic experience (-AE) 
with  canary song. 



Figure 3.2: The temporal pattern of the tutor song. A) The tutor song that was played to the female birds that had 
been raised in acoustic isolation and were therefore naive to canary song. The top panel shows the amplitude of the 
sound (the loudness) while the bottom panel shows the frequency modulations. The time (in seconds) is shown on 
the X-axis. B) Parts of the tutor song have been magnified for clarification. The colors of the borders indicate which 
syllables in figure A they represent. C) The syllable length (X-axis) and the length of the consecutive pause (Y-axis) 
between two syllables sung within the same tour (Y-axis) are plotted for the tutor song. Each different syllable sung 
repetitively within a tour is indicated with a different symbol. The syllables of a tour generally lie in patches within 
this graph. The colors of the circles show the distribution of the syllables shown in B. 



Figure 3.3: Screenshot of the program we used for calculating Lloyd’s index of patchiness and Morisita’s index of overlap (written 
by Dr. A. ter Maat). A) Syllable lengths (in ms, X-axis) and pause lengths (in ms, Y-as) are plotted for each different syllable. A grid 
is laid over this data point distribution. B) The distribution of the data points over the squares of the grid is calculated using Lloyd’s 
index of patchiness. The higher this index is, the more patchy the distribution. Also, the Chi-squared value is given and the 
probability that the distribution is larger (probability >) or smaller than 0.05 (probability <). In this screenshot, the data is 
distributed in a patchy way: probability < (0.05 =)  1.0. C) The distributions of two treatment groups (“set 1” and “set 2” can be 
compared to each other to investigate whether the patterns of their patchiness is similar using Morisita’s index of overlap. When 
Morisita’s index approaches 1, the chance that the data sets overlap, becomes larger. An index of 0 indicates no overlap

Figure 3.4:  The percentage of tours (as compared to total song syntax) that was sung at repetition rates faster than 10, 15, or 17 
syllables per second (>10/sec; >15/sec, and >17/sec). Each filled box shows the data from birds that were raised in acoustic isolation, 
treated with testosterone, infused with BDNF, and exposed to tutor song (-AE+TS+B). The hatched boxes are from birds raised in 
aviaries, treated with testosterone, infuced with BDNF, but not exposed to tutor song (+AE-TS+B). The open boxes are from birds 
that were raised in aviaries, treated with testosterone but not with BDNF (these birds were infused with an empty vector or sham 
treated, and not exposed to tutor song (+AE-TS-B) that were treated with testosterone.  Levels of significance: * p ≤ 0.05.



Figure 3.5: The changes in temporal patterning during song ontogeny in a testosterone-treated, acoustically 
experienced, tutored female canary (not treated with BDNF: group 4). While the temporal pattern is not 
distributed in a patchy way during the production of presong (at days 6 and 19 after testosterone implantation 
(T): figures A and B), it becomes more patchy when the bird starts to produce stereotyped male-like song (figures 
C-F). The degree of patchiness according to Lloyd is given in the bottom right corner of each figure (IL = Lloyd’s 
index of patchiness. In figure G each syllable produced by the bird is indicated with another colored symbol. The 
table in H demonstrates the similarity of the temporal pattern of the testosterone-induced song to the tutorsong. 
Morisita's index of overlap is used as a measure for temporal similarity. The X-axis in each graph is the syllable 
length in ms; the Y-axis shows silent interval length in ms.



Figure 3.6: Song development from subsong into 
stereo-typed song. The subsongs of three different 
birds, all treated with testosterone and BDNF, are 
shown in the top panels. The stereotyped songs these 
same birds would eventually sing, are shown in the 
bottom panels. The X-axis shows the time in seconds. 
The Y-axis shows the frequency in kiloHertz.

Figure 3.7: The initiation of subsong, stereotyped song, and the 
time interval in between. A) The number of days between testoster-
one implantation and subsong initiation. B) The number of days be-
tween testosterone implantation and the production of stereotyped 
song. Birds treated with only BDNF (not with testosterone) did 
not develop stereotyped song (n.a.). C)  The number of days 
between subsong initiation and the first production of stereotyped 
song. Birds treated with testosterone and BDNF developed their 
stereotyped song from subsong faster than birds that were not not 
treated with BDNF. The Y-axis shows the number of days after 
testosterone implantation. Abbreviations: B =  exogenous BDNF; I 
=  VEGFR2 inhibitor injections; null = no testosterone; P = injected 
with PBS; T = testosterone. Levels of significance: * p ≤ 0.05 
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Figure 3.10: The development of song over 
time per treatment group. The Y-axis shows 
the percentage of singing birds within a 
treatment group (singing and not singing). The 
X-axis shows the time (in days) and the 
experimental procedures are indicated at the 
bottom of the figure. The light colored area 
underneath the top graph shows the 
percentage of birds that showed singing 
behavior, both stereotyped song and subsong. 
The dark colored area under the bottom graph 
shows the percentage of all birds that were 
singing subsong. A) Birds not treated with 
testosterone (T) but infused with BDNF (B). 
B) Birds treated with testosterone and injected 
with PBS (P). C) Birds treated with 
testosterone and injected with VEGFR2 
inhibitor (I). D)  Birds treated with testoster-
one, infused with BDNF and injected with 
PBS. E)  Birds treated with testosterone, 
infused with BDNF and injected with 
VEGFR2 inhibitor.



Figure 3.11: The patchiness of the song temporal pattern among, and the temporal similarity between treatment groups of 
female canaries. A) The patchiness (according to Lloyd) of stereotyped songs produced by acoustically isolated, tutored, and 
testosterone + BDNF treated females (-AE+TS+B: group 1); acoustically experienced, not tutored, testosterone + BDNF 
treated females (+AE-TS+B: group 2); acoustically experienced, not tutored, testosterone treated female canaries (+AE-TS-B: 
group 3);  and the tutor song. B) The similarity (as determined by Morisita’s index of overlap) of the song temporal pattern 
among birds of a treatment group. C) The similarity of the song temporal patterns between birds of different treatment groups. 
D) The similarity of the song temporal pattern between the tutor song and birds of each treatment group. Levels of significance: 
* p ≤ 0.05; *** p ≤  0.0001.

tutor vs. 
group 3

tutor vs. 
group 2

tutor vs. 
group 1



Figure 4.2: Migration of new neurons through the 
canary HVC. A) From Goldman, 1998: New neurons 
born in the ventricular wall, which lies between HVC 
and the hippocampus (HPC), and migrate along the 
processes of radial cells (RC) to their final destina-
tion. Radial cells express insulin-like growth factor-1 
(IGF-1). They are thought to either become androgen 
receptor (AR)-expressing RA-projecting neurons, or 
local interneurons (however, cf. Scotto-Lomassese et 
al., 2007). Estrogen receptor (ER)-expressing (but also 
AR-expressing) Area X-projecting neurons are not 
recruited in adulthood. Several growth factors, such as 
IGF1 and IGF2, stimulate neuronal survival, migra-
tion, and differentiation.. B) and D) from Avarez-
Buylla and Kirn, 1997: Radial processes run through 
the adult canary telencephalon and their cell bodies are 
situated in the lateral wall of the lateral ventricle. Scale
bar is 100 μm in B) and  20 μm in D). C) From 
Alvarez-Buylla et al., 1988: Small neuronal progenitor 
cells (arrows) migrate towards their final destiny clo-
sely apposed to radial processes. Scale bar is 10 μm.

Figure 4.1: New neurons in the avian brain. A) From 
Rasika et al., 1994: This saggital section shows where 3H 
thymidine-labeled cells (black dots), presumably neuronal 
progenitors, were found in the ventricular zone region of 
adult female canaries. Female birds were implanted with 
testosterone, received a single injection with 3H thymidine 2 
days later, and were killed the next day. New cells were 
found rostral to, above, and caudal to HVC. The region 
rostral to HVC had the largest number of labeled cells per 
unit length of the ventricular zone. B) Figure from Alvarez-
Buylla and Kirn, 1997: This saggital section shows the 
location of 3H thymidine labeled neurons (black dots) 
throughout the male canary telencephalon. Neurogenesis in 
HVC, Area X and/or hippocampus are left out for clarity. 
These birds were sacrificed four months after a two week 
period of 3H thymidine injections. Abbreviations: HA = 
hyperpallium apicale; HP = hippocampus; N = 
nidopallium; V = ventricle; CB = cerebellum; LPO = medial 
striatum (old name: lobus parolfactorius). 



Figure 4.3: Sites of neurogenesis in the adult mammalian brain (figures from Lie et al., 2004). A) Stem cells in the SVZ of the lateral 
ventricle (blue) proliferate into transit amplifying cells (green) that differentiate into immature neurons (red). Adjacent ependymal 
cells (light brown) of the lateral ventricle are essential for neuronal fate determination by providing inhibitors of glial differentiation 
(1). Immature neurons (red) migrate along each other, in chains, through the RMP. The migrating neurons are ensheathed by astro-
cytes (blue) (2). Immature neurons integrate and differentiate into local interneurons (3). B) Stem cells (beige) in the subgranular 
zone of the dentate gyrus give rise to transit amplifying cells (1), which differentiate into immature neurons (2). These immature 
neurons then migrate (3) into the GCL of the dentate gyrus, where they integrate into the existing neural network (4). Immature 
neurons mature into new granule neurons, receive inputs from the entorhinal cortex, and extend projections into CA3. 
Abbreviations: CA1/3 = cornu ammonis; GCL/gcl = granule cell layer; gl = glomerular layer; hi = hilus; ML = molecular layer; RMP 
= rostral migratory pathway; SVZ = subventricular zone. 

Table 4.1: Details on antibody usage. We used two methods for a combined 
immunostaining for BrdU/ZENK/DAPI.  See text for details. 

Figure 4.4: Summary of the immunohisto-
chemical stainings for BrdU, ZENK, and DAPI. 
A) All-fluorescent staining. B) Combined 
DAB/fluorescent staining. See text for details.



Figure 4.5: The principles of BrdU-labeling. A) Molecular structure of thymidine and its synthetic analogue BrdU (bromodeoxy-
uridine) B) BrdU can be incorporated into newly synthesized DNA of replicating cells during the S-phase of the cell cycle, when 
DNA replication takes place C) Thymidine (T) nucleotides are substituted by bromide (Br)-tagged uridine (U) nucleotides during 
DNA replication. Antibodies specific for BrdU are then used to detect the incorporated chemical, thus indicating cells that were 
actively replicating their DNA when BrdU was present. These antibodies specifically recognize the bromide part of BrdU. 

Figure 4.6: Tissue sectioning and volumetric analysis. A) One hemisphere of each brain was sliced in 20 μm thick slices. Slices were 
collected on 5 series of 5 slides (25 slides total). Each series can be used for a different immunostaining procedure. Since the gap 
between slices is known (colored boxes), volumes can be calculated based on area measurements in the slices. B) HVC volume was 
calculated by measuring the HVC area of a (Nissl-stained) slice and consecutively multiplying this by the thickness of the slice + the 
gap between the slice and its neighbor. The sum of all measurements is the volume of HVC.



Figure 4.7: Fluorescent immunostaining for A) ZENK (red), B) BrdU (green), and C) 
DAPI (blue). D) When the three individual stainings are merged, we can detect 
neurons double labeled for ZENK and DAPI and neurons triple labeled for ZENK, 
DAPI and BrdU. E) A triple labeled neuron at a higher magnification. The caption 
explains the colors in the figure: Pink neurons (double labeled for ZENK and DAPI) 
were active at the time of sacrifice. White neurons (triple labeled for ZENK, DAPI 
and BrdU) are new born and functional. F) BrdU does not only label new neurons but 
also new bloodvessels. Bloodvessels, however, never express ZENK. 



Figure 4.8: Combined DAB and fluorescence staining for ZENK (red), BrdU (brown or green), and DAPI (blue). A) DAB was 
used to detect incorporated BrdU. Neurons were detected by the round shape, while avian erythrocytes (which are nucleated) 
have an elongated shape (Barrett and Dawson, 1974). Erythrocytes respond to the hydrogen peroxide in the DAB (Nishimura 
and Cooper, 1974). H2O2  treatment prevented most (but not all) a-specific binding of DAB to erythrocytes. B) The DAB 
signal (1) was digitally converted into a green fluorescent signal (2) to allow merging with the ZENK signal (red: ZENK alone 
3; ZENK and DAB 4) and the DAPI signal (shown in C). The 4 figures at the top (1-4) are also shown at a higher 
magnification at the bottom (1’-4’). C) DAB blocks fluorescent signals. The DAB signal was converted into a green fluorescent 
signal (1, and 1’ at a higher magnification), but blocks the fluorescent signal of DAPI (2 and 2’). Therefore, merging the DAB 
signal with fluorescent signals such as DAPI (3 and 3’) or ZENK cannot be used to localize triple-stained neurons. 



Figure 4.9: Immunostaining for laminin and DAPI in and around HVC. A) In laminin-stained slices, blood vessels in HVC 
appear thicker and more intensively stained than blood vessels outside HVC. Black-and-white close-ups from HVC (A’) and 
from the pallium directly surrounding HVC (A”), as created by the program used to measure diameters, confirm this. B) In 
DAPI-stained slices, HVC is stained less intensively than the surrounding pallium, due to HVC's macrocellularity. C) When 
DAPI-staining (blue) and laminin-staining (red) are merged, HVC stands out clearly. D) The graph shows the increase in HVC 
vessel diameter (Y-axis) as a percentage of vessel diameter outside HVC. Average diameter per treatment group was obtained in 
micrometers (± standard deviation) and then converted into a percentage. Testosterone treatment strongly increased the mean 
vessel diameter in HVC as compared to outside HVC, while vessel diameter inside HVCs of “null” animals showed only a non-
significant trend towards increase as compared to vessels outside HVC. Mean vessel diameter outside HVC was not affected 
by any treatment (see text). Treatment with the VEGFR2 inhibitor had no influence on vessel diameter. Error bars are standard 
deviations. Abbreviations: T = testosterone; null = no T; P = PBS; I = VEGFR2 inhibitor. Levels of significance: ** p≤0.001; 
*** p≤0.0001. 



Figure 4.11: Volumetric changes in HVC (A) and RA (B). A) HVC 
volume was increased following testosterone treatment, while treatment 
with VEGFR2 inhibitor had no effect. B) RA volume was increased after 
testosterone treatment, but the added effect of VEGFR2 inhibitor treat-
ment in these birds was not significant. C) This graph shows the linear 
fit between HVC volume (Y-axis) and RA volume (X-axis) in female ca-
naries (see caption for treatment groups). The volumes of the HVCs and 
RAs of ten male canaries are also shown (brown and red). We found an 
overall linear correlation between HVC volume and RA volume in both 
males and females, as indicated by the lines of best fit. Error bars show 
standard error of the mean (SEM). Abbreviations: null = empty implant; 
T = testosterone implant; P = PBS; I = VEGF receptor2 inhibitor. Levels 
of significance: * p ≤ 0.05; ** p ≤ 0.001; *** p ≤ 0.0001.  

Figure 4.10: Immunostainings used to determine 
HVC and RA volumes. A) Nissl-stained section 
showing the outline (arrows) of the macrocellular 
HVC in a female canary. The lateral ventricle is 
indicated. Dorsal is at the top, rostral is to the left. 
B) NeuN-staining showing the outline (arrows) of 
RA in a male canary. C) A lower magnification of a 
brain slice stained for NeuN shows axonal projec-
tions (arrows) running from HVC (outlined in the 
top right corner of the picture) to RA. This figure 
only shows the lateral-most part of RA, which 
causes the small appearance compared to HVC). 



Figure 4.12: Comparisons between syrinx weight, syllable repertoire and song production.  A) There is no relation between syllable 
repertoire (X-axis) and syrinx weight (in mg,,Y-axis). Data are shown for both male (triangles) and testosterone-treated female canaries 
(circles: PBS-treated birds; squares: VEGFR2-I treated birds). The lines show linear fit for the females and the males, and only the 
singing birds are included. The non-singing birds are shown on the Y-axis (at X = 0). B) There is no relation between the weight of the 
syrinx (Y-axis) and the total song production (X-axis) when these two parameters are ranked from high to low and correlated for each 
bird. C) There is no relation between HVC volume (X-axis) and syrinx weight (Y-axis). Abbreviations: T = testosterone; P/V = 
injected with PBS or vehicle; I = injected with the VEGFR2 inhibitor.



Figure 4.15: Treatment with testosterone increased (Nissl-defined) 
HVC volume at all concentrations, but the effect on volumetric increase 
is higher for higher concentrations of testosterone. Error bars show 
standard deviations. Levels of significance: * p ≤ 0.05; *** p ≤ 0.0001. 

Figure 4.13: HVC volume, neuron number and 
neuronal density in perfused female canaries. A) 
HVC volumes of perfused animals (in mm3, on the 
Y-axis) is given for each treatment group (X-axis). 
HVC volumes were increased by treatment with 
testosterone, but not affected by exogenous BDNF 
or injections with the VEGFR2 inhibitor. B) The 
total number of neurons in HVC (Y-axis) is 
increased by treatment with testosterone, but not 
affected by additional treatment with BDNF or 
VEGFR2 inhibitor. However, exogenous BDNF did 
increase the number of HVC neurons in animals not 
treated with testosterone. C) The density of HVC 
neurons is not affected by treatment with testos-
terone, or by additional treatment with the 
VEGFR2 inhibitor or exogenous BDNF. Nonethe-
less, when “null” animals were infused with BDNF, 
the neuronal density increased significantly. Error 
bars are standard errors of the mean. Levels of 
significance: * p ≤ 0.05; ** p ≤ 0.001; *** p ≤ 
0.0001. Abbreviations: null = empty implant, T = 
testosterone implant, B = BDNF, P = PBS, I = 
VEGFR2-inhibitor. 

Figure 4.14: HVC volumes did not differ between 
birds that were (1) raised in acoustic isolation, 
exposed to tutor song, and treated with testosterone, 
BDNF, and PBS or VEGFR2 inhibitor (tutored); (2) 
raised in aviaries, not exposed to tutor song, and 
treated with testosterone, BDNF, and PBS or 
VEGFR2 inhibitor (untutored); (3) raised in aviaries, 
not exposed to tutor song, and treated with 
testosterone and PBS, but not with BDNF (no 
BDNF). HVC volume is on the Y-axis; treatment 
group is on the X-axis. Error bars are standard 
deviations.



Figure 4.17: Treatment effects on the mean diameter of neuronal somata and neuronal nuclei. A) The diameters of the nuclei of RA 
neurons were larger than those of HVC neurons, both in testosterone- and in null-treated animals. Testosterone treatment itself had 
no overall effect on nuclear diameter. B) The nuclei of RA neurons were larger than those of HVC neurons in T+PBS animals and in 
null+VEGFR2-I animals. Yet, in T+VEGFR2-I animals, the nuclei of RA neurons were smaller than those of HVC neurons. Addition-
ally, the nuclei of RA neurons in T+VEGFR2-I animals were smaller than those of T+PBS animals. C) The diameters of the somata 
of RA neurons were larger than those of HVC neurons in testosterone-treated animals, but this effect was not seen in animals not 
treated with testosterone. Additionally, testosterone increased the diameters of the somata of RA neurons, but had no effect on those 
of HVC neurons. D) The diameters of the somata of RA neurons were larger than those of HVC neurons in T+PBS animals and in 
T+VEGFR2-I animals, but not in any of the control animals. Error bars are standard deviations. Abbreviations: T = testosterone; null 
= empty implant (no steroid treatment) P = PBS; I = VEGF Receptor2 inhibitor. Levels of significance: * p ≤ 0.05; *** p ≤ 0.0001.

Figure 4.16: Neuron number and neuronal density in HVC and RA. A) Testosterone increases neuron number in HVC, while 
inhibition of VEGFR2 has no effect. B) The total number of neurons in RA is increased after testosterone treatment, but is not 
affected by with VEGFR2 inhibition. C) Neuronal density in HVC is not affected by treatment with either testosterone or 
VEGFR2 inhibitor. D) Neuronal density in RA decreases after testosterone treatment, but is not affected by VEGFR2 inhibition. 
Error bars are standard deviations. Abbreviations: T = testosterone; null = empty implant; P = PBS; I = VEGFR2 inhibitor. 
Levels of significance: * p ≤ 0.05; *** p ≤ 0.0001. 



Figure 4.18: Neurogenesis in the HVC. A) The 
number of new neurons per HVC (in one hemisphere) 
Animals treated with testosterone and VEGF 
receptor 2 inhibitor had lower numbers of new 
neurons in their HVCs as compared to animals from 
the other treatment groups. B) The density of new 
neurons (number of new neurons per mm3  of HVC 
tissue) was also lower in animals treated with testos-
terone and the VEGFR2 inhibitor as compared to ani-
mals from the other treatment groups. Error bars are 
standard errors of the mean (SEM); Levels of signifi-
cance: ** p ≤ 0.001; *** p ≤ 0.0001. Abbreviations: 
T = testosterone implant, B= injected with a BDNF-
carrying vector, P = PBS, I = VEGFR2-inhibitor. 

Figure 4.19: ZENK immunostaining. A) The percentage of HVC neurons (weakly) expressing the immediate early gene 
ZENK in birds that were or were not singing prior to sacrifice. All birds could hear the singing birds. There is no difference in 
ZENK expression by HVC neurons of birds that did or did not sing prior to sacrifice. B) The percentage of HVC neurons 
with a ZENK signal that is equally strong to the ZENK signal in NCM neurons is significantly higher in birds that were 
singing prior to sacrifice. C-C’’’) Microscopic images of ZENK expressing neurons in HVC (C and C’) or in NCM (C’’ and 
C’’’). The efficacy of the immunostaining was tested by omission of the primary antibody (- egr-1 in C’  and C’’’) and 
comparing this to tissue stained with the general ZENK protocol (+ egr-1 in C and C’’). Level of significance: * p < 0.05.



Figure A1: The positions of the air sacs in a songbird (A) and a schematic representation of avian respiration (B). During inspiration,  
air moves through the trachea and past the syrinx (not shown in A) where it is directed towards the lungs. However, air does not go 
directly to the lungs, but instead flows into the abdominal air sacs. A small amount of air is directed into the posterior air sacs. During 
the first expiration, the air moves into the lungs, where oxygen and carbon dioxide exchange takes place. At the second inspiration, the 
air moves into the anterior air sacs. At the second expiration, the air is expelled from the bird’s respiratory system. Figure A is after 
http://www.paulnoll.com/Oregon/Birds/ and B is after Bretz and Schmidt-Nielsen, 1972.

Figure A3: The avian ear. A) Photograph of the chicken inner 
ear. B) Structures of the avian inner ear. Sound waves enter 
through the ear opening and cause vibrations of the tympanum 
(eardrum). These vibrations are transferred onto the columella, 
the bird equivalent of the stapes (birds have only one ossicle), 
and then enter the cochlea through the oval window. The semi-
circular canals are important in balance. C) Overview of proces-
ses within the avian inner ear. Pressure waves in the cochlear 
fluid are created by vibrations of the oval window. Hair cells on 
the basilar membrane are set in motion as a result of these pres-
sure waves and thereby cause movements of the tectorial mem-
brane, which in turn generates nervous pulses. Figures were taken 
from: http://people.eku.edu/ritchisong/birdbrain2.html and 
http://www.garden-birds.co.uk/ 

Figure A2: Scanning electron microscope photograph of normal 
(left) and regenerated (right) hair cells in the chicken inner ear 
(the photographs are courtesy of Dr. EW Rubel). The hair cells 
in the avian inner ear (orange) are capable of regeneration (green) 
after complete destruction by excessive exposure to noise or 
ototoxic drugs. The photograph at the right shows the 
regeneration of the hair cells just one week after the noise-
induced destruction. In less than a month, the bird is able to 
hear sounds and respond normally again.



Figure A4: The members of the vascular endothelial growth factor family and their receptors. Members of the VEGF family, VEGF 
(A), VEGF B, VEGF C, VEGF D, VEGF E, and placental growth factor-1 and -2 (PlGF-1 and -2), bind to different receptors. 
Members of the VEGF family not only bind to VEGF receptors (VEGFR1, -2, and -3) but also to neuropilin receptors (neuropilin-1 
and -2). Neuropilin receptors in addition bind the family of the semaphores (SEMA: sema-III, Sema-E, and Sema-IV). Two forms of 
the VEGFR1 receptor are distinguished: A membrane bound form and a free, soluble form. The latter is thought to function as a 
decoy receptor: VEGF (A) binds to the VEGFR1 with a higher affinity than to VEGFR2, so the free and soluble receptor, which 
does not result in intracellular signaling, could prevent binding of VEGF to the VEGFR2 (see text for details). In the figure, the 
structural characteristics of the receptors are given. VEGF receptors are homodimeric but drawn as monomeric structures for 
simplicity. Additional abbreviations: FV/VIII = coagulation factors 5 and 8; Ig = immunoglobulin; MAM = meprin, A5/neuropilin, 
M4. The figure was drawn after Robinson and Stringer, 2001; Hicklin and Ellis, 2005; Takahashi and Shibuya, 2005.

Figure A5: Systemic coordination be-
tween angiogenesis and neurogenesis. 
VEGF, expressed by neuronal cells, in-
duces the proliferation of endothelial 
cells through a member of the VEGF 
receptor family. BDNF, expressed by 
endothelial cells, acts through a member 
of the family of Trk receptors, which 
are present on neurons. In this way, 
BDNF may stimulate neurite out-
growth. This cooperation between an-
giogenic and neurogenic factors and their 
receptors may affect proliferation, mi-
gration, and differentiation of both en-
dothelial cells and on neurons, during 
neurogenesis as well as  angiogenesis.



Figure A7: A miner holding a caged canary (taken in Ontario, 
Canada, 1928). Picture from: www.msha.gov  

Figure A6: This figure (from Okanoya and Dooling, 1987) 
shows that the absolute hearing threshold of Water-slager 
canaries (juveniles are presented by open circles on a solid 
line; adults are presented by solid circles on a solid line) is 
higher than that of other canaries (dashed line), especially 
for middle- and high frequency sounds. The vertical axis 
shows the hearing threshold in dB and the horizontal axis 
shows the frequency in kHz on a logarithmic scale. 

Table A.1: The members of the VEGF family (left column) and their respective receptors (middle column). The 
functions of each family member are summarized in the right column. Abbreviations: PlGF = placental growth factor.





Abbreviations

5-HT      - 5-hydroxytryptamine (serotonin)
AD      - Alzheimer’s disease
AFP      - anterior forebrain pathway
AR      - androgen receptor
BDNF      - brain-derived neurotrophic factor
BEC      - brain-derived endothelial cell
BrdU      - 5-bromo-2-deoxyuridine
cDNA      - complementary DNA (deoxyribonucleic acid) 
CLM      - caudal part of the lateral mesopallium
CMM      - caudal part of the medial mesopallium
CMV      - cytomegalovirus
CNS      - central nervous system
CREB      - cAMP (cyclic adenosine mono-phosphate)      

       response binding element
DAB      - 3,3'-diaminobenzidine
DAPI      - 4',6-diamidino-2-phenylindole
DHT      - dihydrotestosterone
DLM      - medial part of the dorsolateral nucleus of 

       the thalamus
DM      - dorsomedial nucleus of the intercollicular 

       complex 
DMSO      - dimethylsulfoxide
eGFP      - enhanced green fluorescent protein
eNOS      - endothelial nitric oxide synthase
ER      - estrogen receptor
FGF      - fibroblast growth factor (FGF1 or FGF2)
FITC      - fluorescein isothiocyanate from 

        Streptomyces avidinii
Flk-1      - fetal liver kinase-1
Flt      - feline sarcoma virus-like tyrosine kinase 

       (Flt-1 or Flt-4)
3H-dT      - tritiated thymidine
HEPES      - (2-hydroxyethyl)-1-piperazineethane-

       sulfonic acid
HIF      - hypoxia inducible factor (HIF1 or HIF1α)
HVC      - letter based name; formerly known as high 

       vocal centre
Ig      - immunoglobulin
IEG      - immediate early gene
IGF      - insulin-like growth factor (IGF-1 or IGF-2) 
ISH      - in situ hybridization
KDR      - kinase insert domain receptor 
lMAN      - lateral part of the magnocellular nucleus 

       of the anterior nidopallium 
mMAN      - medial part of the magnocellular nucleus 

       of the anterior nidopallium
LTP      - long term potentiation
MEK/ERK   - mitogen-activated protein kinase ERK 

       kinase / extracellular signal-regulated kinase
Mld      - dorsal part of the lateral mesocephalic 

       nucleus
MMP      - matrix metalloproteinases 
mRNA      - messenger RNA (ribonucleic acid)
NCM      - caudal part of the medial nidopallium
NeuN      - neuronal nuclei
NGF      - nerve growth factor
NIF      - nucleus interfacialis of the nidopallium 
NO      - nitric oxide
nRAM      - nucleus retroambigualis 
NS      - not significant
NSC      - neural stem cell
NT       - neurotrophin (NT-3 or NT-4)

nXIIts       - tracheosyringeal part of the twelfth cranial   
        nerve nucleus

Ov       - nucleus ovoidalis of the thalamus
Pam       - nucleus paraambigualis
PBS       - phosphate buffered saline
PBST       - PBS + 0.3% triton X-100
PD       - Parkinson’s disease 
PCR       - polymerase chain reaction
PDGF       - platelet-derived growth factor
PI3k/Akt       - phosphoinositide 3-kinase/Akt (Akt used as 

        proper name) 
PlGF       - placental growth factor
RA       - robust nucleus of the arcopallium
RMS       - rostral migratory stream
RT       - reverse transcription
rVRG       - rostro-ventral respiratory group
Shh       - sonic hedgehog
SGZ       - subgranular zone
SVZ       - subventricular zone
TBS       - tris (2-amino-2-hydroxymethyl-1,3-    

        propanediol)-buffered saline
TGF       - transforming growth factor (TGF-α or TGF-β)
Trk       - tyrosine receptor kinase (TrkA, TrkB, or TrkC)
Uva       - nucleus uvaeformis of the thalamus
VEGF            - vascular endothelial growth factor
VEGFR2       - VEGF receptor 2
VEGFR2-I    - VEGFR2 inhibitor
Wnt-3            - Wnt is coined as a combination of Wg  

         (wingless) and Int (integration)
ZENK            - acronym for the avian homolog of zif-268, erg-

         1, NGF1-A, and krox-24

Abbreviations used in figures and text to indicate 
experimental groups:

          B           - BDNF
          I           - VEGFR2 inhibitor
          null        - no steroid treatment
          P           - PBS
          V           - vehicle
          T           - testosterone

145



146



Literature

Abe K, Saito H, 2001. Effects of basic fibroblast growth factor on central 
nervous system functions. Pharmacol. Res. 43: 307-312

Aberg MA, Aberg ND, Palmer  TD, Alborn AM, Carlsson-Skwirut  C, 
Bang P,  et  al.,  2003.  IGF-I  has  a  direct  proliferative  effect  on  adult 
hippocampal progenitor cells. Mol. Cell. Neurosci. 24: 23-40

Abrous  DN, Koehl  M,  Le  Moal  M,  2005.  Adult  neurogenesis:  from 
precursors to network and physiology. Physiol. Rev. 85: 523-569

Absil  P, Pinxten  R,  Balthazart  J,  Eens  M,  2003.  Effect  of  age  and 
testosterone  on  autumnal  neurogenesis  in  male  European  starlings 
(Sturnus vulgaris). Behav Brain Res. 143: 15-30

Adair TH, Gay WJ, Montani JP, 1990. Growth regulation of the vascular 
system: evidence for a metabolic hypothesis. Am. J. Physiol. 259: R393-
R404

Adkins-Regan E, Abdelnabi  M, Mobarak M, Ottinger MA, 1990. Sex 
steroid levels in  developing and adult  male and female zebra  finches 
(Poephila guttata). Gen. Comp. Endocrinol. 78: 93-109

Adret-Hausberger M, 1982. Social influences on the whistled songs of 
starlings. Behav. Ecol. Sociobiol. 11: 241-246

Aimone JB, Wiles J, Gage FH, 2006. Potential role for adult neurogenes-
is in the encoding of time in new memories. Nature Neurosci. 9: 723-727

Airey DC, DeVoogd TJ, 2000.  Greater  song complexity is  associated 
with augmented song system anatomy in zebra finches. Neuroreport 11: 
2339-2344

Airey DC, Buchanan KL, Szekely T, Catchpole C, DeVoogd TJ, 2000. 
Song, sexual selection, and a song control nucleus (HVC) in the brains 
of European sedge warblers. J. Neurobiol. 44: 1-6

Akagi M, Kawaguchi M, Liu W, McCarty MF, Takeda A, Fan F, et al., 
2003. Induction of neuropilin-1 and vascular endothelial growth factor 
by epidermal growth factor in human gastric cancer cells. Br. J. Cancer 
88: 796-802 

Alexiades MR, Cepko C, 1996. Quantitative analysis of proliferation and 
cell cycle length during development of the rat retina.  Dev. Dyn. 205: 
293-307

Algire GH, Chalkey HW, Legallis FY, Park HD, 1945. Vascular reactions 
of normal and malignant tissues in vivo, I. Vascular reactions of mice to 
wounds and to normal and neoplastic transplants. J. Natl. Cancer Inst. 6: 
73-85

Alsina B, Vu T, Cohen-Cory S, 2001. Visualizing synapse formation in 
arborizing  optic  axons  in  vivo:  dynamics  and  modulation  by  BDNF. 
Nature Neurosci. 4: 1093-1101

Altar CA, Cai N, Bliven T, Juhasz M, Conner JM, Acheson AL, et al., 
1997. Anterograde transport of brain-derived neurotrophic factor and its 
role in the brain. Nature 389: 856-860

Altman F, 1963. Autoradiographic investigation of cell proliferation in 
the brains of rats and cats. Anat. Rec. 145: 573-591

Altman J, 1969. Autoradiographic and histological studies of postnatal 
neurogenesis.  IV.  Cell  proliferation  and  migration  in  the  anterior 
forebrain,  with  special  reference  to  persisting  neurogenesis  in  the 
olfactory bulb. J. Comp. Neurol. 137: 433-458

Altman J, Das GD, 1965. Autoradiographic and histological evidence of 
postnatal hippocampal neurogenesis in rats. J. Comp. Neurol. 124: 319-
335

Alvarez-Borda B, Nottebohm F. 2002. Gonads and singing play separate, 
additive  roles  in  new  neuron  recruitment  in  adult  canary  brain.  J. 

Neurosci. 22: 8684-8690 

Alvarez-Borda  B, Haripal  B,  Nottebohm  F.  2004.  Timing  of  brain-
derived  neurotrophic  factor  exposure  affects  life  expectancy  of  new 
neurons. Proc. Natl. Acad. Sci. USA 101: 3957-3961

Alvarez-Buylla  A,  Garcia-Verdugo  JM, 2002.  Neurogenesis  in  adult 
subventricular zone. J. Neurosci. 22: 629-634 

Alvarez-Buylla A, Kirn J, 1997. Birth, migration, incorporation and death 
of vocal control neurons in adult songbirds. J. Neurosci. 33: 585-601

Alvarez-Buylla A, Lois C, 1995. Neuronal stem cells in the brain of adult 
vertebrates. Stem Cells 13: 263-272

Alvarez-Buylla A, Nottebohm F, 1988. Migration of young neurons in 
adult avian brain. Nature 335: 353-354 

Alvarez-Buylla A, Theelen M, Nottebohm F, 1988a. Birth of projection 
neurons in the higher vocal center of the canary forebrain before, during, 
and after song learning. Proc. Natl. Acad. Sci. USA 85: 8722-8726

Alvarez-Buylla A, Theelen M, Nottebohm F, 1988b. Mapping of radial 
glia and of a new cell type in adult canary brain.  J. Neurosci.  8: 2707-
2712

Alvarez-Buylla  A,  Kirn  JR,  Nottebohm F,  1990a.  Birth  of  projection 
neurons  in  adult  avian  brain  may  be  related  to  perceptual  or  motor 
learning. Science 249: 1444-1446

Alvarez-Buylla A, Theelen M, Nottebohm F, 1990b. Proliferation ‘‘hot 
spots’’ in adult avian ventricular zone reveal radial cell division. Neuron 
5: 101-109

Alvarez-Buylla  A, Ling  CY,  Nottebohm  F,  1992.  High  vocal  center 
growth and its relation to neurogenesis, neuronal replacement and song 
acquisition in juvenile canarie. J. Neurobiol. 23: 396-406

Alvarez-Buylla A, Ling C-Y, Yu WS, 1994. Contribution of neurons born 
during embryonic, juvenile, and adult life to the brain of adult canaries: 
regional  specificity  and  delayed  birth  of  neurons  in  the  song-control 
nuclei. J. Comp. Neurol. 347: 233-248

Alvarez-Buylla A, Seri B, Doetsch F, 2002. Identification of neural stem 
cells in the adult vertebrate brain. Brain Res. Bull. 57: 751-758

Amaral  MD, Chapleau  CA, Pozzo-Miller  L, 2007.  Transient  receptor 
potential channels as novel effectors of brain-derived neurotrophic factor 
signaling:  Potential  implications  for  Rett  syndrome.  Pharmacol.  Ther. 
113: 394-409

Andersson M, 1994. Sexual selection. Princeton University Press

Andrade JP, Mesquita R, Assuncao M, Pereira PA, 2006. Effects of food 
restriction  on  synthesis  and  expression  of  brain-derived  neurotrophic 
factor and tyrosine kinase B in dentate gyrus granule cells of adult rats. 
Neurosci. Lett. 399: 135-140

Angelucci F, Brenè S, Mathé A, 2005. BDNF in schizophrenia, depres-
sion and corresponding animal models. Mol. Psychiatry 10: 345-352

Appeltants D, Ball GF, Balthazart J, 2003. Song activation by testostero-
ne is associated with an increased catecholaminergic innervation of the 
song control system in female canaries. Neurosci. 121: 801-814

Aprelikova O, Pajusola K, Partanen J, Armstrong E, Alitalo R, Bailey S, 
et  al.,  1992.  FLT4,  a  novel  class  III  receptor  tyrosine  kinase  in 
chromosome 5q33-qter. Cancer Res. 52: 746-748

Arai O, Taniguchi I, Saito N, 1989. Correlation between the size of song 
control  nuclei  and  plumage  color  change  in  orange  bishop  birds. 
Neurosci Lett. 98: 144-148

147



Araujo D, Cotman C, 1993. Trophic effects of interleukin-4, -7 and -8 on 
hippocampal  neuronal  cultures:  potential  involvement  of  glial-derived 
factors. Brain. Res. 600: 49-55

Arnold AP, 1975. The effects of castration on song development in zebra 
finches (Poephila guttata). J. Exp. Zool. 191: 261-278

Arnold AP, Nottebohm F, Pfaff DW, 1976. Hormone concentrating cells 
in  vocal  control  and  other  areas  of  the  brain  of  the  Zebra  Finch 
(Poephila guttata). J. Comp. Neurol. 165: 487-512

Arnold  AP, Xu  J,  Grisham  W,  Chen  X,  Kim  YH,  Itoh  Y,  2004. 
Minireview:  Sex  chromosomes  and  brain  sexual  differentiation. 
Endocrinol. 145: 1057-1062

Arteaga  CL, 2002.  Epidermal  growth  factor  receptor  dependence  in 
human tumors: more than just expression? Oncologist 7 (Suppl 4): 31-39 

Arvidsson A, Collin T, Kirik D, Kokaia Z, Lindvall O, 2002. Neuronal 
replacement from endogenous precursors in the adult brain after stroke. 
Nature Med. 8: 963-970

Ashmore  RC, Wild  JM,  Schmidt  MF,  2005.  Brainstem and  forebrain 
contributors to the generation of learned motor behaviors for song. J. 
Neurosci. 25: 8543-8554

Autiero  M, Waltenberger  J,  Communi  D,  Kranz  A,  Moons  L,  Lam-
brechts  D, et al.,  2003. Role of PlGF in the intra- and intermolecular 
cross talk between the VEGF receptors Flt-1 and Flk-1. Nature Med. 9: 
936-943

Badyaev  AV, Hill  GE,  Weckworth  BV,  2002.  Species  divergence  in 
sexually  selected  traits:  Increase  in  song  elaboration  is  related  to 
decrease in plumage ornamentation in finches. Evolution 56: 412-419 

Bailey  DJ, Rosebush  JC,  Wade  J,  2002.  The  hippocampus  and 
caudomedial neostriatum show selective  responsiveness to conspecific 
song in the female zebrafinch. J. Neurobiol. 52: 43-51

Balkowiec A, Katz DM, 2002. Cellular mechanisms regulating activity-
dependent  release  of  native  brain-derived  neurotrophic  factor  from 
hippocampal neurons. J. Neurosci. 22: 10399-10407

Ball GF, 1999. The neuroendocrine basis of seasonal changes in vocal 
behavior  among  songbirds.  In:  The  design  of  animal  communication 
(Hauser  MD and Konishi  M,  Eds.),  MIT Press,  Cambridge,  MA, pp. 
213-253 

Ball  GF,  Balthazart  J, 2006.  The  neuroendocrinology  and 
neurochemistry  of  birdsong.  In:  Handbook  of  neurochemistry  and 
molecular  neurobiology  (Lajtha  A and  Blaustein  JD,  Eds.),  Springer-
Verlag, New York, pp. 419-457

Ball  GF, Castelino CB, Maney DL, Appeltants  D, Balthazart  J.  2003. 
The activation of birdsong by testosterone: multiple sites of action and 
role of ascending catecholamine projections. Ann. NY Acad. Sci. 1007: 
211-231

Ball GF, Auger CJ, Bernard DJ, Charlier TD, Sartor JJ, Riters LV, et al.,  
2004. Seasonal plasticity in the song control system: multiple brain sites 
of  steroid  hormone  action  and  the  importance  of  variation  in  song 
behavior. Ann. NY Acad. Sci. 1016: 586-610

Balthazart J, 1991. Testosterone metabolism in the avian hypothalamus. 
J. Steroid Biochem. Mol. Biol. 40: 557–570

Balthazart  J, 1997.  Steroid control  and sexual  differentiation of  brain 
aromatase. J. Ster. Biochem. Mol. Biol. 61: 323-339

Bannigan  J,  Langman  J,  1979.  The  cellular  effect  of  5-
bromodeoxyuridine  on  the  mammalian  embryo.  J.  Embryol.  Exp. 
Morphol. 50: 123-135

Baptista LF, Gaunt SLL, 1997. Social interaction and vocal development 
in birds. In: Social influences on vocal development (Snowdon C and, 
Hausberger M, Eds.), Cambridge University Press, UK,  pp 23-40

Baptista LF, Petrinovitch L, 1984. Social interaction, sensitive phases and 
the  song  template  hypothesis  in  the  white-crowned  sparrow.  Anim. 
Behav. 32: 1359-1371

Barami K, Iversen K, Furneaux H, Goldman SA, 1995. Hu protein as an 
early  marker  of  neuronal  phenotypic  differentiation  by subependymal 
zone cells of the adult songbird forebrain. J. Neurobiol. 28: 82-101 

Barbacid  M, 1995.  Structural  and  functional  properties  of  the  TRK 
family of neurotrophin receptors. Ann. NY Acad. Sci. 766: 442-458

Barber  TX, 1993.  The  human nature  of  birds:  A scientific  study with 
startling implications. Melbourne, Bookman Press, pp. 36-37

Barleon B, Sozzani  S,  Zhou D,  Welch HA,  Mantovani  A,  Marme D, 
1996. Migration of human monocytes in response to vascular endothelial 
growth factor (VEGF) is mediated via the VEGF receptor Flt-1. Blood 
87: 3336-3343

Barnea  A,  Nottebohm F,  1994.  Seasonal  recruitment  of  hippocampal 
neurons in adult free-eanging black-capped chickadees. Proc. Natl. Acad. 
Sci. USA 91: 11217-11221

Barrett  LA,  Dawson  RB,  1974.  Avian  erythrocyte  development: 
Microtubules and the formation of the disk shape. Devel. Biol. 36: 72-81

Bauer  S,  Patterson  PH,  2005.  The  cell  cycle-apoptosis  connection 
revisited in the adult brain. J. Cell Biol. 171: 641–650

Bauer  S, Hay  M,  Amilhon  B,  Jean  A,  Moyse  E,  2005.  In  vivo 
neurogenesis  in  the  dorsal  vagal  complex  of  the  adult  rat  brainstem. 
Neuroscience 130: 75-90

Baulieu EE, 1997. Neurosteroids: of the nervous system, by the nervous 
system, for the nervous system. Rec. Progr. Hormone Res. 52: 1-32

Baulieu  E, 1998.  Neurosteroids:  a  novel  function  of  the  brain. 
Psychoneuroendocrinol. 23: 963-987

Bayer SA, Yackel JW, Puri PS, 1982. Neurons in the rat dentate gyrus 
granular  layer  substantially  increase  during  juvenile  and  adult  life. 
Science 216: 890-892

Becker S, 2005. A computational principle for hippocampal learning and 
neurogenesis. Hippocampus 15: 722-738

Bedard A, Parent A, 2004. Evidence of newly generated neurons in the 
human olfactory bulb. Brain Res. Dev. Brain Res. 151: 159-168

Bedard A, Cossette M, Levesque M, Parent A, 2002. Proliferating cells 
can differentiate into neurons in the striatum of normal adult  monkey. 
Neurosci. Lett. 328: 213–216 

Bedard A, Gravel C, Parent A, 2006. Chemical characterization of newly 
generated neurons in the striatum of adult primates. Exp. Brain Res. 170: 
501-512

Belluzzi O, Benedusi M, Ackman J, LoTurco JJ, 2003. Electrophysiologi-
cal differentiation of new neurons in the olfactory bulb. J. Neurosci. 23: 
10411-10418

Ben-Av P, Crofford  L,  Wilder  R,  Hla  T,  1995.  Induction  of  vascular 
endothelial growth factor expression in synovial fibroblasts. FEBS Let. 
372: 83-87

Benraiss  A, Chmielnicki  E,  Lerner  K,  Roh  D,  Golman  SA,  2001. 
Adenoviral brain-derived neurotrophic factor induces both neostriatal and 
olfactory neuronal recruitment from endogenous progenitor cells in the 
adult forebrain. J. Neurosci. 21: 6718-6731

Bentley  GE,  Ball  GF, 2000.  Photoperiod-dependent  and  -independent 
regulation  of  melatonin  receptors  in  the  forebrain  of  songbirds.  J. 
Neuroendocrinol. 12: 745-752

Bergers  G,  Benjamin  LE, 2003.  Tumorigenesis  and  the  angiogenic 
switch. Nature Rev. Cancer. 3: 401-410

148



Bergmann HH, 1987. Die Biologie des Vogels: Eine exemplarische Ein-
führung in Bau, Funktion und Lebensweise. AULA-Verlag, Wiesbaden

Bermingham-McDonogh  O,  Rubel  EW, 2003.  Hair  cell  regeneration: 
winging our way towards a sound future. Curr. Opin. Neurobiol. 13: 119-
126

Bernard  DJ, Eens  M,  Ball  GF,  1996.  Age-  and  behavior-related 
variations in volumes of song control nuclei in male European starlings. 
J. Neurobiol. 30: 329-339

Bernard  DJ, Bentley  GE,  Balthazart  J,  Turek  FW,  Ball  GF.  1999. 
Androgen receptor, estrogen receptor alpha, and estrogen receptor beta 
show distinct patterns of expression in forebrain song control nuclei of 
European starlings. Endocrinology 140: 4633-4643

Bernier  PJ, Bedard  A,  Vinet  J,  Levesque  M, Parent  A,  2002.  Newly 
generated  neurons  in  the  amygdala  and  adjoining  cortex  of  adult 
primates. Proc. Natl Acad. Sci. USA 99: 11464-11469

Bernocchi G, Scherini E, Giacometti S, Mares V, 1990. Premitotic DNA 
synthesis  in  the  brain  of  the  adult  frog  (Rana  esculenta  L:  an 
autoradiographic 3H-thymidine study. Anat. Rec. 228: 461-470

Berthold AA, 1849. Transplantation of the testes. Arch. Anat. Physiol. 
42-46, but see: Neural control of the pituitary gland, 1955, (Harris GW, 
Ed.), pp vi-viii, Edward Arnold, London

Bertin A, Hausberger M, Henry L, Richard-Yris M-A, 2007. Adult and 
peer  influences  on starling song development.  Devel.  Psychobiol.  49: 
362-374

Berton O, McClung CA, Dileone RJ, Krishnan V, Renthal W, Russo SJ, 
et  al.,  2006.  Essential  role  of  BDNF  in  the  mesolimbic  dopamine 
pathway in social defeat stress. Science 311: 864-868

Bicknell  R, 1997.  Mechanistic  insights  into  tumour  angiogenesis.  In: 
Tumour  angiogenesis  (Bicknell  R,  Lewis  C,  and  Ferrara  N,  Eds.), 
Oxford University Press

Binder  DK,  Croll  SD,  Gall  CM,  Scharfman  HE,  2001.  BDNF  and 
epilepsy: too much of a good thing? Trends Neurosci. 24: 47-53

Biro S, Yu Z, Fu Y, Smale G, Sasse J, Sanchez J, et al., 1994. Expression 
and  subcellular  distribution  of  basic  fibroblast  growth  factor  are 
regulated during migration of endothelial cells. Circ. Res. 74: 485-494

Bjørnebekk A, Mathé AA, Brené S, 2005.  The antidepressant effect of 
running is associated with increased hippocampal cell proliferation. Int. 
J. Neuropsychopharm. 8: 357-368

Bjornson CR, Rietze RL, Reynolds BA, Magli MC, Vescovi AL, 1999. 
Turning brain into blood: a hematopoietic fate adopted by adult neural 
stem cells in vivo. Science 283: 534-537

Bodolay  E, Koch  AE,  Kim  J,  Szegedi  G,  Szekanecz  Z,  2002. 
Angiogenesis and chemokines in rheumatoid arthritis and other systemic 
inflammatory rheumatic diseases. J. Cell. Mol. Med. 6: 357-376

Bohner J, Chaitken ML, Ball  GF, Marler  P, 1990. Song acquisition in 
photosensitive  and  photorefractory  male  European  starlings.  Horm. 
Behav. 24: 582-594

Bolhuis  JJ,  Gahr  M, 2006.  Neural  mechanisms  of  birdsong memory. 
Nature Rev. Neurosci. 7: 347-357

Bolhuis JJ, Zijlstra GGO, den Boer-Visser AM, van der Zee EA, 2000. 
Localized neuronal activation in the zebra finch brain is related to the 
strength of song learning. Proc. Natl. Acad. Sci. USA 97: 2282-2285 

Boney SE, Shelton WL, Yang S-L, Wilken LO, 1984. Sex reversal and 
breeding of grass carp. Trans. Am. Fish. Soc. 113: 348-353

Bonhoeffer T, 1996. Neurotrophins and activity-dependent development 
of the neocortex. Curr. Opin. Neurobiol. 6: 119-126

Bonner  JT, 1980.  The  evolution  of  culture  in  animals.  Princeton,  NJ: 
Princeton University Press

Bottjer  SW,  Miesner  EA,  Arnold  AP,  1984.  Forebrain  lesions  disrupt 
development  but  not  maintenance  of  song  in passerine  birds.  Science 
224: 901-903

Bottjer SW, Miesner EA, Arnold AP, 1986. Changes in neuronal number, 
density and size account for increases in volume of song-control nuclei 
during song development in zebra finches. Neurosci. Lett. 67: 263-268

Boughman JB, 1998. Vocal Learning by Greater Spear-Nosed Bats. Proc. 
Biol. Sci. 265: 227-233

Boulanger  L,  Poo  MM, 1999.  Presynaptic  depolarization  facilitates 
neurotrophin-induced synaptic potentiation. Nature Neurosci. 2: 346-351

Brainard  MS, 2004.  Contribution of the  anterior  forebrain  pathway to 
vocal plasticity. Ann. NY Acad. Sci. 1016: 377-394

Brainard MS, Doupe AJ, 2000a. Interruption of a basal ganlia-forebrain 
circuit prevents plasticity of learned vocalizations. Nature 404: 762-766

Brainard  MS,  Doupe  AJ, 2000b.  Auditory  feedback  in  learning  and 
maintenance of vocal behavior. Nature Rev. Neurosci. 1: 31-40

Brainard  MS, Doupe AJ, 2001. Postlearning consolidation of birdsong 
stabilizing effects of age and anterior forebrain lesions. J. Neurosci, 21: 
2501-2517

Brainard MS, Doupe AJ, 2002. What songbirds teach us about learning. 
Nature 417: 351-358

Braun  CB,  Northcutt  RG, 1997.  The  lateral  line  system of  hagfishes 
(Carniata Myxinoidea). Acta Zool. 78: 247-268

Brauth SE, Liang W, Roberts TF, 2001. Projections of the oval nucleus of 
the  hyperstriatum  ventrale  in  the  budgerigar:  relationships  with  the 
auditory system. J. Comp. Neurol. 432: 481-511

Breier G, Albrecht U, Sterrer S, Risau W, 1992.  Expression of vascular 
endothelial growth factor during embryonic angiogenesis and endothelial 
cell differentiation. Development. 114: 521-532

Brenowitz  EA,  1991.  Altered  perception  of  species-specific  song  by 
female birds after lesions of a forebrain nucleus. Science 251: 303-305

Brenowitz  EA, 2002.  Birdsong:  integrating  physics,  physiology,  and 
behavior. J. Comp. Physiol. A 188: 827-828

Brenowitz EA, Arnold AP, 1986. Interpsecific comparisons of the size of 
neural  song  control  regions  and  song  complexity  in  duetting  birds: 
Evolutionary implications. J. Neurosci. 6: 2875-2879

Brenowitz EA, Arnold AP, 1992. Hormone accumulation in song regions 
of the canary brain. J. Neurobiol. 23: 81-85

Brenowitz EA, Lent K, 2002. Act locally and think globally: intracerebral 
testosterone  implants  induce  seasonal-like  growth  of  adult  avian song 
control circuits, Proc. Natl. Acad. Sci. USA 99: 12421–12426

Brenowitz EA, Arnold AP, Levin RN, 1985. Neural correlates of female 
song in tropical duetting birds. Brain Res. 343: 104-112

Brenowitz EA, Nalls B, Kroodsma DE, Horning C, 1993. Female marsh 
wrens  do  not  provide  evidence  of  anatomical  specializations  of  song 
nuclei for perception of male song. J. Neurobiol. 25: 197-208

Brenowitz  EA,  Margoliash  D,  Nordeen  KW,  1997.  Introduction  to 
birdsong and the avian song system. J. Neurobiol. 33: 495-500 

Brenowitz EA, Baptista L, Lent K, Wingfield J, 1998. Seasonal plasticity 
of the song control system in wild Nuttall’s white-crowned sparrows. J. 
Neurobiol. 34: 69-82

Bretz WL, Schmidt-Nielsen K, 1972. Movement if gas in the  respiratory 

149



system of the duck. J. Exp. Biol. 56: 57-65

Brightman MW, Reese TS, 1969. Junctions between intimately app-osed 
cell membranes in the vertebrate brain. J. Cell. Biol. 40: 648-677

Brown SD, Johnson F, Bottjer SW, 1993. Neurogenesis in adult canary 
telencephalon is independent of gonadal hormone levels. J. Neurosci. 13: 
2024-2032

Brown J, Cooper-Kuhn CM, Kempermann G, van Praag H, Winkler J, 
Gage  FH,  et  al.,  2003.  Enriched  environment  and  physical  activity 
stimulate  hippocampal  but  not  olfactory  bulb  neurogenesis.  Eur.  J. 
Neurosci. 17: 2042-2046

Bruel-Jungerman E, Davis S, Rampon C, Laroche S, 2006. Long-term 
potentiation  enhances  neurogenesis  in  the  adult  dentate  gyrus.  J. 
Neurosci. 26: 5888-5893 

Buffo A, Vosko MR, Erturk D, Hamann GF, Jucker M, Rowitch D, et al., 
2005. Expression pattern of the transcription factor Olig2 in response to 
brain  injuries:  implications for  neuronal repair.  Proc.  Natl.  Acad.  Sci. 
USA 102: 18183-18188

Bull ND, Bartlett PF, 2005. The adult mouse hippocampal progenitor is 
neurogenic but not a stem cell. J. Neurosci. 25: 10815-10821

Burd  GD,  Nottebohm  F, 1985.  Ultrastructural  characterization  of 
synaptic terminals formed on newly generated neurons in a song control 
nucleus of the adult canary forebrain. J. Comp. Neurol. 240: 143-152

Burek MJ, Nordeen KW, Nordeen EJ, 1994. Ontogeny of sex differences 
among newly-generated neurons of the juvenile avian brain. Dev. Brain 
Res. 78: 57-64

Burri  PH,  2004.  Intussusceptive  angiogenesis:  its  emergence,  its 
characteristics, and its significance. Dev Dyn. 231: 474-488

Cabelli  RJ, Shelton  DL,  Segal  RA,  Shatz  CJ,  1997.  Blockade  of 
endogenous  ligands  of  TrkB  inhibits  formation  of  ocular  dominance 
columns. Neuron 19: 63-76

Cadena D, Gill G, 1992. Receptor tyrosine kinases. FASEB J. 6: 2332-
2337

Cameron HA, Woolley CS, McEwen BS, Gould E, 1993. Differentiation 
of newly born neurons and glia in the dentate  gyrus of the adult  rat. 
Neuroscience 56: 337-344

Cameron HA, Hazel TG, McKay RD, 1998. Regulation of neurogenesis 
by growth factors and neurotransmitters. J. Neurobiol. 36: 287-306

Cao R, Brakenhielm E, Li X, Pietras K, Widenfalk J, Ostman A, et al., 
2002.  Angiogenesis  stimulated  by PDGF-CC,  a  novel member  in  the 
PDGF family, involves activation of PDGFR-alphaalpha and -alphabeta 
receptors. FASEB J. 16: 1575-1583

Cao L, Jiao X, Zuzga DS, Liu Y, Fong DM, Young D, et al., 2004. VEGF 
links  hippocampal  activity  with  neurogenesis,  learning  and  memory. 
Nature Gen. 36: 827-835

Capela A, Temple S, 2002. LeX/ssea-1 is expressed by adult mouse CNS 
stem cells, identifying them as nonependymal. Neuron 35: 865-875

Capp MS, 1992. Tests of the function of the song repertoire in bobolinks. 
The Condor 94: 468-479

Carlen M, Cassidy RM, Brismar H, Smith GA, Enquist LW, Frisen J, 
2002. Functional integration of adult-born neurons. Curr. Biol. 12: 606-
608

Carmeliet P, 2000. Mechanisms of angiogenesis and arteriogenesis. Nat. 
Med. 6: 389-395

Carmeliet P, Jain RK,  2000. Angiogenesis in cancer and other diseases. 
Nature 407: 249-257

Carmeliet P, Ferreira V, Breier G, Pollefeyt S, Kieckens L, Gertsenstein 
M,  et  al.,  1996.  Abnormal  blood  vessel  development  and  lethality  in 
embryos lacking a single VEGF allele. Nature 380: 435-439 

Carmeliet  P, Ng  YS,  Nuyens  D,  Theilmeier  G,  Brusselmans  K, 
Cornelissen  I,  et  al.,  1999.  Impaired  myocardial  angiogenesis  and 
ischemic cardiomyopathy in mice lacking the vascular endothelial growth 
factor isoforms VEGF164 and VEGF188. Nature Med. 5: 495-502

Carmeliet P, Moons L, Lutton A, Vincenti V, Compernolle V. De Mol M, 
et al., 2001. Synergism between vascular endothelial growth factor and 
placental growth factor contributes to angiogenesis and plasma extraction 
in pathological conditions. Nature Med. 7: 575-583

Carpentier  P, Delamanche,  IS,  Le  Bert  M,  Blanchet  G,  Bouchaud  C, 
1990.  Seizure-related  opening  of  the  blood–brain  barrier  induced  by 
soman: possible correlation with the acute neuropathology observed in 
poisoned rats. Neurotoxicology 11: 493-508

Carro  E, Nunez  A,  Busiguina  S,  Torres-Aleman  I,  2000..Circulating 
insulin-like growth factor I mediates effects of exercise on the brain.  J. 
Neurosci. 20: 2926-2933

Carson-Jurica MA, Schrader WT, O’Malley BW, 1990. Steroid receptor 
family: structure and function. Endocrin. Rev. 11: 201-219

Castren  E, 2004.  Neurotrophic  effects  of  antidepressant  drugs.  Curr. 
Opin. Pharmacol. 4: 58-64

Castren E, Tanila H, 2006. Neurotrophins and dementia-keeping in touch. 
Neuron 51: 1-3

Catchpole  CK.  1983.  Variation  in  the  song of  the  great  reed  warbler 
Acrocephalus arundinaceus in relation to mate attraction and territorial 
defense. Anim. Behav. 31: 1217-1225 

Catchpole  CK,  Slater  PJB, 1995.  Bird  Song,  Biological  Themes  and 
Variations, Cambridge University Press, Cambridge

Cayre M, Strambi C, Strambi A, 1994. Neurogenesis in an adult insect 
brain and its hormonal control. Nature 368: 57-59

Chao MV, Hempstead BL, 1995. p75 and Trk: a  two-receptor  system. 
Trends Neurosci. 18: 321-326

Chauhan  NB, Siegel  GJ,  Lee  JM,  2001.  Depletion  of  glial  cell  line-
derived  neurotrophic  factor  in  substantia  nigra neurons of  Parkinson's 
disease brain. J. Chem. Neuroanat. 21: 277-288

Chen B, Dowlatshahi  D,  MacQueen  GM,  Wang JF,  Young LT,  2001. 
Increased hippocampal BDNF immunoreactivity in subjects treated with 
antidepressant medication. Biol. Psychiatry 15: 260-265

Chetverukhin VK,  Polenov AL, 1993.  Ultrastructural  radioautographic 
analysis  of  neurogenesis  in  the  hypothalamus in  the  adult  frog,  Rana 
temporaria,  with special  reference  to physiological  regeneration of the 
preoptic  nucleus:  I.  Ventricular  zone cell  proliferation.  Cell  Tiss.  Res. 
271: 341-350

Chojnacki  A, Shimazaki  T,  Gregg  C,  Weinmaster  G,  Weiss  S,  2003. 
Glycoprotein 130 signaling regulates Notch 1 expression and activation 
in  the  self-renewal  of  mammalian  forebrain  neural  stem  cells.  J. 
Neurosci. 23: 1730-1741

Chow  J, Ogunshola  O,  Fan  SY,  Li  Y,  Ment  LR,  Madri  JA,  2001. 
Astrocyte-derived  VEGF  mediates  survival  and  tube  stabilization  of 
hypoxic brain microvascular endothelial cells  in vitro. Brain Res.  Dev. 
Brain Res. 130: 123-132

Christofori  G, 1997.  The  role  of  fibroblast  growth  factors  in  tumour 
progression and angiogenesis. In: Tumor angiogenesis (Bicknell R, Lewis 
CE, Ferrara N, Eds.), Oxford University Press

Christy  B,  Nathans  D, 1989.  DNA binding site  of  the  growth factor-
inducible protein Zif268. Proc. Natl. Acad. Sci. USA 86: 8737-8741

150



Christy B, Lau L, Nathans D, 1988. A gene activated in mouse 3T3 cells 
by serum factors encodes a protein with ‘‘zinc finger’’ sequences. Proc. 
Natl. Acad. Sci. USA 85: 7857-7861

Clayton DF, 1997. Role of gene regulation in song circuit development 
and song learning. J. Neurobiol. 33: 549-571

Cleaver O, Melton DA, 2003. Endothelial signaling during development. 
Nature Med. 9: 661-668

Cohen T, Nahari D, Cerem L, Neufeld G, Levi B-Z, 1996. Interleukin 6 
induces  the  expression of  vascular  endothelial  growth  factor.  J.  Biol. 
Chem. 271: 736-741

Cohen-Cory S, 1999. BDNF modulates, but does not mediate, activity-
dependent  branching  and  remodeling of  optic  axon arbors  in  vivo.  J. 
Neurosci. 19: 9996-10003

Cohen-Cory S, Fraser SE, 1995. Effects of brain-derived neurotrophic 
factor on optic axon branching and remodeling in vivo. Nature 378: 192-
196

Cole AJ, Saffen DW, Baraban JM, Worley PF, 1989. Rapid increase of 
an immediate early gene messenger RNA in hippocampal neurons by 
synaptic NMDAreceptor activation. Nature 340: 474-476

Compagnone NA, Mellon SH, 2000. Neurosteroiods: biosynthesis and 
function of these novel neuromodulators. Frontiers Neuroendocrinol. 21: 
1-56

Conner JM, Lauterborn JC, Yan Q, Gall CM Varon S, 1997. Distribution 
of brain-derived neurotrophic factor (BDNF) protein and mRNA in the 
normal  adult  rat  CNS:  evidence  for  anterograde  axonal  transport  J. 
Neurosci. 17: 2295-2313

Conti  AC, Blendy JA, 2004.  Regulation of  antidepressant  activity by 
cAMP response binding element proteins. Mol. Neurobiol. 30: 143-155

Conway EM, Collen D, Carmeliet P, 2001. Molecular  mechanisms of 
blood vessel growth. Cardiovasc. Res. 49: 507-521

Cooke JP, 2003. NO and angiogenesis. Atherosclerosis Suppl. 4: 53-60 

Cooney R, Cockburn A, 1995. Territorial defense is the major function 
of female song in the superb fairy wren, Malurus cyaneus. Anim. Behav. 
49: 1635-1647

Corotto FS, Henegar JA, Maruniak JA, 1993.  Neurogenesis persists in 
the subependymal layer of the adult mouse brain.  Neurosci. Lett. 149: 
111-114

Corwin JT, 1981. Postembryonic production and aging of inner ear hair 
cells in sharks. J. Comp. Neurol. 201: 541–553

Corwin JT, Cotanche DA, 1988. Regeneration of sensory hair cells after 
acoustic trauma. Science 240: 1772-1774

Cotanche DA, 1987. Regeneration of haircell stereociliary bundles in the 
chick cochlea following severe acoustic trauma. Hear Res. 30: 181-195

Cotanche  DA, 1999.  Structural  recovery  from  sound  and  amino-
glycoside damage in the avian cochlea. Audiol. Neurotol. 4: 271-285

Couly G, Coltey P, Eichmann A, Le Douarin NM, 1995. The angiogenic 
potentials of the cephalic mesoderm and the origin of brain and head 
blood vessels. Mech. Dev. 53: 97-112

Cowie  R,  Douglas-Cowie  E, 1992.  Postlingually  acquired  deafness: 
Speech deterioration and the wider consequences, Mouton de Gruyter, 
Berlin

Craig CG, Tropepe V, Morshead CM, Reynolds BA, Weiss S, van der 
Kooy  D, 1996.  In  vivo growth  facotr  expansion  of  endogenous 
subependymal neurla precursor cell populations in the adult mouse brain. 
J.Neurosci. 16: 2649-2658

Cross MJ, Dixelius  J,  Matsumoto T, Claesson-Welsh L,  2003.  VEGF-
receptor signal transduction. Trends Biochem. Sci. 28: 488-494

Cruz RM, Lambert PR, Rubel EW, 1987. Light microscopic evidence of 
hair  cell  regeneration after gentamicin toxicity in chick cochlea.  Arch. 
Otolaryngol. Head Neck Surg. 113: 1058-1062

Curtis MA, Penney EB, Pearson AG, van Roon-Mom WM, Butterworth 
NJ,  Dragunow  M,  et  al.,  2003.  Increased  cell  proliferation  and 
neurogenesis in the adult human Huntington's disease brain.  Proc. Natl 
Acad. Sci. USA 100: 9023-9027

Dash PK, Mach SA, Moore AN, 2001.  Enhanced neurogenesis  in  the 
rodent hippocampus following traumatic brain injury.  J. Neurosci. Res. 
63: 313-319

De Vries C, Escobedo JA, Ueno H, Houck K, Ferrara N, Williams LT, 
1992. The FMS-like tyrosine kinase, a receptor for vascular endothelial 
growth factor. Science 255: 989-991

Del  Rio  JA,  Soriano  E,  1989.  Immunocytochemical  detection  of  5′-
bromodeoxyuridine incorporation in the  central  nervous system of the 
mouse. Brain Res. Dev. Brain Res. 49: 311-317

Del Rio JA, Heimrich B, Soriano E, Schwegler H, Frotscher M, 1991. 
Proliferation  and  differentiation  of  glial  fibrillary  acidic  protein-
immunoreactive  glial  cells  in  organotypic  slice  cultures  of  rat 
hippocampus. Neuroscience 43: 335-347

Delp  MD, Armstrong  RB,  Godfrey  DA,  Laughlin  MH,  Ross  CD, 
Wilkerson  MK,  2001.  Exercise  increases  blood  flow  to  locomotor, 
vestibular, cardiorespiratory and visual regions of the brain in miniature 
swine. J. Physiol. 533: 849-859

Derégnaucourt S, Mitra PP, Feher O, Pytte O, Tchernichovski O, 2005. 
How sleep affects the developmental learning of bird song. Nature 433: 
710-716

DeRidder E, Pinxten R, Mees V, Eens M, 2002.  Short- and long-term 
effects of male-like concentrations of testosterone on female European 
starlings (Sturnus vulgaris). Auk 119: 487-497

DeVoogd  TJ,  Nottebohm  F, 1981.  Sex  differences  in  dendritic 
morphology of a song control nucleus in the canary: A quantitative Golgi 
study. J. Comp. Neurol. 196: 309-316

DeVoogd  TJ, Nixdorf  B,  Nottebohm  F,  1985.  Synaptogenesis  and 
changes in synaptic morphology related to acquisition of a new behavior. 
Brain Res. 329: 304-308

DeVoogd TJ, Brenowitz EA, Anrold AP, 1988. Small sex differences in 
song control dendrites are associated with minimal differences in song 
capacity. J. Neurobiol. 19: 199-209

DeWolfe B. 1968. Gambel's white-crowned sparrow. In: Life histories of 
North American cardinals, grosbeaks, buntings, towhees,  finches,  spar-
rows, and allies, part 3 (Bent A, Ed.), New York, Dover, pp. 1324-1338

Dittrich F, Feng Y, Metzdorf R, Gahr M, 1999. Estrogen-inducible, sex-
specific  expression  of  brain-derived  neurotrophic  factor  mRNA in  a 
forebrain song control nucleus of the juvenile zebra finch.  Proc. Natl. 
Acad. Sci. USA 96: 8241-8246

Doetsch F, Alvarez-Buylla A, 1996. Network of tangential pathways for 
neuronal migration in adult mammalian brain. Proc. Natl. Acad. Sci. USA 
93: 14895-14900

Doetsch F, Hen R, 2005. Young and excitably: The function of new neu-
rons in the adult mammalian brain. Curr. Opin. Neurobiol. 15: 121-128

Doetsch F, Petreanu L, Caille I, Garcia-Verdugo JM, Alvarez-Buylla A, 
2002. EGF converts transit-amplifying neurogenic precursors in the adult 
brain into multipotent stem cells. Neuron 36: 1021-1034

Donovan MJ, Lin MI, Wiegn P, Ringstedt T, Kraemer R, Hahn R, et al., 
2000.  Brain  derived neurotrophic factor is  an endothelial  cell  survival 

151



factor  required  for  intramyocardial  vessel  stabilization.  Development 
127: 4531-4540

Dooling  RJ, 1982.  Auditory  perception  in  birds.  In:  Acoustic 
communication in birds (Kroodsma DE and Miller EH, Eds.), New York: 
Academic Press, pp. 95-130

Dooling RJ, Mulligan JA, Miller JD, 1971. Auditory sensitivity and song 
spectrum of the canary (Serinus canarius). J. Acoust. Soc. Am. 50: 700-
709

Doupe  AJ,  Konishi  M,  1991.  Song-selective  auditory  circuits  in  the 
vocal control system of the zebra finch. Proc. Natl. Acad. Sci. USA 88: 
11339-11343

Doupe  AJ,  Kulh  PK, 1999.  Birdsong  and  human  speech:  Common 
themes and mechanisms. Annu. Rev. Neurosci. 22: 567-631

Drăgănoiu T, Nagle L, Kreutzer M, 2002. Directional female preference 
for an exaggerated male trait in canary (Serinus canaria) song. Proc. R. 
Soc. Lond. Ser. B Biol. Sci. 269: 2525-2531

Drago  J,  Murphy  M,  Carroll  SM,  Harvey  RP,  Bartlett  PF,  1991. 
Fibroblast  growth  factor-mediated  proliferation  of  central  nervous 
system precursors  depends  on  endogenous  production  of  insulin-like 
growth factor 1. Proc. Natl. Acad. Sci. USA 88: 2199-2203 

Du Verney, 1686. Diverses observations anatomiques, II. Hist. l’Acad. 
Sci. 1686-1699 Paris, 2: 7

Duda  DG, Fukumura  D,  Jain  RK,  2004.  Role  of  eNOS  in 
neovascularization:  NO  for  endothelial  progenitor  cells.  Trends  Mol. 
Med. 10: 143-145

Dudek SM, Fields RD, 2002. Somatic action potentials are sufficient for 
late-phase  LTP-related  cell  signaling.  Proc.  Natl  Acad.  Sci.  USA 99: 
3962-3967

Duman  RS, 2004.  Role  of  neurotrophic  factors  in  the  etiology  and 
treatment of mood disorders. Neuromolecular Med. 5: 11-25

Duman RS, Heninger GR, Nestler EJ, 1997. A molecular and cellular 
theory of depression. Arch. Gen. Psychiatry 54: 597-606

Durany N, Michel T, Zochling R, Boissl KW, Cruz-Sanchez FF, Riederer 
P, et al., 2001 Brain-derived neurotrophic factor and neurotrophin-3 in 
schizophrenic psychoses. Schizophr. Res. 52: 79-86

Dwivedi Y, Rizavi HS, Conley RR, Roberts RC, Tamminga CA, Pandey 
GN, 2003. Altered gene expression of brain-derived neurotrophic factor 
and receptor tyrosine kinase B in postmortem brain of suicide subjects. 
Arch. Gen. Psychiatry 60: 804-815

Dziuk PJ,  Cook B, 1966. Passage of steroids through silicone rubber. 
Endocrinol. 78: 208-211

Eadie BD, Redila VA, Christie BR, 2005. Voluntary exercise alters the 
cytoarchitecture  of  the  adult  dentate  gyrus  by  increasing  cellular 
proliferation, dendritic complexity, and spine density. J. Comp. Neurol. 
486: 39-47

Eda-Fujiwara  H, Satoh  R,  Bolhuis  JJ,  Kimura  T,  2003.  Neuronal 
activation in female budgerigars is localized and related to male song 
complexity. Eur. J. Neurosci. 17: 149-154

Ehrlich, PR,  Dobkin  DS,  Wheye D,  1988.  "Bird  Voices"  and  "Vocal 
Development" from Birds of Stanford essays. Simon and Schuster, New 
York, NY, USA 

Ehrmann RL, Knot M, 1968. Choriocarcinoma. Transfilter stimulation of 
vasoproliferation  in  the  hamster  cheek  pouch.  Studied  by  light  and 
electrom microscopy. J. Natl. Cancer Inst. 41: 1329-1341

Ellis LM, Staley CA, Liu W, Fleming RY, Parikh NU, Bucana CD, et al., 
1998. Down-regulation of vascular endothelial growth factor in a human 
colon carcinoma cell line transfected with an antisense expression vector 

specific for c-src. J. Biol. Chem. 273: 1052-1057

Emery  NJ,  Clayton  NS,  2004.  The  mentality  of  crows:  convergent 
evolution of intelligence in corvids and apes. Science 306: 1903-1907

Emsley  JG,  Hagg  T,  2003.  Endogenous  and  exogenous  ciliary 
neurotrophic factor enhances forebrain neurogenesis in adult mice. Exp. 
Neurol. 183: 298-310

Endo Y, Nishimura JI, Kobayashi S, Kimura F, 1997. Long-term gluco-
corticoid treatments decrease local cerebral blood flow in the rat hippo-
campus, in association with histological damage. Neurosci. 79: 745-752

Enholm B, Paavonen K, Ristimäki A, Kumar V, Gunji Y, Klefstrom J, et 
al., 1997. Comparison of VEGF, VEGF-B, VEGF-C and Ang-1 mRNA 
regulation  by  serum,  growth  factors,  oncoproteins  and  hypoxia. 
Oncogene 14: 2475-2483

Enwere E, Shingo T, Gregg C, Fujikawa H, Ohta S, Weiss S, 2004. Aging 
results in reduced epidermal growth factor receptor signaling, diminished 
olfactory neurogenesis,  and deficits  in  fine  olfactory discrimination.  J. 
Neurosci. 24: 8354-8365

Eriksson PS, Perfilieva E, Bjork-Eriksson T, Alborn AM, Nordborg C, 
Peterson DA, et al., 1998. Neurogenesis in the adult human hippocam-
pus. Nature Med. 4: 1313-1317

Evans RM, 1988. The steroid and thyroid hormone receptor superfamily. 
Science 240: 889-895

Falkenberg T, Mohammed AK, Henriksson B, Persson H, Winblad B, 
Lindefors N, 1992. Increased  expression of brain-derived neurotrophic 
factor  mRNA in  rat  is  associated  with  improved spatial  memory and 
enriched environment. Neurosci. Lett. 138: 153-156

Fantino E, Logan CA, 1979. The experimental analysis of behavior: A 
biologicalperspective. San Fransisco: Freeman

Farabaugh SM, 1982. The ecological and social significance of duetting. 
In:  Acoustic  Communication  in  Birds (Kroodsma DE and Miller  EH, 
Eds.), Academic Press, New York, pp. 85-124

Farabaugh  SM, 1983.  A comparative  study  of  duet  song  in  tropical 
thryothorus wrens. Ph.D. dissertation. University of Maryland, College 
Park, MD, USA

Farries MA, 2006. Birsong and the brain stem. J. Neurosci. 26: 1-2

Favaron M, Manev RM, Rimland JM, Candeo P, Beccaro M, Manev H, 
1993.  NMDA-stimulated  expression  of  BDNF  mRNA  in  cultured 
cerebellar granule neurones. Neuroreport 4: 1171-1174

Feenders, Jarvis  et  al.,  unpublished  data.  Presented  at  the  “Birdsong, 
speech  and  language  converging  mechanisms”  symposium.  21  April, 
2007, Utrecht, the Netherlands

Ferrara N, 1997. The role of vascular endothelial growth factor in the 
regulation of blood vessel growth. In: Tumour angiogenesis (Bicknell R, 
Lewis C, Ferrara N, Eds.), Oxford University Press, New York

Ferrara N, 2004. Vascular endothelial growth factor: basic  science and 
clinical progress. Endocr Rev. 25: 581-611

Ferrara  N,  Davis-Smyth  T, 1997.  The  biology of  vascular  endothelial 
growth factor. Endocrinol. Rev. 18: 4-25

Ferrara  N,  Henzel  WJ, 1989.  Pituitary follicular  cells  secrete  a  novel 
heparin-binding  growth  factor  specific  for  vascular  endothelial  cells. 
Biochem. Biophys. Res. Commun. 161: 851-858

Ferrara  N, Houck  K,  Jakeman  L,  Leung  D,  1992.  Molecular  and 
biological properties of the vascular endothelial growth factor family of 
proteins. Endocrine Rev. 13: 18-32

Ferrara N, Carver-Moore K, Chen H, Dowd M, Lu L, O'Shea KS, et al., 
1996. Heterozygous embryonic lethality induced by targeted inactivation 

152



of the VEGF gene. Nature 380: 439-442

Ferrara N, Gerber HP, LeCouter J, 2003. The biology of VEGF and its 
receptors. Nat. Med. 9: 669-676

Ferrer I, Krupinski J, Goutan E, Marti E, Ambrosio S, Arenas E, 2001. 
Brain-derived neurotrophic factor reduces cortical cell death by ischemia 
after middle cerebral artery occlusion in the rat. Acta Neuropathol. 101: 
229-238

Fiete IR, Hahnloser RH, Fee MS, Seung HS, 2004. Temporal sparseness 
of the premotor drive is important for rapid learning in a neural network 
model of birdsong. J. Neurophysiol. 92: 2274-2282

Figurov  A, Pozzo-Miller  LD,  Olafsson  P,  Wang  T,  Lu  B,  1996. 
Regulation of synaptic responses to high-frequency stimulation and LTP 
by neurotrophins in the hippocampus. Nature 381: 706-709

Finkenzeller  G, Marme  D,  Weich  H,  Hug  H,  1992.  Platelet-derived 
growth factor-induced transcription of the vascular endothelial  growth 
factor gene is mediated by protein kinase C. Cancer Res. 52: 4821-4823

Fischer W, Wictorin K, Bjorklund A, Williams LR, Varon S, Gage FH, 
1987. Amelioration of cholinergic neuron atrophy and spatial memory 
impairment in aged rats by nerve growth factor. Nature 329: 65-68 

Fischer  L, Catz  D,  Kelley  D,  1993.  An  androgen  receptor  mRNA 
isoform associated with hormone-induced cell proliferation. Proc. Natl. 
Acad. Sci. USA 90: 8254-8258

Fischer  S,  Clauss  M, Wiesnet  M, Renz D, Schaper W, Karliczek GF, 
1999.  Hypoxia  induces  permeability  in  brain  microvessel  endothelial 
cells via VEGF and NO. Am. J. Physiol. 276: C812-C820

Fitch TW, 2000. The evolution of speech: a comparative review. Trends 
Cogn. Sci.4: 258-267

Folkman J, 1975. Tumor angiogenesis: a possible control point in tumor 
growth. Ann. Intern. Med. 82: 96-100

Folkman J, 1985. Tumor angiogenesis. Adv. Cancer Res. 43: 175-203

Folkman  J,  D´Amore  PA, 1996.  Blood  vessel  formation:  what  is  its 
molecular basis?  Cell 97: 1153-1155

Folkman J, Merler  E, Abernathy C,  Williams G,  1971. Isolation of a 
tumor factor responsible for angiogenesis. J. Exp. Med. 133: 275-288

Folstad  I,  Karter  AJ, 1992.  Parasites,  bright  males  and  the 
immunocompetence handicap. Am. Nat. 139: 603–622

Fong GH, Rossant J, Gerstenstein M, Breittman ML, 1995. Role of the 
Flt-1  receptor  tyrosine  kinase  in  regulating  the  assembly  of  vascular 
endothelium. Nature 376: 66-70

Fong GH, Zhang L, Bryce DM, Peng J, 1999. Increased  hemangioblast 
commitment, not vascular disorganization, is the primary defect in Flt-1 
knock-out mice. Development 126: 3015-3025

Font  E, Desfilis  E,  Pérez-Cañellas  MM,  García-Verdugo  JM,  2001. 
Neurogenesis  and  neuronal  regeneration  in  the  adult  reptilian  brain. 
Brain Behav. Evol. 58: 276-295

Forge  A,  Schacht  J, 2000.  Aminoglycoside  antibiotics.  Audiol. 
Neuroethol. 5: 3-22

Fortune  ES,  Margoliash  D,  1995.  Parallel  pathways and convergence 
onto Hvc and adjacent neostriatum of adult zebra finches (Taeniopygia  
guttata). J. Comp. Neurol. 360: 413-441

Frank S, Hubner  G,  Breier  G,  Longaker  M, Greenhalg D,  Werner  S, 
1995.  Regulation  of  vascular  endothelial  growth  factor  expression  in 
cultured  keratinocytes.  Implications  for  normal  and  impaited  wound 
healing. J. Biol. Chem. 270: 12607-12613

Frielingsdorf H, Schwarz K, Brundin P, Mohapel P, 2004. No evidence 

for new dopaminergic neurons in the adult mammalian substantia nigra. 
Proc. Natl Acad. Sci. USA 101: 10177-10182

Fujisawa T, Watanabe J, Kamata Y, Hamano M, Hata H, Kuramoto H, 
2003. Effect of p53 gene transfection on vascular endothelial growth fac-
tor expression in endometrial cancer cells. Exp. Mol. Pathol. 74: 276-281

Fusani  L,  Gahr  M, 2006.  Hormonal  influence  on  song  structure  and 
organization: The role of estrogen. Neurosci. 138: 939-946

Fusani  L, Hutchison  JB,  Gahr  M,  2001.  Testosterone  regulates  the 
activity  and  expression  of  aromatase  in  the  canary  neostriatum.  J. 
Neurobiol. 49: 1-8

Fusani  L, Metzdorf  R,  Hutchison  JB,  Gahr  M,  2003.  Aromatase 
inhibition affects testosterone-induced masculinization of song and the 
neural song system in female canaries. J. Neurobiol. 54: 370-379

Gage F, 2000. Mammalian neural stem cells. Science 287: 1433-1438

Gahr  M, 1990a.  Localization  of  androgen  receptors  and  estrogen 
receptors in the same cells of the songbird brain. Proc. Natl. Acad. Sci. 
USA 87: 9445-9448

Gahr  M, 1990b.  Delineation  of  a  brain  nucleus:  comparisons  of 
cytochemical,  hodological,  and  cytoarchitectural  views  of  the  song 
control nucleus HVC of the adult canary. J. Comp. Neurol. 294: 30-36

Gahr M, 1997. How should brain nuclei be delineated? Consequences for 
developmental  mechanisms  and  for  correlations  of  area  size,  neuron 
numbers and functions of brain nuclei. Trends Neurosci. 20: 58-62

Gahr M, 2000. Neural song control system of hummingbirds: comparison 
to  swifts,  vocal  learning  (songbirds)  and  nonlearning  (suboscines) 
passerines, and vocal learning (budgerigars) and nonlearning (dove, owl, 
gull, quail, chicken) nonpasserines. J. Comp. Neurol. 426: 182-196

Gahr M, 2001. Distribution of sex steroid hormone receptors in the avian 
brain:  Functional  implications  for  neural  sex  differences  and  sexual 
behaviors. Microsc. Res. Techn. 55: 1-11

Gahr M, Garcia-Segura LM, 1996. Testosterone-dependent  increase  of 
gap-junctions in HVC neurons of adult female canaries. Brain Res. 712: 
69-73

Gahr  M,  Kosar  E, 1996.  Identification,  distribution  and  development 
changes of a melatonin binding site in the song control system of the 
zebra finch. J. Comp. Neurol. 367: 308-318

Gahr M, Metzdorf R, 1997. Distribution and dynamics in the expression 
of androgen and estrogen receptors in vocal control systems of songbirds. 
Brain Res. Bull. 44: 509-517

Gahr  M, Flügge  G,  Güttinger  HR,  1987.  Immunocytochemical 
localization of estrogen-binding neurons in the songbird brain. Brain Res. 
402: 173-177

Gahr M, Güttinger HR Kroodsma DE, 1993. Estrogen receptors in the 
avian  brain:  survey  reveals  general  distribution  and  forebrain  areas 
unique to songbirds. J. Comp. Neurol. 327: 112-122

Gahr M, Metzdorf R, Aschenbrenner S, 1996. The ontogeny of the canary 
HVc revealed  by the expression of androgen and oestrogen receptors. 
Neuroreport 8: 311-315

Gahr M, Sonnenschein E, Wickler W, 1998. Sex difference in the size of 
the neural song control regions in a dueting songbird with similar song 
repertoire size of males and females. J. Neurosci. 18: 1124-1131

Gahr M, Leitner S, Fusani L, Rybak F, 2002. What is the adaptive role of 
neurogenesis  in  adult  birds?  In:  Progress  in  Brain  Research,  Vol  138 
(Hofman MA, Boer GJ, Holtmaat AJGD, et al., Eds.), pp. 233-254

Garcia-Verdugo JM, Doetsch F, Wichterle H, Lim DA, Alvarez-Buylla A, 
1998.  Architecture  and cell  types  of  the  adult  subventricular  zone:  in 
search of the stem cells. J. Neurobiol. 36: 234-248

153



Gardner  TJ, Naef  F,  Nottebohm  F,  2005.  Freedom  and  rules:  The 
acquisition and reprogramming of a bird’s learned song. Science 308: 
1046-1049

Garrido G, Saule S, Gospodarowicz D, 1993. Transcriptional regulation 
of vascular endothelial growth factor gene expression in ovarian bovine 
granulosa cells. Growth Factors 8: 109-117

Gensburger  C, Labourdette  G,  Sensenbrenner  M,  1987.  Brain  basic 
fibroblast  growth  factor  stimulates  the  proliferation  of  rat  neuronal 
precursor cells in vitro. FEBS Lett. 217: 1-5

Gentner  TQ, Hulse SH, Duffy D,  Ball  GF,  2001. Response biases  in 
auditory forebrain  regions of  female  songbirds  following exposure  to 
sexually relevant variation in male song. J. Neurobiol. 46: 48-58

Gerber  HP, Condorelli  F,  Park  J,  Ferrara  N,  1997.  Differential 
transcriptional regulation of the two vascular endothelial growth factor 
receptor genes, Flt-1, but not Flk-1/KDR, is up-regulated by hypoxia. J. 
Biol. Chem. 272: 23659-23667 

Gibbs  RB, 1997.  Effects  of  estrogen  on  basal  forebrain  cholinergic 
neurons vary as a function of dose and duration of treatment. Brain Res. 
757: 10-16

Gibbs  RB,  Pfaff  DW, 1992.  Effects  of  estrogen  and  fimbria/fornix 
transection on p75NGFR and ChAT expression in the medial septum and 
diagonal band of Broca. Exp. Neurol. 116: 23-39

Gibbs  RB, Wu  D,  Hersh  LB,  Pfaff  DW,  1994.  Effects  of  estrogen 
replacement on the relative levels of choline acetyltransferase, TrkA, and 
nerve  growth  factor  messenger  RNAs  in  the  basal  forebrain  and 
hippocampal formation of adult rats. Exp. Neurol. 129: 70-80 

Gille H, Kowalski J, Yu L, Chen H, Pisabarro MT, Davis-Smyth T, et al., 
2000.  A repressor  sequence  in  the  juxtamembrane  domain  of  Flt-1 
(VEGFR-1)  constitutively inhibits  vascular  endothelial  growth  factor-
dependent phosphatidylinositol 3’-kinase activation and endothelial cell 
migration. EMBO J. 19: 4064-4073

Gille H, Kowalski J, Li B, LeCouter J, Moffat B, Zioncheck TF, et al., 
2001.  Analysis  of  biological  effects  and  signaling  properties  of  Flt-1 
(VEGFR-1) and KDR (VEGFR-2). A reassessment using novel receptor-
specific vascular endothelial growth factor mutants. J. Biol. Chem. 276: 
3222-3230 

Gimbrone MA Jr, Leapman SB, Cotran RS, Folkman J,  1972. Tumor 
dormancy in vivo by prevention of neovascularization. J. Exp. Med. 136: 
261-276

Glaze CM, Troyer TW, 2006. Temporal structure in zebra finch song: 
implications for motor coding J. Neurosci. 26: 991-1005

Gleich O, Manley GA, 2000. The hearning organ of birds and crocodilia. 
In:  Comparative  hearing:  Birds  and  Reptiles  (Dooling  RJ,  Fay  RR, 
Popper AN, Eds.), Slinger-Verlag, New York, pp. 3-13

Gleich O, Dooling RJ, Manley GA, 1994a. Inner-ear abnormallities and 
their functional consequences in Belgain Watersalger canaries (Serinus  
canaria). Hear. Res. 79: 123-136

Gleich  O, Klump  G,  Dooling  RJ,1994b.  Hereditary  sensori-neural 
hearing loss in a bird. Naturwissensch. 81: 320-323

Gleich O, Dolling RJ, Ryals B, 2001. A quantitative analysis of the nerve 
fibers  in  the  VIIth  nerve  of  Belgian  Waterslager  canaries  with  a 
hereditary sensorineural hearing loss. Hear. Res. 151: 141-148

Goldman JM, Melo JV, 2003. Chronic myeloid leukemia-advances  in 
biology and new approaches to treatment. N. Engl. J. Med. 349: 1451-
1464

Goldman SA, Nottebohm F, 1983. Neuronal production, migration, and 
differentiation  in  a  vocal  control  nucleus  of  the  adult  female  canary 
brain. Proc. Natl. Acad. Sci. USA. 80: 2390-2394

Goldman SA, 1998. Adult Neurogenesis: From Canaries to the Clinic. J. 
Neurobiol. 36: 267-286

Goldman SA, Nottebohm F, 1983.  Neuronal production, migration, and 
differentiation in a vocal control nucleus of the adult female canary brain. 
Proc. Natl. Acad. Sci. USA 80: 2390-2394

Goldman SA, Luskin MB, 1998. Strategies utilized by migrating neu-
rons of the postnatal vertebrate forebrain. Trends Neurosci. 21: 107-114

Goldman C, Kim J, Wong W-L, King V, Brock T, Gillespie G, 1993. 
Epidermal  growth  factor  stimulates  vascular  endothelial  growth  factor 
production by human malignant glioma cells:  a model of glioblastoma 
multiforme pathophysiology. Mol. Biol. Cell 4: 121-133 

Goldman SA, Zukhar A, Barami K, Mikawa T, Niedzwiecki D, 1996. 
Ependymal/subependymal  zone  cells  of  postnatal  and  adult  songbird 
brain generate both neurons and nonneuronal siblings in vitro and in vivo. 
J. Neurobiol. 30: 505-520

Goldstein  JS,  Sites  CK, 2002.  Selective  modulation  of  sex  steroids. 
Ageing Res. Rev. 1: 17-28

Gomez-Pinilla F, Dao L, Vannarith  S, 1997. Physical exercise induces 
FGF-2 and its mRNA in the hippocampus. Brain Res. 764: 1-8 

Gomez-Pinilla F, So V, Kesslak JP, 1998. Spatial learning and physical 
activity  contribute  to the  induction of  fibroblast  growth factor:  neural 
substrates for increased cognition associated with exercise. Neuroscience 
85: 53–61

Gorski  JA, Zeiler  SR,  Tamowski  S,  Jones  KR,  2003.  Brain-derived 
neurotrophic factor is required for the maintenance of cortical dendrites. 
J. Neurosci. 23: 6856-6865

Goto F, Goto K,  Weindel  K,  Folkman J,  1993.  Synergistic effects  of 
vascular endothelial growth-factor and basic fibroblast growth factor on 
the proliferation and cord formation of bovine capillary endothelial cells 
within collagen gels. Lab. Invest. 69: 508-517

Gould  E,  Gross  CG, 2002.   Neurogenesis  in  adult  mammals:  some 
progress and problems. J. Neurosci. 22: 619-623

Gould E, Tanapat P, McEwen BS, Flugge G, Fuchs E, 1998. Prolifera-
tion of granule cell precursors in the dentate gyrus of adult monkeys is 
diminished by stress. Proc. Natl. Acad. Sci. USA 95: 3168-3171

Gould E, Reeves AJ, Fallah M, Tanapat P, Gross CG, Fuchs E, 1999a. 
Hippocampal  neurogenesis  in  adult  Old  World  primates.  Proc.  Natl. 
Acad. Sci. USA 96: 5263-5267

Gould E, Reeves AJ, Graziano MS, Gross CG, 1999b. Neurogenesis in 
the neocortex of adult primates. Science 286: 548-552 

Gould E, Beylin  A,  Tanapat  P,  Reeves A,  Shors  TJ,  1999c.  Learning 
enhances  adult  neurogenesis  in  the  hippocampal  formation.  Nature 
Neurosci. 2: 260-265

Gould E, Panapat, Rydel T, Hastings N, 2000. Reglation of hippocampal 
neurogenesis in adulthood. Biol. Psych. 48: 715-720

Gould  E, Vail  N,  Wagers  M,  Gross  CG,  2001.  Adult-generated 
hippocampal  and  neocortical  neurons  in  macaques  have  a  transient 
existence. Proc. Natl. Acad. Sci. USA 98: 10910-10917

Gratzner  HG, 1982.  Monoclonal  antibody  to  5-bromo-  and  5-
iododeoxyuridine:  a  new  reagent  for  detection  of  DNA  replication. 
Science 218: 474-475

Greenberg  DA,  Jin  K, 2005.  From  angiogenesis  to  neuropathology. 
Nature 438: 954-959

Greenblatt M, Shublik P, 1968. Tumor angiogenesis: transfilter diffusion 
studies in the hamster. J. Natl. Cancer Inst. 41: 111-124

Greene LA, Kaplan DR, 1995). Early events in neurotrophin signalling 

154



via Trk and p75 receptors. Current Opinion in Neurobiology 5: 579-587

Greenwalt CH, 1968. Bird song: Acoustics and physiology. Washington, 
Smithsonian Institute Press

Griffin DR, 1954. Acoustic orientation in the oil bird,  Steatornis. Proc. 
Natl. Acad. Sci. USA 39: 884–893

Griffin  DR,  Suthers  RA, 1970.  Sensitivity  of  echolocation  in  cave 
swiftlets. Biol. Bull. 139: 495–501

Griffin DR, Thompson D, 1982. Echolocation by cave swiftlets. Behav. 
Ecol. Sociobiol. 10: 119–123

Griffioen  AW,  Molema  G, 2000.  Angiogenesis:  potentials  for 
pharmacologic  intervention in  the  treatment  of  cancer,  cardiovascular 
diseases, and chronic inflammation. Pharmacol. Rev. 52: 237-268

Gritti A, Bonfanti L, Doetsch F, Caille I, Alvarez-Buylla A, Lim DA, et 
al., 2002. Multipotent neural stem cells reside into the rostral extension 
and OB of adult rodents. J. Neurosci. 22: 437-445

Gross CG, 2000.  Neurogenesis  in  the  adult  brain:  death  of a  dogma. 
Nature Rev. Neurosci. 1: 67-73

Guilford T, 1995. Animal signals:  all honesty and light? Trends Ecol. 
Evol. 10: 100-101

Gupta  MP, Gupta  M,  Zak  R,  Sukhatme  VP,  1991.  Egr-1,  a  serum-
inducible zinc finger protein, regulates transcription of the rat cardiac-
myosin heavy chain gene. J. Biol. Chem. 266: 12813-12816

Gustafsson T, Kraus WE, 2001. Exercise-induced angiogenesis-related 
growth  and  transcription  factors  in  skeletal  muscle,  and  their 
modification in muscle pathology. Front. Biosci. 6: d75-d89

Gustafsson E, Lindvall O, Kokaia Z, 2003. Intraventricular infusion of 
TrkB-Fc fusion protein promotes ischemia-induced neurogenesis in adult 
rat dentate gyrus. Stroke 34: 2710-2715

Güttinger  HR, 1979.  The  integration  of  leant  and  genetically 
programmed behaviour: A study of hierarchical organization of songs in 
canaries, greenfinches and their hybrids. Z. Tierpsychol. 49: 285-303

Güttinger HR, 1981. Self-differentiation of song organization rules by 
deaf canaries. Z. Tierpsychol. 56: 323-340

Güttinger  HR, 1985.  Consequences  of  domestication  on  the  song 
structures in the canary. Behaviour 92: 255-278

Güttinger  HR,  Wolffgramm  J,  Thimm  F,  1978.  The  relationships 
between species specific song programs and individual learning in song 
birds: a study of individual variation in songs of canaries, greenfinches 
and hybrids between the two species. Behaviour 65: 241-262

Güttinger HR, Fuchs H, Schwager G, 1990. Das Gesanglernen und seine 
Beziehung  zur  Gehirnentwicklung  beim  Kanarienvogel  (Serinus  
canaria). Die Vogelwarte 35: 287-300

Guzowski JF, Setlow B, Wagner EK, McGaugh JL, 2001. Experience-
dependent gene expression in the rat hippocampus after spatial learning: 
a  comparison on  the  immediate-early  genes arc,  c-fos,  and  zif268.  J. 
Neurosci. 21: 2089-2098

Haas TL, Milkiewicz M, Davis SJ, Zhou AL, Egginton S, Brown MD, et 
al.,  2000.  Matrix  metalloproteinase  activity  is  required  for  activity-
induced angiogenesis in rat skeletal muscle. Am. J. Physiol. Heart Circ. 
Physiol. 279: H1540-H1547

Hahnloser RH, Kozhevnikov AA, Fee MS. 2002. An ultra-sparse code 
underlies the generation of neural sequences in a songbird. Nature 419: 
65-70

Hall  ML, 2004.  A review  of  hypotheses  for  the  functions  of  avian 
duetting. Behav. Ecol. Sociobiol. 55: 415-430

Hall  WS, Cohen  PL,  Brauth  SE,  1993.  Auditory  projections  to  the 
anterior telencephalon in the budgerigar (Melopsittacus undulatus). Brain 
Behav. Evol. 41: 97-116

Hall  D, Dhilla  A, Charalambous A, Gogos JA, Karayiorgou M, 2003. 
Sequence variants of the brain-derived neurotrophic factor (BDNF) gene 
are strongly associated with obsessive-compulsive disorder. Am. J. Hum. 
Genet. 73: 370-376

Halle F, Gahr M, Kreutzer M, 2003. Effects of unilateral lesions of HVC 
on song patterns of male domesticated canaries. J. Neurobiol. 56: 303-
314

Halliday T, 2000. Do frogs make good canaries? Biologist 47:143-146

Hanahan D, Folkman J, 1996. Patterns and emerging mechanisms of the 
angiogenic switch during tumorigenesis. Cell 86: 353-364.

Hanover RJL, Huang ZJ, Tonegawa S, Stryker MP, 1999. Brain-derived 
neurotrophic factor over-expression induces precocious critical period in 
mouse visual cortex. J. Neurosci. 19: RC40: 1-5

Hansen-Smith F, 1988. Fluorescent  delineation of microvessels  in thin 
muscle preparations and mesentery. FASEB J. 2: A1189

Harada S, Rodan S, Rodan G, 1995. Expression and regulation of vascu-
lar endothelial growth factor in osteoblasts. Clin. Ortho. 313: 76-80

Harding  CF, 2004.  Hormonal  modulation  of  singing:  hormonal 
modulation of the songbird brain and singing behavior. Ann. N.Y. Acad. 
Sci. 1016: 524-539

Hartley RS, 1990. Expiratory muscle activity during song production in 
the canary. Resp. Physiol. 81: 177-188

Hartley  RS,  Suthers  RA, 1990.  Lateralization  of  syringeal  function 
during song production in the canary, J. Neurobiol. 21: 1236-1248

Harzsch S, Dawirs RR, 1996. Neurogenesis in the developing crab brain: 
postembryonic generation of neurons persists beyond metamorphosis.  J. 
Neurobiol. 29: 384-398

Hashimoto K, Shimizu E,  Iyo M, 2004.  Critical  role  of brain-derived 
neurotrophic factor in mood disorders.  Brain Res.  Brain Res.  Rev.  45: 
104-114

Hastings NB, Gould E, 1999. Rapid extension of axons into the CA3 
region by adult-generated granule cells. J. Comp. Neurol. 413: 146-154 

Hattori K, Heissig B, Wu Y, Dias S,  Tejada R,  Feffis B, et  al.,  2002. 
Placental  growth  factor  reconstitutes  hematopoiesis  by  recruiting 
VEGFR1(+)  stem  cells  from  bone-marrow  microenvironment.  Nature 
Med. 8: 841-849

Haubensak  W, Narz  F,  Heumann  R,  Leßmann  V,  1998.  BDNF-GFP 
containing secretory granules  are  localized  in  the  vicinity  of  synaptic 
junctions of cultured cortical neurons. J. Cell Sci. 111: 1483-1493

Hausberger  M, Henry  L,  Richard  MA,  1995.  Testosterone-induced 
singing  in  female  European  starlings  (Sturnus vulgaris).  Ethology 99: 
193-208

Hayes NL, Nowakowski RS, 2000. Exploiting the dynamics of S-phase 
tracers  in  developing  brain:  interkinetic  nuclear  migration  for  cells 
entering versus leaving the S-phase. Dev. Neurosci. 22: 44-55

Heid P, Güttinger H-R, Prove E, 1985.  The influence of castration and 
testosterone replacement on the  song architecture of  canaries  (Serinus  
canaria). Z. Tierpsychol. 69: 224-236

Heisenberg M, 1998. What do the mushroom bodies do for the iInsect 
brain? An Introduction Learn. Mem. 5: 1-10

Heldin  C, 1995.  Dimerization  of  cell  surface  receptors  in  signal 
transduction. Cell 80: 213-223

155



Hellweg R, Lohmann P, Huber  R, Kuhl A, Riepe MW, 2006.  Spatial 
navigation  in  complex  and  radial  mazes  in  APP23  animals  and 
neurotrophin  signaling  as  a  biological  marker  of  early  impairment. 
Learn. Mem. 13: 63-71

Hennequin LF, Thomas AP, Johnstone C, Stokes ES, Ple PA, Lohmann 
JJ, et al., 1999. Design and structure-activity relationship of a new class 
of potent VEGF receptor tyrosine kinase inhibitors. J. Med. Chem. 42: 
5369-5389

Henry L, Hausberger M, 2001. Differences in the social context of song 
production in captive male and female European starlings. C. R. Acad. 
Sci. III 324: 1167-1174

Herrick EH, Harris  HO, 1957.  Singing female canaries.  Science 125: 
1299-1300

Hicklin DJ,  Ellis  LM, 2005.  Role  of  the  vascular  endothelial  growth 
factor pathway in tumor growth and angiogenesis.  J. Clin. Oncol.. 23: 
1011-1027

Hidalgo A, Barami K, Goldman SA, 1995. Estrogens and non-estrogenic 
ovarian influences combine to promote the recruitment and decrease in 
turnover of new neurons in the adult female canary brain.  J. Neurobiol. 
27: 470-487

Hile G, Plummer TK, Striedter GF, 2000. Male vocal imitation produces 
call  convergence  during  pair  bonding  in  budgerigars,  melopsittacus 
undulates. Anim. Behav. 59: 1209-1218

Hinde RA, 1969. Bird vocalizations. Cambridge, England: Cambridge 
University Press

Hiratsuka  S, Minowa  O,  Kuno  J,  Noda  T,  Shibuya  M,  1998.  Flt-1 
lacking  the  kinase  domain  is  sufficient  for  normal  development  and 
angiogenesis in mice. Proc. Natl. Acad. Sci. USA 95: 9349-9354

Hoelzel AR, 1986. Song characteristics and response to playback of male 
and female robins Erithacus rubecula. Ibis 128: 115-127

Hojo Y, Hattori TA, Enami T, Furukawa A, Suzuki K, Ishii HT, et al., 
2004.  Adult  male  rat  hippocampus  synthesizes  estradiol  from 
pregnenolone  by  cytochromes  P45017alpha  and  P450  aromatase 
localized in neurons. Proc. Natl. Acad. Sci. USA. 101: 865-870

Holsinger RM, Schnarr  J, Henry P, Castelo VT, Fahnestock M, 2000. 
Quantitation of BDNF mRNA in human parietal cortex by competitive 
reverse  transcription-polymerase  chain  reaction:  decreased  levels  in 
Alzheimer's disease. Brain Res. Mol. Brain Res. 76: 347-354

Holzenberger M, Jarvis E, Chong C, Grossman M, Nottebohm F, Scharff 
C,  1997.  Selective  expression  of  insulin-like  growth  factor  II  in  the 
songbird brain. J. Neurosci. 17: 6974-6987

Horch HW, Kruttgen A, Portbury SD, Katz LC, 1999. Destabilization of 
cortical dendrites and spines by BDNF. Neuron 23: 353-364

Horn HS, 1966. Measurement  of "overlap" in comparative ecological 
studies. American Naturalist 180: 419-424

Hoshino T, 1975. An electron microscopic study of the otolithic maculae 
of the lamprey (Entosephenus japonicus). Acta Otolaryngol. 80: 43-53

Hoshooley  JS,  Sherry  DF, 2007.  Greater  hippocampal  neuronal 
recruitment  in  food-storing  than  in  non-food-storing  birds.  Develop. 
Neurobiol. 67: 406-414

Houck KA, Ferrara N, Winer J, Cachianes G, Li B, Leung DW, 1991. 
The vascular endothelial growth factor family: identification of a fourth 
molecular species and characterization of alternative splicing of RNA. 
Mol. Endocrimol. 5: 1806-1814

Howell SNG,  Webb  S,  1994.  A Guide  to  the  Birds  of  Mexico  and 
Northern Central America. Oxford University Press

Howells DW, Porritt MJ, Wong JY, Batchelor PE, Kalnins R, Hughes AJ, 

et al., 2000. Reduced BDNF mRNA expression in the Parkinson's disease 
substantia nigra. Exp. Neurol. 166: 127-135

Huang EJ, Reichardt  LF, 2003. Trk receptors: roles in neuronal signal 
transduction. Ann. Rev. Biochem. 72: 609-642

Hulse SH, Cynx J, 1985. Relative pitch pitch perception is constrained by 
absolute pitch in songbirds (Mimus, Molothrus, and  Sturnus). J. Comp. 
Psychol. 99: 176-196

Hume WJ, Saffhill R, 1986. Iodo- and bromo-deoxyuridine are excised at 
different rates from DNA of mouse tongue keratinocytes in vitro. Chem. 
Biol. Interact. 60: 227-232

Hunt SP, Pini A, Evans G, 1987. Induction of c-fos-like protein in spinal 
cord neurons following sensory stimulation. Nature 328: 632-634

Hutchison  JB,  Stiemer  T, 1984.   Androgen  metabolism  in  the  brain: 
behavioral correlates. Progr. Brain Res. 61: 23–51

Ide K, Secher  NH, 2000. Cerebral  blood flow and metabolism during 
exercise. Prog. Neurobiol. 61: 397-414

Ide  AG,  Baker  NH,  Warren  SL,  1939.  Vascularization  fo  the  Brown 
Pearce  rabbit  epithelioma  transplants  as  seen  in  the  transparent  ear 
chamber. Am. J. Roentgenol. 42: 891-899

Ikeda N, Nakajima Y, Sho M, Adachi M, Huang CL, Iki K, et al., 2001. 
The association of K-ras gene mutation and vascular endothelial growth 
factor gene expression in pancreatic carcinoma. Cancer. 92: 488-499

Immelmann K, 1969.  Song development  in  the  zebra  finch  and other 
estrildid  finches.  In:  Bird  vocalizations:  Their  relations  to  current 
problems  in  biology  and  psychology  Hinde  RA,  ed)  Cambridge: 
Cambridge University Press. pp 61-74

Inoue  A,  Sanes  JR, 1997.  Lamina-specific  connectivity  in  the  brain: 
regulation by N-cadherin,  neurotrophins,  and glycoconjugates.  Science 
276: 1428-1431 

Janas  JD, Cotanche  DA,  Rubel  EW,  1995.  Avian  cochlear  hair  cell 
regeneration:  stereological  analyses  of  damage  and  recovery  from  a 
single high dose of gentamicin. Hear. Res 92: 17-29

Janik VM, Slater JB, 2000. The different roles of social learning in vocal 
communication. Anim. Behav. 60: 1-11

Jansen R, Metzdorf R, van der Roest M, Fusani L, ter Maat A, Gahr M, 
2005.  Melatonin  affects  the  temporal  organization  of  the  song  of  the 
zebra finch. FASEB J. 19: 848-850

Jarvis E, Nottebohm F, 1997. Motor-driven gene expression. Proc. Natl. 
Acad. Sci. USA 94: 4097-4102

Jarvis E, Schwabl H, Ribeiro S, Mello CV, 1997. Brain gene regulation 
by territorial singing behavior in freely ranging songbirds. Neuroreport 8: 
2073-2077

Jarvis ED, Scharff C, Grossman MR, Ramos JA, Nottebohm F, 1998. For 
whom the  bird  sings:  context-dependent  gene  expression.  Neuron 21: 
775-788 

Jarvis ED, Ribeiro S, da Silva ML, Ventura D, Vielliard J,  Mello CV, 
2000.  Behaviourally  driven  gene  expression  reveals  song  nuclei  in 
hummingbird brain. Nature 406: 628-632

Jiang J, McMurtry J,  Niedzwiecki D, Goldman SA, 1998. Insulin-like 
growth factor-1 is  a  radial  cell-associated  neuro-trophin that  promotes 
neuronal recruitment from the adult songbird edpendyma/subependyma. 
J. Neurobiol. 36: 1-15

Jin  H,  Clayton  DF, 1997.  Localized  changes  in  immediate-early gene 
regulation during sensory and motor learning in zebra finches. Neuron 
19: 1049-1059

Jin KL, Mao XO, Nagayama T, Goldsmith PC, Greenberg DA, 2000a. 

156



Induction of vascular endothelial growth factor and hypoxia-inducible 
factor-1 alpha by global ischemia in rat brain. Neuroscience 99: 577-585 

Jin KL, Mao XO, Nagayama T, Goldsmith PC, Greenberg DA, 2000b. 
Induction  of  vascular  endothial  growth  factor  receptors  and 
phosphatidylinositol  3’-kinase/Akt  singaling  by  global  cerebral 
ischaemia in the rat. Neurosci. 100: 713-717

Jin KL, Mao XO, Greenberg DA, 2000c. Vascular endothelial growth 
factor  rescues  HN33  neural  cells  from  death  induced  by  serum 
withdrawal. J. Mol. Neurosci. 14: 197-203

Jin  K, Mao XO,  Batteur  SP,  McEachron E,  Leahy A,Greenberg DA, 
2001.  Caspase-3  and  the  regulation  of  hypoxic  neuronal  death  by 
vascular endothelial growth factor. Neuroscience 108: 351-358

Jin KL, Zhu Y, Sun Y, Mao XO, Xie L, Greenberg DA, 2002. Vascular 
endothelial growth factor (VEGF) stimulates neurogenesis  in vitro and 
in vivo. Proc. Natl. Acad. Sci. USA 99: 11946-11950

Jin  K, Sun Y,  Xie  L,  Batteur  S,  Mao XO, Smelick C,  et  al.,  2003a. 
Neurogenesis and aging:  FGF-2 and HB-EGF restore neurogenesis  in 
hippocampus and subventricular zone pf aged mice. Aging Cell 2: 175-
183

Jin K, Xie L, Childs J, Sun Y, Mao XO, Logvinova A, et al.,  2003b. 
Cerebral neurogenesis is induced by intranasal administration of growth 
factors. Ann. Neurol. 53: 405-409

Jin K, Sun Y, Xie L, Peel A, Mao XO, Batteur S, et al. 2003c. Directed 
migration of neuronal precursors into the ischemic cerebral cortex and 
striatum. Mol. Cell. Neurosci. 24: 171-189

Jin K, Peel AL, Mao XO, Xie L, Cottrell BA, Henshall DC, et al., 2004. 
Increased hippocampal neurogenesis in Alzheimer's disease.  Proc. Natl 
Acad. Sci. USA 101: 343-347

Johansson CB, Svensson M, Wallstedt L, Janson AM, Frisen J,  1999. 
Neural stem cells in the adult human brain. Exp. Cell Res. 253: 733-736

Johe KK, Hazel  TG,  Muller  T,  Dugich-Djordjevic  MM, McKay RD, 
1996. Single factors direct the differentiation of stem cells from the fetal 
and adult central nervous system. Genes Dev. 10: 3129-3140

Johnson F, Bottjer S, 1995. Differential  estrogen accumulation among 
populations of  projection neurons in  the  higher  vocal  center  of  male 
canaries. J. Neurobiol. 26: 87-108

Johnson D, Lanahan A, Buck CR, Sehgal A, Morgan C, Mercer E., et al., 
1986.  Expression and structure  of  the  human NGF receptor.  Cell 47: 
545-554 

Johnson  F, Hohmann SE, DiStefano PS, Bottjer SW, 1997. Neurotro-
phins suppress apoptosis induced by deafferentiation of an avian motor-
cortical region. J. Neurosci. 17: 2101-2111

Johnstone  RA, 1995.  Sexual  selection,  honest  advertisement  and  the 
handicap principle: reviewing the evidence. Biol. Rev. 70: 1–65

Jones MW, Errington ML, French PJ, Fine A, Bliss TVP, Garel S, et al., 
2001.  A  requirement  for  the  immediate  early  gene  Zif268  in  the 
expression of  late  LTP and the  consolidation of  long-term memories. 
Nature Neurosci. 4: 289-296

Joo YE, Rew JS,  Seo YH, Choi SK, Kim YJ,  Park CS, et  al.,  2003. 
Cyclooxygenase-2 over-expression correlates  with vascular  endothelial 
growth factor expression and tumor angiogenesis  in  gastric cancer.  J. 
Clin. Gastroenterol. 37: 28-33

Jorgensen  JM,  Mathiesen  C, 1988.  The  avian  inner  ear:  continuous 
production  of  hair  cells  in  vestibular  sensory  organs,  but  not  in  the 
auditory papilla. Naturwissenschaften 75: 319–320

Kafitz  KW, Rose  CR,  Thoenen  H,  Konnerth  A,  1999.  Neurotrophin-
evoked rapid excitation through TrkB receptors. Nature 401: 918-921

Kaplan  MS, 1983.  Proliferation  of  subependymal  cells  in  the  adult 
primate  CNS:  differential  uptake  of  DNA  labelled  precursors.  J. 
Hirnforsch. 24: 23-33

Kaplan  MS,  Hinds  JW, 1977.  Neurogenesis  in  the  adult  rat:  electron 
microscopic analysis of light radioautographs. Science 197: 1092-1094

Karege F, Perret  G,  Bondolfi  G,  Schwald M, Bertschy G,  Aubry JM, 
2002. Decreased serum brain-derived neurotrophic factor levels in major 
depressed patients. Psychiatry Res. 109: 143-148

Karkkainen MJ, Makinen T, Alitalo K, 2002. Lymphatic endothelium: a 
new frontier of metastases research. Nat. Cell Biol. 4: E2-E5

Karten YJG, Olariu A, Cameron HA, 2005. Stress in early life inhibits 
neurogenesis in adulthood. Trends Neurosci. 28: 171-172

Karth MG, Higuchi WI, Fox JL, 1985. Direct membrane method for the 
study of interface-controlled transport of cholesterol in aqueous media. J. 
Pharm. Sci. 74: 612-617

Katoh-Semba R, Asano T, Ueda H, Morishita R, Takeuchi IK, Inaguma Y, 
et al., 2002. Riluzole enhances expression of brain-derived neurotrophic 
factor with consequent proliferation of granule precursor cells in the rat 
hippocampus. FASEB J. 16: 1328-1330

Katz  LC,  Shatz  CJ, 1996.  Synaptic  activity  and  the  construction  of 
cortical circuits. Science 274: 1133-1138

Kaya D, Gursoy-Ozdemir Y, Yemisci M, Tuncer N, Aktan S, Dalkara T, 
2005.  VEGF protects  brain  against  focal  ischemia  without  increasing 
blood–brain permeability when administered intracerebroventricularly. J. 
Cereb. Blood Flow Metab. 25: 1111-1118

Kempermann G, Kuhn HG, Gage FH, 1997. More hippocampal neurons 
in adult mice living in an enriched environment. Nature 386: 493-495

Kempermann G, Brandon EP, Gage FH, 1998. Environmental stimulation 
of 129/SvJ mice results in increased cell proliferation and neurogenesis in 
the adult dentate gyrus. Curr. Biol. 8: 939-942

Kempermann G, Gast D, Kronenberg G, Yamaguchi M, Gage FH, 2003. 
Early  determination  and  long-term  persistence  of  adultgenerated  new 
neurons in the hippocampus of mice. Development 130: 391-399

Kempermann  G, Jessberger  S,  Steiner  B,  Kronenberg  G.  2004a. 
Milestones of neuronal development in the adult hippocampus. Trends 
Neurosci 27: 447-452

Kempermann G, Wiskott L, Gage FH, 2004b. Functional significance of 
adult neurogenesis. Curr. Opin. Neurobiol. 14: 186-191

Kendall  RL, Thomas KA, 1993. Inhibition of vascular endothelial cell 
growth  factor  activity  by  an  endogenously  encoded  soluble  receptor. 
Proc. Natl. Acad. Sci. USA 90: 10705-10709

Kendall R, Wang G, Thomas K, 1996. Identification of a natural soluble 
form of the vascular endothelial growth factor receptor,  FLT-1, and its 
heterodimerization with KDR. Biochem. Biophys. Res.  Commun. 226: 
324-328

Kern MD, King JR, 1972. Testosterone-induced singing in female white-
crowned sparrows. Condor 74: 204-209

Kilner RM, 2001. A growth cost of begging in captive canary chicks. 
Proc. Natl. Acad. Sci. USA 98: 11394-11398

Kim H, Li Q, Hempstead B, Madri  JA, 2004. Paracrine and autocrine 
functions of BDNF and NGF in brain-derived endothelial cells. J. Biol. 
Chem. 279: 33538-33546

King  AP,  West  MJ, 1983.  Epigenesis  of  cowbird  song  –  A  joint 
endeavous of the males and females. Nature 305: 704-706

Kirn JR, DeVoogd TJ, 1989. Genesis and death of vocal control neurons 
during sexual differentiation in the zebra finch. J. Neurosci. 9: 3176-3187

157



Kirn JR, Nottebohm F, 1993. Direct evidence for loss and replacement of 
projection neurons in adult canary brain. J. Neurosci. 13: 1654-1663

Kirn JR, Alvarez-Buylla A, Nottebohm F, 1991. Production and survival 
of projection neurons in a forebrain vocal center of adult male canaries. 
J. Neurosci. 11: 1756-1762 

Kirn JR, O’Loughlin B, Kasparian S, Nottebohm F, 1994. Cell death and 
neuronal recruitment in the high vocal center of adult male canaries are 
temporally related to changes in song. Proc. Natl. Acad. Sci. USA 91: 
7844-7848

Kirn JR, Fishman Y, Sasportas K, Alvarez-Buylla A, Nottebohm F, 1999. 
The fate of new neurons in adult canary high vocal center during the first 
30 days after their formation. J. Comp. Neurol. 411: 487-494

Kirschenbaum B, Goldman SA, 1995. Brain-derived neurotrophic factor 
promotes  the  survival  of  neurons  arising  from the  adult  rat  forebrain 
subependymal zone. Proc. Natl. Acad. Sci. USA 92: 210-214

Kittelberger  JM,  Mooney  R,  2005.  Acute  injections  of  brain-derived 
neurotrophic factor in a vocal premotor nucleus reversibly disrupt adult 
birdsong stability and trigger syllable deletion. J. Neurobiol. 62: 406-424

Kling  JW,  Stevenson  J, 1977.  Development  of  song  and  reinforcing 
effects of song in female chaffinches. Anim. Biol. 25: 215-220

Kokaia Z, Lindvall O, 2003. Neurogenesis after ischemic brain insults. 
Curr. Opin. Neurobiol. 13: 127-132

Koketsu D, Mikami A, Miyamoto Y, Hisatsune T, 2003. Nonrenewal of 
neurons  in  the  cerebral  neocortex  of  adult  macaque  monkeys.  J. 
Neurosci. 23: 937-942 

Kokoeva M, Yin H, Flier JS, 2005. Neurogenesis in the hypothalamus of 
adult mice: potential role in energy balance. Science 310: 679-683 

Kolbeck  R, Bartke  I,  Eberle  W,  Barde  YA,  1999.  Brain-derived 
neurotrophic  factor  levels  in  the  nervous  system  of  wild-type  and 
neurotrophin gene mutant mice. J. Neurochem. 72: 1930-1938

Konishi  M, 1965.  The  role  of  auditory  feedback  in  the  control  of 
vocalization in the white-crowned sparrow. Z. Tierpsychol. 22: 770-783

Konishi  M, 1969.  Hearing,  single-unit  analysis,  and  vocalizations  in 
songbirds. Science 166: 1178-1181

Konishi  M, 1985.  Birdsong:  from  behavior  to  neuron.  Annu.  Rev. 
Neurosci. 8: 125-170

Konishi M, Akutagawa E, 1985. Neuronal growth, atrophy and death in 
a sexually dimorphic song nucleus in the zebra finch brain. Nature 315: 
145-147

Konishi M, Knudsen EI, 1979. The Oilbird: Hearing and echolocation. 
Science 204: 425-427

Konishi T, Huang CL, Adachi M, Taki T, Inufusa H, Kodama K, et al., 
2000. The K-ras gene regulates vascular endothelial growth factor gene 
expression in non-small cell lung cancers. Int. J. Oncol. 16: 501-511

Kornack, DR,  Rakic  P,  1999.  Continuation  of  neurogenesis  in  the 
hippocampus of the adult macaque monkey. Proc. Natl. Acad. Sci. USA 
96: 5768-5773

Kornack   DR,  Rakic  P, 2001a.  The  generation,  migration,  and 
differentiation of olfactory neurons in the adult primate brain. Proc. Natl. 
Acad. Sci. USA 98: 4752-4757  

Kornack DR, Rakic P, 2001b. Cell proliferation without neurogenesis in 
adult primate neocortex. Science 294: 2127-2130

Kreithen  ML, Quine  DB,  1979.  Infrasound  detection  by  the  homing 
pigeon: A behavioral audiogram. J. Comp. Physiol. 129: 1-4

Kretz O, Fester L, Wehrenberg U, Zhou L, Brauckmann S, Zhao S, Pet 

al., 2004. Hippocampal  synapses  depend  on  hippocampal  estrogen 
synthesis. J. Neurosci. 24: 5913-5921

Kreutzer M, Vallet E, 1991. Differences in the response of captive female 
canaries to variation in conspecific and heterospecific songs.  Behaviour 
117: 106-116

Kreutzer M, Vallet E, Nagle L, 1996. Female canaries display to songs of 
early isolated males. Cell. Mol. Life Sci. 52: 277-280

Kriner  E,  Schwalb  H, 1991.  Control  of  winter  song  and  territorial 
aggression  of  female  robins  (Erithacus  rubecula)  by  testosterone. 
Ethology 87: 37-44

Kriss JP, Maruyama Y, Tung LA, Bond SB, Revesz L, 1963. The fate of 
5-bromodeoxyuridine,  5-bromodeoxycytidine,  and  5-iododeoxycytidine 
in man. Cancer Res. 23: 260-268

Kronenberg  G, Reuter  K,  Steiner  B,  Brandt  MD,  Jessberger  S, 
Yamagushi M, et al., 2003.  Subpopulations of proliferating cells of the 
adult hippocampus respond differently to physiologic neurogenic stimuli. 
J. Comp. Neurol. 467: 455-463

Krongrad  A, Wilson  C,  Wilson  J,  Allman  D,  McPhaul  M,  1991. 
Androgen increases androgen receptor protein while decreasing receptor 
mRNA in LNCaP cells. Mol. Cell. Endocrinol. 76: 79-88

Kroodsma D, 1976. Reproductive development in a female song birds: 
Differential stimulation by quality of male song. Science 192: 574-575

Kroodsma DE, 1982.  Learning  and  the  ontogeny  of  sound signals  in 
birds. In: Acoustic communication in birds, Vol. 2: Song learning and its 
consequences (Kroodsma DE and Miller EH, Eds.), New York: Academic 
Press

Kroodsma DE, 1988. Song types and their use: Developmental flexibility 
of the male blue-winged warbler. Ethol. 79: 235-247

Kroodsma  DE,  1989.  Suggested  experimental  designs  for  song 
playbacks. Anim. Behav. 37: 600-609

Kroodsma DE, Canady RA, 1985. Differences in repertoire size, singing 
behavior, and associated neuroanatomy among Marsh Wren Cistothorus 
palustris populations have a genetic basis. Auk 102: 439-446

Kroodsma  DE,  Verner  J, 1978.  Complex  singing  behaviors  among 
Cistothorus wrens. Auk 95: 703-716

Kroodsma  DE, Houlihan  PW,  Fallon  PA,  Wells  JA.  1997.  Song 
development by grey catbirds. Anim. Behav. 54: 457-464

Kubke MF, Dent ML, Hodos W, Carr CE, Dooling RJ, 2002. Nucleus 
magnocellularis and nucleus laminaris in Belgian Waterslager anc normal 
strain canaries. Hearing Res. 164: 19-28

Kucia M, Zhang YP, Reca R, Wysoczynski M, Machalinski B, Majka M, 
et al., 2006. Cells enriched in markers of neural tissue-committed stem 
cells reside in the bone marrow and are  mobilized into the peripheral 
blood following stroke. Leukemia 20: 18-28

Kuhn  HG, Dickinson-Anson  H,  Gage  FH,  1996.  Neurogenesis  in  the 
dentate gyrus of the adult rat: age-related decrease of neuronal progenitor 
proliferation, J. Neurosci. 16: 2027-2033

Kuhn HG, Winkler J, Kempermann G, Thal LJ, Gage FH, 1997. Epider-
mal growth factor and fibroblast growth factor-2 have different effects on 
neural progenitors in the adult rat brain. J. Neurosci. 17: 5820-5829

Kukekov VG, Laywell ED, Suslov O, Davies K, Scheffler  B, Thomas 
LB, et al., 1999. Multipotent stem/progenitor cells with similar properties 
arise from two neurogenic regions of adult human brain. Exp. Neurol. 
156: 333-344

Labrie F, Belanger A, Simard J, Luu-the V, Labrie C, 1995. DHEA and 
peripheral  androgen  and  estrogen  formation:  intracrinology.  Ann.  NY 
Acad. Sci. 774: 16-28.

158



Lafuente  JV, Argandona EG,  Mitre  B,  2006.  VEGFR-2 expression in 
brain  injury: its  distribution related  to brain–blood barrier  markers.  J. 
Neural Transm. 113: 487-496

Lai CS, Fisher SE, Hurst JA, Vargha-Khadem F, Monaco AP, 2001. A 
forkhead-domain  gene  is  mutated  in  a  severe  speech  and  language 
disorder. Nature 413: 519-523

Langmore NE, 1998. Functions of duet and solo songs of female birds. 
Trends in Ecology and Evolution 13: 136-140

Langmore NE, Davies NB, 1997. Female dunnocks use vocalizations to 
compete for males. Anim. Behav. 53: 881-890

Langmore NE, Cockrem JF, Candy EJ, 1996. Female song attracts males 
in the alpine accentor  Prunella collaris. Proc. R. Soc. London Ser.  B 
263: 141-146

Larsen  ON,  Goller  F, 2002.  Direct  observation  of  syringeal  muscle 
function in songbirds and a parrot. J. Exp. Biol. 205: 25-35

LeCouter J, Moritz DR, Li B, Philips GL, Liang XH, Gerber HP, et al., 
2003. Angiogenesis independent endothelial protection of liver: role of 
VEGFR-1. Science 299: 890-893

Lee AL, Ogle WO, Sapolsky RM, 2002a. Stress and depression: possible 
links to neuron death in the hippocampus. Bipolar Disord. 4: 117-128

Lee  J, Duan  W,  Mattson  MP,  2002b.  Evidence  that  brain-derived 
neurotrophic factor is required for basal neurogenesis and mediates, in 
part,  the  enhancement  of  neurogenesis  by  dietary  restriction  in  the 
hippocampus of adult mice. J. Neurochem. 82: 1367-1375 

Legan SJ, Coon GA, Karsch FJ, 1975.  Role of estrogen as initiator of 
daily LH surges in the ovariectomized rat. Endocrinol. 96: 50-56

Lehongre K, Lenouvel P,  Drăgănoiu T, Del Negro C. 2006. Long-term 
effect of isolation rearing conditions on songs of an “open-ended" song 
learner species, the canary. Anim. Behav. 72: 1319-1327

Lein ES, Hohn A, Shatz CJ, 2000. Dynamic regulation of BDNF and 
NT-3 expression during visual  system development. J.  Comp. Neurol. 
420: 1-18

Leitner S, Catchpole CK, 2004. Syllable repertoire and the size of the 
song control system in captive canaries (Serinus canaria). J. Neurobiol. 
60: 21-27 

Leitner S, Catchpole CK, 2007. Song and brain development in canaries 
raised  under  different  conditions of acoustic and social  isolation over 
two years. Develop. Neurobiol. 67: 1478-1487

Leitner  S, Voigt  C,  Garcia-Segura LM, Van't  Hof T, Gahr M, 2001a. 
Seasonal  activation and inactivation of  song motor memories  in  wild 
canaries is not reflected in neuroanatomical changes of forebrain song 
areas. Horm. Behav. 40: 160-168

Leitner S, Voigt C, Gahr M, 2001b. Seasonal changes in the song pattern 
of the non-domesticated island canary (Serinus canaria), a field study. 
Behaviour 138: 885-904

Leitner S, Nicholson J,  Leisler B, DeVoogd TJ, Catchpole CK, 2002. 
Song  and  the  song  control  pathway  in  the  brain  can  develop 
independently of exposure to song in the sedge warbler. Proc. R. Soc. 
Lond. B Biol. Sci. 269: 2519-2524

Leitner S, Voigt C, Metzdorf R, Catchpole CK, 2005.  Immediate early 
gene (ZENK, Arc) expression in the auditory forebrain of female canari-
es varies in response to male song quality. J. Neurobiol. 64: 275-284

Lemaire P, Revelant  O, Bravo R, Charnay P, 1988. Two mouse genes 
encoding  potential  transcription  factors  with  identical  DNA-binding 
domains are  activated by growth factors in  cultured cells.  Proc.  Natl. 
Acad. Sci. USA 85: 4691–4695

Lemaire  V, Koehl  M,  LeMoal  M,  Abrous  DN,  2000.  Prenatal  stress 

produces learning deficits associated with an inhibition of neurogenesis 
in the hippocampus. Proc. Natl. Acad. Sci. USA 97: 11032-11037

Leng T, Miller JM, Bilbao KV, Palanker DV, Huie P, Blumenkranz MS, 
2004. The chick corioallantoic membrane as a model tissue for surgival 
retinal research and simulation. Retina 24: 427-434

Lennmyr F, Ata KA, Funa K, Olssen Y, Terent A, 1998. Expression of 
vascular  endothelial  growth factor (VEGF) and its  receptor  (Flt-1 and 
Flk-1)  following  permanent  and  transient  occlusion  of  the  middle 
cerebral artery in the rat. J. Neuropathol. Exp. Neurol. 57: 874-882

Leonard SL, 1939. Induction of singing in female canaries by injections 
of male hormone. Proc. Soc. Exp. Biol. Med. 41: 229 -230 

Leonardo A,  Konishi  M, 1999.  Decrystallization of  adult  birdsong by 
perturbation of auditory feedback. Nature 399: 466-470

Leuner B, Mendolia-Loffredo S, Kozorovitskiy Y, Samburg D, Gould E, 
Shors TJ, 2004. Learning enhances the survival of new neurons beyond 
the time when the hippocampus is required for memory. J. Neurosci. 24: 
7477-7481

Leventhal C, Rafii S, Rafii D, Shahar A, Goldman SA, 1999. Endothelial 
trophic support  of neuronal production and recruitment from the adult 
mammalian subependyma, Mol. Cell Neurosci. 13: 450-464

Levin  ER, 2002.  Cellular  functions  of  plasma  membrane  estrogen 
receptors. Steroids 67: 471-475

Levinson  DF, 2006.  The  genetics  of  depression:  a  review.  Biol. 
Psychiatry 60: 84-92

Lewin GR, Barde YA, 1996. Physiology of the neurotrophins. Annu. Rev. 
Neuroscience 19: 289-317

Lewis WH., 1927. The vascular pattern of tumors. Johns Hopkins Hosp. 
Bull. 41: 156-162

Li X-C, Jarvis ED,  Alvarez-Borda B,  Lim DA, Nottebohm FA,  2000. 
Relationship between behavior, neurotrophin expression, and new neuron 
survival. Proc. Natl. Acad. Sci. USA 97: 8584-8589 

Li Q, Ford MC, Lavik AB, Madri JA, 2006. Modeling the neurovascular 
niche: VEGF- and BDNF-mediated cross-talk between neural stem cells 
and endothelial cells: an in vitro study. J. Neurosci. Res. 84: 1656-1668

Lie DC, Dziewczapolski G, Willhoite AR, Kaspar BK, Shults CW, Gage 
FH, 2002.  The  adult  substantia  nigra  contains  progenitor  cells  with 
neurogenic potential. J. Neurosci. 22: 6639–6649 

Lie  DC, Song  H,  Colamarino  SA,  Ming  GL,  Gage  FH.  2004. 
Neurogenesis in the adult brain: new strategies for central nervous system 
diseases. Ann. Rev. Pharmacol. Toxicol. 44: 399-421

Lie DC, Colamarino SA, Song HJ, Desire L, Mira H, Consiglio A, et al., 
2005. Wnt signal-ling regulates adult hippocampal neurogenesis. Nature 
437: 1370-1375

Linnarsson S, Willson CA, Ernfors P, 2000. Cell  death in regenerating 
populations of neurons in BDNF mutant  mice.  Brain  Res.  Mol. Brain 
Res. 75: 61-69

Lipkind D, Nottebohm F, Rado R, Barnea A, 2002. Social change affects 
the survival of new neurons in the forebrain of adult songbirds. Behav. 
Brain Res. 133: 31-43 

Liu J, Solway K, Messing RO, Sharp FR, 1998. Increased neurogenesis 
in the dentate gyrus after transient global ischemia in gerbils. J. Neurosci. 
18: 7768-7778

Livingston FS, Mooney R, 1997. Development of intrinsic and synaptic 
properties  in  a  forebrain  nucleus  essential  to  avian  song  learning.  J. 
Neurosci. 17: 8997-9009

Lloyd M, 1967. “Mean crowding” J. Anim. Ecol. 36: 1-30

159



Lobov  IB, Renard  RA,  Papadopoulos  N,  Gale  NW,  Thurston  G, 
Yancopoulos GD, et al., 2007. Delta-like ligand 4 (Dll4) is induced by 
VEGF as a negative regulator of angio-genic sprouting. Proc. Natl. Acad. 
Sci. USA 104: 3219-3224

Lohof AM, Ip NY, Poo MM, 1993.  Potentiation of developing neuro-
muscular synapses by the neurotrophins NT-3 and BDNF. Nature 363: 
350-353

Lois C, Alvarez-Buylla A, 1994. Long-distance neuronal migration in the 
adult mammalian brain. Science 264: 1145-1148

Lois C, Garcia-Verdugo JM, Alvarez-Buylla A, 1996. Chain migration of 
neuronal precursors. Science 271: 978–981

Lom  B,  Cohen-Cory  S, 1999.  Brain-derived  neurotrophic  factor 
differentially  regulates  retinal  ganglion  cell  dendritic  and  axonal 
arborization in vivo. J. Neurosci. 19: 9928-9938

Lombardino  AJ,  Nottebohm, F,  2000.  Age  at  deafening  affects  the 
stability of learned song in adult  male zebra finches.  J.  Neurosci.  20: 
5054-5064

López-García  C, Molowny  A,  García-Verdugo  JM,  Ferrer  I,  1988. 
Delayed postnatal  neurogenesis in  the cerebral  cortex of lizards.  Dev. 
Brain Res. 471: 167-174

Louissaint A Jr., Rao S, Leventhal C, Goldman SA, 2002. Coordinated 
interaction of neurogenesis and angiogenesis in the adult songbird brain. 
Neuron 34: 945-960

Luine V, 1997. Steroid hormone modulation of hippocampal dependent 
spatial memory. Stress 2: 21-36

Luine V, Nottebohm F, Harding C, McEwen BS, 1980. Androgen affects 
cholinergic enzymes in syringeal motor neurons and muscle. Brain Res. 
192: 89-107

Luskin MB, 1993. Restricted proliferation and migration of postnatally 
generated  neurons  derived  from  the  forebrain  subventricular  zone. 
Neuron 11: 173-189

Lutton A, Tjwa M, Moons L, Wu Y, Angelillo-Scherrer A, Liao F, et al. 
2002.  Revascularization  of  ischemic  tissues  by  PlGF  treatment,  and 
inhibition of tumor angiogenes-is, arthritis and athlerosclerosis by anti-
Flt-1. Nature Med. 8: 831-840

Lyden D, Hattori K, Dias S, Costa C, Blaikie P, Butros L, et al., 2001. 
Impaired recruitment of bone-marrow-derived endothelial and haemato-
poietic  precursor cells  blocks tumor  angiogenesis  and growth.  Nature 
Med. 7: 1194-1201

Lynch TP, Cass CE, Paterson AR, 1977. Defective transport of thymidine 
by cultured cells resistant to 5-bromodeoxyuridine. J. Supramol. Struct. 
6: 363-374

Lyons WE, Mamounas LA, Ricaurte GA, Coppola V, Reid SW, Bora SH, 
et  al.,  1999.  Brain-derived neurotrophic factor-deficient  mice  develop 
aggressiveness and hyperphagia in conjunction with brain serotonergic 
abnormalities. Proc. Natl. Acad. Sci. USA 96: 15239-15244

MacDougall-Shackleton SA, Hulse SH, Ball GF, 1998. Neural correlates 
of  singing  behavior  in  male  zebra  finches  (Taeniopygia  guttata).  J. 
Neurobiol. 36: 421-430

Machold R, Hayashi S, Rutlin M, Muzumdar MD, Nery S, Corbin JG, et 
al., 2003. Sonic hedgehog is required for progenitor cell maintenance in 
telencephalic stem cells niches. Neuron 39: 937-950

MacLusky NJ,  Naftolin  F, 1981.  Sexual  differentiation of  the  central 
nervous system. Science 211: 1294-1302.

Madhav TR, Pei Q, Zetterstrom TS, 2001.  Serotonergic cells of the rat 
raphe  nuclei  express  mRNA of  tyrosine  kinase  B  (TrkB),  the  high-
affinity receptor for  brain  derived neurotrophic  factor  (BDNF).  Brain 
Res. Mol. Brain Res. 93: 56-63

Madsen TM, Treschow A, Bengzon J, Bolwig TG, Lindrall O, Tingstrom 
A, 2000. Increased neurogenesis in a model of electroconvulsive therapy. 
Biol. Psych. 47: 1043-1049

Maina  JN, 2000.  What  it  takes  to  fly:  the  satructural  and  functional 
respiratory refinements in birds and bats. J. Exp. Biol. 203: 3045-3064

Maity A, Pore N, Lee J,  Solomon D, O'Rourke DM, 2000. Epidermal 
growth factor receptor transcriptionally up-regulates vascular endothelial 
growth  factor  expression  in  human  glioblastoma  cells  via  a  pathway 
involving phosphatidylinositol 3'-kinase and distinct from that induced by 
hypoxia. Cancer Res. 60: 5879-5886 

Malatesta P, Hartfuss E, Götz M, 2000. Isolation of radial glial cells by 
fluorescent-activated  cell  sorting  reveals  a  neuronal  lineage. 
Development 127: 5253-5263

Malberg  JE, Eisch  AJ,  Nestler  EJ,  Duman  RS,  2000.  Chronic 
antidepressant treatment increases neurogenesis in adult rat hippocampus. 
J. Neurosci. 20: 9104-9110

Mamounas LA, Blue ME, Siuciak JA,  Altar  CA, 1995.  Brain-derived 
neurotrophic factor promotes the survival and sproutting of serotonergic 
axons in rat brain. J. Neurosci. 15: 7929-7939

Manev H, Uz T, Smalheiser NR, Manev R, 2001.  Antidepressants alter 
cell proliferation in the adult brain in vivo and in neural cultures in vitro. 
Eur. J. Pharmacol. 411: 67-70

Manji HK, Drevets WC, Charney DS, 2001. The cellular neurobiology of 
depression. Nature Med. 7: 541-547

Manley GA, 2000. Cochlear mechanisms from a phylogenic viewpoint. 
Proc. Natl. Acad. Sci. USA 97: 11736-11743

Mann  NI,  Slater  PJB, 1995.  Song  tutor  choice  by  zebra  finches  in 
aviaries. Anim. Behav. 49: 811-820

Margoliash D,  1983.  Acoustic  parameters  underlying the  responses  of 
song-specific  neurons  in  the  white-crowned  sparrow.  J.  Neurosci. 3: 
1039-1057

Margoliash D, 1986. Preference for autogenous song by auditory neurons 
in a song system nucleus of the white-crowned sparrow.  J. Neurosci. 6: 
1643-1661

Markakis EA, Gage FH, 1999. Adult-generated neurons in the dentate 
gyrus  send  axonal  projections  to  field  CA3  and  are  surrounded  by 
synaptic vesicles. J. Comp. Neurol. 406: 449-460

Marler P, 1970a. A comparative approach to vocal learning: song devel-
opment in white-crowned sparrows. J. Comp. Physiol. Psychol. 71: 1-25

Marler  P, 1970b.  Birdsong  and  speech  development:  Could  there  be 
parallels? American Scientist 58: 669-673

Marler  P, 1990.  Song  learning:  the  interface  between  behavior  and 
neuroethology. Phil. Trans. R. Soc. Lond. B 329: 109-114

Marler P, 1997. Three models of song learning: Evidence from behavior. 
J. Neurobiol. 33: 501-516

Marler P, Mundinger P, 1971. Vocal learning in birds. In: The ontogeny of 
vertebrate behavior (Molts H, Ed.), New York, Academic Press, pp. 389-
450

Marler  P,  Peters  S, 1981.  Sparrows  learn  adult  song  and  more  from 
memory. Science 213: 780-782

Marler  P,  Peters  S, 1982.  Developmental  overproduction and selective 
attrition: new processes in the epigenesis of bird song. Dev. Psychobiol. 
15: 369-378

Marler P, Peters S, 1987. A sensitive period for song acquisition in the 
song  sparrow,  Melospiza  melodia:  a  case  of  age-limited  learning. 
Ethology 76: 89-100

160



Marler  P,  Tamura  M, 1964.  Culturally  transmitted  pat-terns  of  vocal 
behavior in sparrows. Science 146: 1483-1486

Marler  P, Waser MS, 1977. Role of auditory feedback in canary song 
development. J. Comp. Physiol. Psychol. 91: 8-16

Marler P, Mundinger P, Waser MS, Lutjen A, 1972. Effects of acoustical 
stimulation  and  deprivation  on  song  development  in  the  red-ringed 
blackbird (Agelaius phoeniceus). Anim. Behav. 20: 586-606

Marler  P, Peters  S,  Wingfield  J,  1987,  Correlations  between  song 
squisition,  song  production,  and  plasma  levels  of  testosterone  and 
estradiol in sparrows. J. Neurobiol. 18: 531-548

Marshall GP 2nd, Laywell ED, Zheng T, Steindler DA, Scott EW, 2006. 
In  vitro-derived  "neural  stem  cells"  function  as  neural  progenitors 
without the capacity for self-renewal. Stem Cells 24: 731-738

Marshall-Bal L, Slater PJ, 2004. Duet singing and repertoire use in threat 
signalling of individuals and pairs. Proc. Biol. Sci. 271: S440-S443

Marti HH, Risau W, 1998. Systemic hypoxia changes the organ-specific 
distribution of vascular endothelial growth factor and its receptor. Proc. 
Natl. Acad. Sci. USA 95: 15809-15814

Marti HH, Bernaudin M, Bellail A, Schoch H, Euler M, Petit E, et al., 
2000.  Hypoxia-induced  vascular  endothelial  growth  factor  expression 
precedes neovascularization after cerebral ischemia. Am. J. Pathol. 156: 
965-976

Marty S, da Penha Berzaghi M, Berninger B, 1997. Neurotrophins and 
activity-dependent  plasticity of cortical  interneurons.  Trends Neurosci. 
20: 198-202

Maswood N, Young J, Tilmont E, Zhang Z, Gash DM, Gerhardt GA, Get 
al.,  2004.  Caloric  restriction  increases  neurotrophic  factor  levels  and 
attenuates neurochemical and behavioral deficits in a primate model of 
Parkinson's disease. Proc. Natl. Acad. Sci. USA 101: 18171-18176

Mathieu-Costello  O, 2001.  Muscle  adaptation  to  altitude:  Tissue 
capillarity and capacity for aerobic metabolism. High altitude medicine 
& biology 2: 413-425

Matthews W, Jordan C, Gavin M, Jenkins N, Copeland N, Lemischka I, 
1991. A receptor tyrosine kinase cDNA isolated from a population of 
enriched  primitive  hematopoietic  cells  and  exhibiting  close  genetic 
linkage to c-kit. Proc. Natl. Acad. Sci. 88: 9026-9030 

Mattson MP, Duan W, Guo Z.,  2003. Meal  size and frequency affect 
neuronal plasticity and vulnerability to disease:  cellular and molecular 
mechanisms. J. Neurochem. 84: 417-431

Mattson MP, Maudsley S, Martin B, 2004a. BDNF and 5-HT: a dynamic 
duo in age-related neuronal plasticity and neurodegenerative disorders. 
Trends Neurosci. 27: 589-594

Mattson  MP, Maudsley  S,  Martin  B,  2004b.  A  neural  signaling 
triumvirate that influences ageing and age-related disease: insulin/IGF-1, 
BDNF and serotonin. Ageing Res. Rev. 3: 445-464

Maynard-Smith J, Harper D, 2003. Animal signals. Oxford University 
Press, Oxford

McAllister AK, Lo DC, Katz LC, 1995. Neurotrophins regulate dendritic 
growth in developing visual cortex. Neuron 15: 791-803

McAllister  AK, Katz  LC,  Lo  DC,  1996.  Neurotrophin  regulation  of 
cortical dendritic growth requires activity. Neuron 17: 1057-1064

McEwen BS, Coirini H, Schumacher M, 1990. Steroid effects on neuro-
nal activity: when is the genome involved? Ciba Found. Symp. 153: 3-12

McCasland  JS,  1987.  Neuronal  control  of  bird  song  production.  J. 
Neurosci. 7: 23-39  

McCracken GF, 1996:  Bats  Aloft:  A Study of High-Altitude Feeding. 

BATS Magazine 14: 7-10, Bat Conservation International, Inc 

McEwen  B, 1999.  Stress  and  hippocampal  plasticity.  Curr.  Opin. 
Neurobiol. 5: 205-216

McGraw  KJ, Correa  SM,  Adkins-Regan  E,  2006.  Testosterone 
upregulates lipoprotein status to control sexual attractiveness in a colorful 
songbird. Behav. Ecol. Sociobiol. 60: 117-122

Megrab  NA, Williams  AC,  Barry  BW,  1995.  Oestradiol  permeation 
through human skin and silastic membrane: effects of propylene glycol 
and supersaturation. J. Controlled Release 36: 277-294

Mello CV, 2002. Mapping vocal communication pathways in birds with 
inducible gene expression. J. Comp. Physiol. A: Neuroethol. Sens. Neural 
Behav. Physiol. 188: 943-959 

Mello CV, 2004. Gene regulation by song in the auditory telencephalon 
of songbirds. Front. Biosci. 9: 63-73

Mello CV, Clayton DF, 1994. Song-induced ZENK gene expression in 
auditory pathways of songbird brain and its relation to the song control 
system. J. Neurosci. 14: 6652-6666

Mello CV, Ribeiro S, 1998. ZENK protein regulation by song in the brain 
of songbirds. J. Comp. Neurol. 393: 426-438 

Mello  CV, Vicario  DS,  Clayton  DF,  1992.  Song  presentation  induces 
gene expression in the songbird forebrain. Proc. Natl. Acad. Sci. USA 89: 
6818-6822

Melzig J, Rein KH, Schafer U, Pfister H, Jäckle H, Heisenberg M, et al., 
1998. A protein related to p21-activated kinase (PAK) that is involved in 
neurogenesis in the Drosophila adult central nervous system. Curr. Biol. 
8: 1223-1226

Mennill, Rogers, 2006. Whip it  good! Geographic consistency in male 
songs and variability in female songs of the duetting eastern whipbird 
Psophodes olivaceus. J. Avian Biol. 37: 93-100

Merlio JP, Ernfors P, Jaber M, Persson H, 1992. Molecular cloning of rat 
TrkC and distribution of cells expressing messenger RNAs for members 
of the Trk family in the rat central nervous system. Neurosci. 51: 513-532

Meshi D, Drew MR, Saxe M, Ansorge MS, David D, Santarelli L, et al., 
2006. Hippocampal neurogenesis is not required for behavioral effects of 
environmental enrichment. Nature Neurosci. 9: 729-731

Metfessel M, 1935. Roller canary song produces without learning from 
external source. Science 81: 470

Metzdorf R, Gahr M, Fusani L, 1999. Distribution of aromatase, estrogen 
receptor, and androgen receptor mRNA in the forebrain of songbirds and 
non songbirds. J. Comp. Neurol. 407: 115-129

Metzdorf R, Gahr M, Fusani L, 1999. Distribution of aromatase, estrogen 
receptor, and androgen receptor mRNA in the forebrain of songbirds and 
non songbirds. J. Comp. Neurol. 407: 115-129

Meyer RD, Rahimi N, 2003. Comparative structure-function analysis of 
VEGFR1 and VEGFR2: What have we learned from chimeric systems? 
Ann. N.Y. Acad. Sci. 995: 200-207

Milbrandt  J, 1987.  A  nerve  growth  factor-induced  gene  encodes  a 
possible transcriptional regulatory factor. Science 238: 797-799

Miller MM, McEwen BS, 2006. Establishing an agenda for translational 
research on PTSD. Ann. NY Acad. Sci. 1071: 294-312

Miller  MW,  Nowakowski  RS, 1988.  Use  of  bromodeoxy-uridine-
immunohistochemistry to examine the proliferation, migration and time 
of origin of cells in the central nervous system. Brain Res. 457: 44-52

Minchenko A, Bauer T, Salceda S, Caro J, 1994. Hypoxic stimulation of 
vascular endothelial growth factor expression  in vivo and  in vitro. Lab. 
Invest. 71: 374-379 

161



Ming GL, Song H, 2005. Adult neurogenesis in the mammalian central 
nervous system. Ann. Rev. Neurosci. 28: 223-250

Miranda  R, Sohrabji  F,  Toran-Allerand  CD,  1994.  Interact-ions  of 
estrogen  with  the  neurotrophins  and  their  receptors  during  neural 
development. Horm. Behav. 28: 367-375

Miranda  R, Sohrabji  F,  Singh  M,  Toran-Allerand,  CD,  1996.  Nerve 
growth factor (NGF) regulation of estrogen receptors in explant cultures 
of the developing forebrain. J. Neurobiol. 31: 77-87

Mogi M, Togari A, Kondo T, Mizuno Y, Komure O, Kuno S, et al., 1999. 
Brain-derived growth factor and nerve growth factor concentrations are 
decreased in the substantia nigra in Parkinson's disease.  Neurosci. Lett. 
270: 45-48

Mohammed AH, Henriksson BG, Soderstrom S, Ebendal T, Olsson T, 
Seckl JR, 1993. Environmental influences on the central nervous system 
and their implications for the aging rat. J. Brain Res. 57: 183-191

Molteni R, Wu A, Vaynman S, Ying Z, Barnard RJ, Gomez-Pinilla F, 
2004. Exercise reverses the harmful effects of consumption of a high-fat 
diet  on  synaptic  and  behavioral  plasticity  associated  to  the  action  of 
brain-derived neurotrophic factor. Neurosci. 123: 429-440

Monacci  WT, Merrill  MJ, Oldfield  EH,  1993. Expression of vascular 
permeability  factor/vascular  endothelial  growth  factor  in  normal  rat 
tissues. Am. J. Physiol. 264: C995-1002

Mooney R, Rosen MJ, Sturdy CB, 2002. A bird's eye view: top down 
intracellular analyses of auditory selectivity for learned vocalizations. J. 
Comp. Physiol. A: Neuroethol. Sens. Neural. Behav. Physiol. 188: 879-
895

Morgan JI, Curran T, 1989. Stimulus-transcription coupling in neurons: 
Role of cellular immediate-early genes. Trends Neurosci. 12: 459-462

Morisita  M, 1959.  Measuring  interspecific  association  and  similarity 
between communities.  Memoirs  of the Faculty of Science of Kyushu 
University, Series E. Biology 3: 65-80

Morisita  M, 1962.  Is-index,  a  measure  of  dispersion  of  individuals. 
Researches on Population Ecology 4: 1-7

Morris SM, 1991. The genetic toxicology of 5-bromo-deoxyuridine in 
mammalian cells. Mutat. Res. 258: 161-188

Morris SM, Domon OE, McGarrity LJ, Kodell RL, Casciano DA, 1992. 
Effect  of bromodeoxyuridine on the proliferation and growth of ethyl 
methanesulfonate-exposed  P3  cells:  relationship  to  the  induction  of 
sister-chromatid exchanges. Cell. Biol. Toxicol. 8: 75-87

Morris JA, Jordan CL, Breedlove SM, 2004. Sexual differentiation of the 
vertebrate nervous system. Nature Neurosci. 7: 1034-1039

Morrison RG, Nottebohm F, 1993. Role of a telencephalic nucleus in the 
delayed song learning of socially isolated zebra finches.  J.  Neurobiol. 
24: 1045-1064

Moser  KV,  Humpel  C, 2005.  Vascular  endothelial  growth  factor 
counteracts NMDA-induced cell death of adult cholinergic neurons in rat 
basal nucleus of Meynert. Brain Res. Bull. 65: 125-131

Mossner R, Walitza S, Lesch KP, Geller F, Barth N, Remschmidt H, et 
al., 2005.  Brain-derived  neurotrophic  factor  V66M  polymorphism  in 
childhood-onset  obsessive-compulsive  disorder.  Int.  J.  Neuropsycho-
pharmacol. 8: 133-136

Mota  PG,  Cardoso  GC, 2001.  Song  organisation  and  patterns  of 
variation in the serin (Serinus serinus). Acta Ethol. 3: 141-150

Mould AW, Tonks ID, Cahill MM, Pettit AR, Thomas R, Hayward NKK, 
et al., 2003. Vegfb gene knockout mice display reduced pathology and 
synovial  angiogenesis  in  both  antigen-induced  and  collagen-induced 
models of arthritis. Arthritis Rheum. 48: 2660-2669

Mountjoy  DJ,  Lemon  RE, 1995.  Extended  song  learning  in  wild 
European starlings. Animal Behav. 49: 357-366

Mullen  RJ, Buck  CR,  Smith  AM,  1992.  NeuN,  a  neuronal  specific 
nuclear protein in vertebrates. Development. 116: 201-211

Mulligan J, Erickson R, 1968. Instrumental analysis of hormone-induced 
singing in female canaries. Amer. Zool. 8: 743-744 

Mundinger PC, 1995. Behavior genetic analysis of canary song;  inter-
strain differences in sensory learning and epigenetic rules. Anim. Behav. 
50: 1491-1511

Murohara T, Asahara T, Silver M, Bauters C, Masuda H, Kalka C, et al., 
1998. Nitric oxide synthase modulates angiogenesis in response to tissue 
ischemia. J. Clin. Invest. 101: 2567-2578

Nag S, Takahashi J, Kilty D, 1997. Role of VEGF in blood-brain barrier 
breakdown  and  angiogenesis  in  brain  trauma.  J.  Neuropathol.  Exp. 
Neurol. 56: 912-921

Nastiuk KL, Clayton DF, 1994. Seasonal and tissue-specific regulation of 
canary  androgen  receptor  messenger  ribonucleic  acid.  Endocrinology 
134: 640-649

Nastiuk KL, Clayton DF, 1995. The canary androgen receptor mRNA is 
localized in the song control nuclei of the brain and is rapidly regulated 
by testosterone. J. Neurobiol. 26: 213-224

Nastiuk KL, Mello CV, George JM, Clayton DF, 1994. Immediate early 
gene responses in the avian song control system: Cloning and expression 
analysis of the canary c-jun cDNA. Mol. Brain Res. 27: 299-309

Neeper  SA, Gómez-Pinilla  F,  Choi  J,  Cotman  C,  1995.  Exercise  and 
brain neurotrophins. Nature 373: 109 

Neeper SA, Gómez-Pinilla F, Choi J, Cotman C, 1996. Physical activity 
increases mRNA for brain-derived neurotrophic factor and nerve growth 
factor in rat brain. Brain Res. 726: 49-56

Nelson DA, Hallberg KI,  Soha JA,  2004.  Cultural  evolution of Puget 
sound white-crowned sparrow song dialects. Ethology 110: 879-908

Nestler EJ, Barrot M, DiLeone RJ, Eisch AJ, Gold SJ, Monteggia LM, 
2002. Neurobiology of depression. Neuron 34: 13-25

Neufeld  G, Cohen  T,  Gengrinovitch  S,  Poltorak  Z,  1999.  Vascular 
endothelial growth factor (VEGF) and its receptors. FASEB J. 13: 9-22

Nilsson  M, Perfilieva  E,  Johansson  U,  Orwar  O,  Eriksson  PS,  1999. 
Enriched  environment  increases  neurogenesis  in  the  adult  rat  dentate 
gyrus and improves spatial memory. J. Neurobiol. 39: 569-578

Nishimura  ET,  Cooper  C, 1974.  Perioxidatic  reaction  of  catalase-
antibody  complex  of  leukocytes  demonstrated  by  diaminobenzidine. 
Cancer Res. 34: 2386-2392

Nishimura  T,  Vogt  P, 1988.  The  avian homolog  of  the  oncogene jun. 
Oncogene 3: 659-663

Nixdorf  BE, Davis  SS,  DeVoogd  TJ,  1989.  Morphology  of  Golgi-
impregnated neurons in hyperstriatum ventralis,  pars  caudalis  in  adult 
male and female canaries. J. Comp. Neurol. 284: 337-349

Nixdorf-Bergweiler BE, Lips MB, Heinemann U, 1995. Electrophysiolo-
gical  and  morphological  evidence  for  a  new  projection  of  LMAN-
neurones towards area X. Neuroreport 6: 1729-1732

Noctor SC, Flint AC, Weissman TA, Dammermann RS, Kriegstein AR, 
2001.  Neurons derived from radial  glial  cells  establish radial  units  in 
neocortex. Nature 409: 714-720

Nordeen KW, Nordeen EJ, 1988. Projection neurons within a vocal motor 
pathway are born during song learning in zebra finches. Nature 334: 149-
151

162



Nordeen E, Nordeen K, 1989.  Estrogen stimulates the incorporation of 
new neurons into avian song nuclei during adolescence. Brain Res. Dev. 
Brain Res. 49: 27-32

Nordeen K, Nordeen E, 1992.  Auditory feedback is  necessary for the 
maintenance of stereotyped song in adult zebra finches. Behav. Neural 
Biol. 57: 58-66

Nottebohm F, 1968. Auditory experience and song development in the 
chaffinch Fringilla coelebs. Ibis 110: 549-568

Nottebohm F, 1972a. The origins of vocal learning. Am. Nat. 106: 116-
140

Nottebohm, F,  1972b.  Neural  lateralization  of  vocal  control  in  a 
passerine bird. II. Subsong, calls, and theory of vocal learning. J. Exp. 
Zool. 179: 35-50

Nottebohm F, 1977. Asymmetries in neural control of vocalizations in 
the canary. In: Lateralization of the nervous system (Doty R and Harnard 
S, Eds.), Academic Press, New York and London, pp. 23-44

Nottebohm F, 1979.  Origins and mechanisms in  the  establishment  of 
cerebral dominance. In: Handbook of behavioral neurobiology, Vol. 2: 
Neuropsychology (Gazzaniga  M,  Ed.),  New York:  Plenum Press.  pp. 
295-344

Nottebohm F, 1980. Testosterone triggers growth of brain vocal control 
nuclei in adult female canaries. Brain Res. 189: 429-436

Nottebohm F, 1981. A brain for all seasons: cyclical anatomical changes 
in song control nuclei of the canary brain. Science 214: 1368-1370

Nottebohm F, 1985a. Neuronal replacement in adulthood. In: Hope for a 
new neurology (Nottebohm F,  Ed.),  New York Academy of  Sciences, 
New York, pp. 143-161

Nottebohm F, 1993 . The search for neural mechanisms that define the 
sensitive period for song learning in birds. Neth. J. Zool. 43: 193-234

Nottebohm F, 2002.  Neuronal replacement  in  adult  brain.  Brain  Res. 
Bull. 57: 737-749

Nottebohm F, Arnold AP,  1976. Sexual  dimorphisms in vocal control 
areas of the songbird brain. Science 194: 211-213

Nottebohm F, Nottebohm ME, 1976. Left hypoglossal dominance in the 
control of canary and white-crowned sparrow song. J. Comp. Physiol. 
108: 171-192

Nottebohm F, Nottebohm M, 1978. Relationship between song repertoire 
and age in the canary, Serinus canarius. Z. Tierpsychol. 46: 298-305 

Nottebohm F, Stokes TM, Leonard CM, 1976. Central control of song in 
the canary, Serinus canarius. J. Comp. Neurol. 165: 457-486 

Nottebohm  F, Manning  ME,  Nottebohm  ME,  1979.  Reversal  of 
hypoglossal  dominance  in  canaries  following  unilateral  syringeal 
denervation. J. Comp. Physiol. 134: 227-240 

Nottebohm F, Kasparian S, Pandazis C, 1981. Brain space for a learned 
task. Brain Res. 213: 99-109

Nottebohm F, Nottebohm ME,  Crane  LA,  1986.  Developmental  and 
seasonal changes  in canary song and their  relation to changes  in the 
anatomy of song-control nuclei. Behav. Neural Biol. 46: 445-471

Nottebohm F, Nottebohm ME, Crane LA, Wingfield JC, 1987. Seasonal 
changes  in  gonadal  hormone  levels  of  adult  male  canaries  and  their 
relation to song. Behav. Neural. Biol. 47: 197-211

Nottebohm F, Alvarez-Buylla A, Cynx J, Kirn J, Ling CY, Nottebohm M, 
et al., 1990. Song learning in birds: the relation between perception and 
production. Phil. Trans. R. Soc. Lond. B 329: 115-124

Nottebohm F, O’Laughlin  B,  Gould  K,  Yohay  K,  Alvarez-Buylla  A, 

1994. The life span of new neurons in a song control nucleus of the adult 
canary brain depends on time of year when these cells are born. Proc. 
Natl. Acad. Sci. USA 91: 7849-7853 

Nowakowski  RS, Lewin  SB,  Miller  MW,  1989.  Bromodeox-yuridine 
immunohistochemical determination of the lengths of the cell cycle and 
the  DNA-synthetic  phase  for  an  anatomically  defined  population.  J. 
Neurocytol. 18: 311-318

Nowicki  S,  Ball  GF, 1989.  Testosterone  induction  of  song  in  photo-
sensitive and photorefractory male sparrows. Horm. Behav. 23: 514-525

Nunes  MC, Roy NS, Keyoung HM, Goodman RR,  McKhann G 2nd, 
Jiang L, et al., 2003. Identification and isolation of multipotential neural 
progenitor  cells  from the subcortical  white matter  of the adult  human 
brain. Nature Med. 9: 439-447

Oesterle EC, Tsue TT, Rubel EW, 1997. Induction of cell proliferation in 
avian  inner  ear  sensory  epithelia  by  insulin-like  growth  factor-I  and 
insulin. J. Comp. Neurol. 380: 262-274

Ogawa S, Oku A, Sawano A, Yamaguchi S, Yazaki Y, Shibuya M, 1998. 
A novel  type  of  vascular  endothelial  growth  factor,  VEGF-E  (NZ-7 
VEGF), preferentially utilizes KDR/Flk-1 receptor and carries a potent 
mitotic  activity  without  heparin-binding  domain.  J.  Biol.  Chem.  273: 
31273-31282

Ogunshola OO, Antic A, Donoghue MJ, Fan SY, Kim H, Stewart WB, et 
al.,  2002.  Paracrine  and  autocrine  functions  of  neuronal  vascular 
endothelial growth factor (VEGF) in the central nervous system. J. Biol. 
Chem. 277: 11410-11415

Oishi K, Kobayashi A, Fujii  K, Kanehira D, Ito Y, Uchida MK, 2004. 
Angiogenesis in vitro: vascular tube formation from the differentiation of 
neural stem cells. J. Pharmacol. Sci. 96: 208-218

Okanoya K, Dooling RJ, 1985. Colony differences in auditory thresholds 
in the canary (Serinus canarius). J. Acoustic Soc. Am. 78: 1170-1181

Okanoya K, Dooling RJ, 1987. Strain differences in auditory thresh-olds 
in the canary (Serinus canarius). J. Comp. Psychol. 101: 213-215

Okanoya K, Dooling RJ, Downing JD, 1990. Hearing and vocalizations 
in hybrid Waterslager-Roller  canaries  (Serinus canarius).  Hearing Res. 
46: 271-275

Okuhata  S,  Saito  N,  1987.  Synaptic  connections  of  thalamo-cerebral 
vocal control nuclei of the canary. Brain Res. Bull. 18: 35-44  

Olofsson B, Korpelainen E, Pepper MS, Mandriota SJ, Aase K, Kumar V, 
Gunji Y, Jeltsch MM, Shibuya M, Alitalo K, Eriksson U, 1998. Vascular 
endothelial  growth factor  B (VEGF-B) binds to VEGF receptor-1 and 
regulates plasminogen activator activity in endothelial cells.  Proc. Natl. 
Acad. Sci. USA 95: 11709-11714 

Oosterhuyse B, Moons L, Storkebaum E, Beck H, Nuyens D, Brussel-
mans K, et  al.,  2001. Deletion of the hypoxia-response element in the 
vascular  endothelial  growth  factor  promoter  causes  motor  neuron 
degeneration. Nature Genet. 28: 131-138

Oren  I, Fleishman  SJ,  Kessel  A,  Ben-Tal  N,  2004.  Free  diffusion  of 
steroid hormones across biomembranes: a simplex search with implicit 
solvent model calculations. Biophys. J. 87: 768-779

Packard  DS  Jr, Menzies  RA,  Skalko  RG,  1973.  Incorporation  of 
thymidine  and  its  analogue,  bromodeoxyuridine,  into  embryos  and 
maternal tissues of the mouse. Differentiation 1: 397-404

Pagano SF, Impagnatiello F, Girelli M, Cova L, Grioni E, Onofri M, et 
al.,  2000.  Isolation and characterization of  neural  stem cells  from the 
adult human olfactory bulb. Stem Cells 18: 295-300

Palmer  TD, Ray  J,  Gage  FH,  1995.  FGF-2-responsive  neuro-nal 
progenitors  reside  in  proliferative  and  quiescent  regions  of  the  adult 
rodent brain. Mol. Cell. Neurosci. 6: 474-486

163



Palmer  TD, Willhoite  AR,  Gage  FH,  2000.  Vascular  niche  for  adult 
hippocampal neurogenesis. J. Comp. Neurol. 425: 479-494

Papavassiliou  E, Gogate  N,  Proescholdt  M,  Heiss  JD,  Walbridge  S, 
Edwards NA, et al.,  197. Vascular endothelial growth factor (vascular 
permeability factor) expression in injured rat brain. J. Neurosci. Rev. 49: 
451-460 

Parain K, Murer MG, Yan Q, Faucheux B, Agid Y, Hirsch E, et al., 1999. 
Reduced  expression  of  brain-derived  neurotrophic  factor  protein  in 
Parkinson's disease substantia nigra. Neuroreport 10: 557-561

Pardridge  W, 1995.  Transport  of  small  molecules  through  the  blood-
brain barrier: biology and methodology. Adv. Drug Deliv. Rev. 15: 5-36

Parent  JM,  2002.  The  role  of  seizure-induced  neurogenesis  in 
epileptogenesis and brain repair. Epilepsy Res. 50: 179-189

Parent JM, 2003. Injury-induced neurogenesis in the adult mammalian 
brain. Neuroscientist 9: 261-272

Parent  JM, Yu  TW,  Leibowitz  RT,  Geschwind  DH,  Sloviter  RS, 
Lowenstein DH, 1997. Dentate granule cell  neurogenesis is increased by 
seizures and contributes to aberrant network reorganization in the adult 
rat hippocampus. J Neurosci 17: 3727-3738 

Park  JE, Chen  HH,  Winer  J,  Houck  KA,  Ferrara  N,  1994.  Placenta 
growth  factor.  Potentiation  of  vascular  endothelial  growth  factor 
bioactivity, in vitro and in vivo, and high affinity binding to Flt-1 but not 
to Flk-1/KDR. J. Biol. Chem. 269: 25646-25654

Paton JA, Nottebohm F, 1984. Neurons generated in the adult brain are 
recruited into functional circuits. Science 225: 1046-1048

Paton  JA, O’Loughlin  BE,  Nottebohm  F,  1985.  Cells  born  in  adult 
canary forebrain are local interneurons. J. Neurosci. 5: 3088-3093

Patterson SL, Abel T, Deuel TA, Martin KC, Rose JC, Kandel ER, 1996. 
Recombinant BDNF rescues deficits in basal synaptic transmis-sion and 
hippocampal LTP in BDNF knockout mice. Neuron 16: 1137-1145

Pencea  V,  Bingaman  KD,  Freedman  LJ,  Luskin  MB,  2001a. 
Neurogenesis in the subventricular zone and rostral migratory stream of 
the neonatal and adult primate forebrain. Exp. Neurol. 172: 1-16

Pencea V, Bingaman K, Wiegand SJ,  Luskin MB, 2001b. Infusion of 
brain-derived neurotrophic factor into the lateral ventricle of the adult rat 
leads  to  new  neurons  in  the  parenchyma  of  the  striatum,  septum, 
thalamus, and hypothalamus. J. Neurosci. 21: 6706-6717

Pepperberg IM, 1997.  Social  influences  on the acquisition of humna-
based codes in parrots and nonhuman primates. In:  Snowdon CT and 
Hausberger  M  (eds),  Social  influences  on  vocal  development. 
Cambridge: Cambridge University Press, pp. 157-177

Pertovaara L, Kaipainen A, Mustonen T, Orpana A, Ferrara N, Saksela 
O, et al., 1994. Vascular endothelial growth factor is induced in response 
to transforming growth factor-beta in fibroblastic and epithelial cells. J. 
Biol. Chem. 269: 6271-6274

Pesch  A,  Güttinger  HR, 1985.  Der  gesang  des  weiblichen 
Kanarienvogels. J. Ornitol. 126: 108-110

Peters  A, Palay SL, de Webster  FH, 1991.  The Fine Structure  of the 
Nervous System, Oxford University Press

Petrinovich  L, 1972.  Psychobiological  mechanisms  in  language 
development.  In:   Advances in  psychobiology,  Vol. 1 (Newton G and 
Riesen AH, Eds.), New York, Wiley

Peurach  SC, 2003.  High-altitude  collision  between  an  airplane  and  a 
hoary Bat, Lasiurus cinereus. Bat Res. News 44: 2-3

Pham TM, Ickes B, Albeck D, Soderstrom S, Granholm AC, Mohammed 
AH, 1999. Changes in brain nerve growth factor levels and nerve growth 
factor receptors  in  rats  exposed to  environmental  enrichment  for one 

year. Neuroscience 94: 279-286

Pincus  DW, Harrison-Restelli  C,  Barry  J,  Goodman  RR,  Fraser  RA, 
Nedergaard  M,  et  al.,  1997. In  vitro neurogenesis  by  adult  human 
epileptic temporal neocortex. Clin. Neurosurg. 44: 17-25

Plate  KH, Breier  G,  Weich  HA,  Risau W,  1992.  Vascular  endothelial 
growth factor is a potential tumour angiogenesis factor in human gliomas 
in vivo. Nature 359: 845-848

Plate  K, Breier  G,  Risau  W,  1994.  Molecular  mechanisms  of 
developmental and tumor angiogenesis. Brain Pathol. 4: 207-218

Plate KH, Beck H, Danner S, Allegrini PR, Wiessner C, 1999. Cell type 
specific upregulation in an MCA-occlusion model of cerebral nfarct. J. 
Neuropathol. Exp. Neurol. 58: 654-666

Polenov AL,  Chetverukhin VK, 1993.  Ultrastructural  radioautographic 
analysis  of neurogenesis  in  the  hypothalamus of  the  adult  frog,  Rana 
temporaria, with special  reference to physiological regeneration of the 
preoptic nucleus: II. Types of neuronal cells produced. Cell Tissue Res. 
271: 351-362

Poltorak Z, Cohen T, Sivan R, Kandelis Y, Spira G, Vlodavsky I, et al., 
1997. VEGF145, a secreted vascular endothelial growth factor isoform that 
binds to extracellular matrix. J. Biol. Chem. 272: 7151-7158

Pont F, Collet A, Lallement G, 1995. Early and transient increase of rat 
hippocampal  blood–brain  barrier  permeability  to  amino  acids  during 
kainic acid-induced seizures. Neurosci. Lett. 184: 52-54

Poo  MM, 2001.  Neurotrophins  as  synaptic  modulators.  Nature  Rev. 
Neurosci. 2: 24-32

Poole  JH, Tyack PL, Stoeger-Horwath AS, Watwood S, 2005. Animal 
behaviour: elephants are capable of vocal learning. Nature 434: 455-456

Porter D, Neuringer A, 1984. Music discriminations by pigeons.  J. Exp. 
Psychol. Anim. Behav. Proc. 10: 138-148

Poulsen H, 1951. Inheritance and learning in the song of the Chaffinch 
(Fringilla coelebs L.). Behaviour 3: 216-228

Poulsen H, 1959. Song learning in the domestic canary.  Z. Tierpsychol. 
16: 173-178

Price PH, 1979. Developmental determinants of structure in zebra finch 
song. J. Comp. Physiol. Psychol. 93: 260-277

Price JJ, Johnson KP, Clayton DH, 2004. The evolution of echolocation 
in swiftlets. J. Avian Biol. 35: 135-143

Prior BM, Yang HT, Terjung RL, 2004. What makes vessels grow with 
exercise training? J. App. Physiol. 97: 1119-1128

Proescholdt M, Heiss J, Walbridge S, Muhlhauser J, Oldfield E, Merrill 
M, 1999. VEGF modulates vascular permeability and inflammation in the 
rat brain. J. Neuropathol. Exp. Neurol. 58, pp. 613-627

Pytte CL, Gerson M, Miller  J,  Kirn JR, 2007. Incrasing stereotypy in 
adult  zebra  finch  song  correlates  with  a  declining  rate  of  adult 
neurogenesis. Devel. Neurobiol. 67: 1699-1720

Ra SM, Kim H, Jang MH, Shin MC, Lee TH, Lim BV, et  al.,  2002. 
Treadmill  running  and  swimming  increase  cell  proliferation  in  the 
hippocampal dentate gyrus of rats. Neurosci. Lett. 333: 123-126

Rabizadeh S, Bredesen DE, 2003. Ten years on: mediation of cell death 
by the  common neurotrophin receptor p75NTR.  Cytokin Growth Factor 
Rev. 14: 225-239

Rakic P, 1985. Limits of adult  neurogenesis in primates.  Science 227: 
1054-1056

Rakic P, 1990. Principles of neural cell migration. Experientia 46: 882-
891

164



Rakic P, 2002a.Neurogenesis in adult primate neocortex: an evaluation 
of the evidence. Nature Rev. Neurosci. 3: 65-71

Rakic P, 2002b. Adult neurogenesis in mammals, an identity crisis.  J. 
Neurosci. 22: 614-618

Rasika S, Nottebohm F, Alvarez-Buylla A, 1994. Testosterone increases 
the recruitment and/or survival of new high vocal center neurons in adult 
female canaries. Proc. Natl. Acad. Sci. USA 91: 7854-7858

Rasika S, Alvarez-Buylla  A, Nottebohm F, 1999. BDNF mediates  the 
effects of testosterone on the survival of new neurons in an adult brain. 
Neuron 22: 53-62

Rattiner LM, Davis M, Ressler KJ, 2005. Brain-Derived Neurotrophic 
Factor in amygdala-dependent learning. The Neuroscientist 11: 323-333

Read AW, Weary DM, 1990. Sexual selection and the evolution of bird 
song: A test of the Hamilton-Zuk hypothesis. Behav. Ecol. Sociobiol. 26: 
47-56

Reichardt LF, 2006. Neurotrophin-regulated signalling pathways. Philos. 
Trans. R Soc. Lond. B Biol. Sci. 361: 1545-1564

Reiner A, Perkel DJ, Mello CV, Jarvis ED, 2004a. Songbirds and the re-
vised avian brain nomenclature. Ann. N.Y. Acad. Sci. USA 1016: 77-108

Reiner A, Perkel DJ, Bruce LL, Butler AB, Csillag A, Kuenzel W, et al., 
2004b. Revised nomenclature for avian telencephalon and some related 
brainstem nuclei. J. Comp. Neurol. 473: 377-414

Reinke H, Wild JM, 1998. Identification and connections of inspiratory 
premotor neurons in songbirds and budgerigar.  J.  Comp. Neurol.  391: 
147-163

Reinmuth N, Liu W, Fan F, Jung YD, Ahmad SA, Stoeltzing O, et al., 
2002. Blockade of insulin-like growth factor I receptor function inhibits 
growth and angiogenesis of coloncancer. Clin. Cancer Res. 8: 3259-3269

Relf  M, LeJeune S, Scott PA, Fox S,  Smith K, Leek R, et  al.,  1997. 
Expression of  the  angiogenic  factors vascular  endothelial  cell  growth 
factor,  acidic  and basic  fibroblast  growth  factor,  tumor  growth factor 
beta-1,  platelet-derived endothelial cell  growth factor,  placenta growth 
factor, and pleiotrophin in human primary breast cancer and its relation 
to angiogenesis. Cancer Res. 57: 963-969

Reynolds BA, Weiss S, 1992. Generation of neurons and astrocytes from 
isolated cells of the adult mammalian central  nervous system.  Science 
255: 1707-1710

Ribeiro S, Cecchi GA, Magnasco MO, Mello CV, 1998. Toward a song 
code: evidence for a syllabic representation in the canary brain. Neuron 
21: 359-371

Rice AC, Khaldi A, Harvey HB, Salman NJ, White F, Fillmore H, et al., 
2003. Proliferation and neuronal differentiation of mitotically active cells 
following traumatic brain injury. Exp. Neurol. 183: 406-417

Richardson  M, Singh G, 2003.  Observations  on the  use  of  the  avian 
chorioallantoic  membrane  (CAM) model  in  investigations  into angio-
genesis. Curr. Drug Targets Cardiovasc. Haematol. Disord. 3: 155-185

Ricklefs RE, 1968. Patterns of growth in birds. Ibis 110: 419-451

Riebel  K, 2003.  The  ‘mute’  sex  revisited:  Vocal  production  and 
perception learning in female songbirds. Adv. Stud. Behav. 33: 49-86

Rietze R, Poulin P, Weiss S, 2000. Mitotically active cells that generate 
neurons and astrocytes are present in multiple regions of the adult mouse 
hippocampus. J. Comp. Neurol. 424: 397-408

Rijsewijk F, Schuermann M, Wagenaar E, Parren P, Weigel D, Nusse R, 
1987.  The Drosophila homolog of the mouse mammary oncogene int-1 
is identical to the segment polarity gene wingless. Cell 50: 649-657

Risau W, 1995. Differentiation of endothelium. FASEB J. 9:  926-933

Risau W, 1997. Mechanisms of angiogenesis. Nature 386: 671-674 

Riters LV, Eens M, Pinxten R, Duffy DL, Balthazart J, Ball GF, 2000. 
Seasonal changes in courtship song and the medial preoptic area in male 
European starlings (Sturnus vulgaris). Horm. Behav. 38 :250-261

Robinson CJ, Stringer SE, 2001. The splice variants of vascular endothe-
lial growth factor (VEGF) and their receptors. J. Cell Sci. 114: 853-865

Ronicke V, Risau W, Breier G, 1996. Characterization of the endothe-
lium-specific murine vascular endothelial growth factor receptor-2 (Flk-
1) promoter. Circul. Res. 79: 277-285

Rosenstein JM, Mani N, Khaibullina A, Krum JM, 2003. Neurotrophic 
effects  of  vascular  endothelial  growth  factor  on  organotypic  cortical 
explants and primary cortical neurons. J Neurosci 23: 11036-11044

Rosenzweig MR, Bennett EL, 1996. Psychobiology of plasticity: Effects 
of training and experience on brain and behavior. Behav. Brain Res. 78: 
57-65

Rousselot P, Lois C, Alvarez-Buylla A, 1995. Embryonic (PSA) N-CAM 
reveals chains of migrating neuroblasts between the lateral ventricle and 
the olfactory bulb of adult mice. J. Comp. Neurol. 351: 51-61

Roy NS, Benraiss A, Wang S, Fraser RA, Goodman R, Couldwell WT, et 
al., 2000. Promoter-targeted selection and isolation of neural progenitor 
cells from the adult human ventricular zone.  J. Neurosci. Res. 59: 321-
331

Rubel EW, Dew LA, Roberson DW, 1995. Mammalian vestibular hair 
cell regeneration. Science 267: 701-707

Ruben  RJ, 1967.  Development  of  the  inner  ear  of  the  mouse:  a 
radioautographic study of terminal mitoses. J. Neurosci. 10: 3635-3645

Rudic  RD, Shesely EG,  Maeda  N,  Smithies  O,  Segal  SS,  Sessa  WC, 
1998. Direct evidence for the importance of endothelium-derived nitric 
oxide in vascular remodeling. J. Clin. Invest. 101: 731-736

Rutherford LC, Nelson SB, Turrigiano GG, 1998.  BDNF has opposite 
effects  on the  quantal  amplitude of  pyramidal  neuron and interneuron 
excitatory synapses. Neuron 21: 521-530

Ryals BM, Rubel EW, 1988. Hair cell regeneration after acoustic trauma 
in adult Coturnix quail. Science 240: 1774-1776

Sachs O, 1995. Musical Ability. Science 268: 621-622

Saffhill R, Ockey CH, 1985. Strand breaks arising from the repair of the 
5-bromodeoxyuridine-substituted  template  and  methyl  methanesul-
phonate-induced  lesions can explain  the  formation of  sister  chromatid 
exchanges. Chromosoma 92: 218-224

Sagar  SM, Sharp  FR,  Curran  T,  1988.  Expression  of  c-fos  protein  in 
brain: metabolic mapping at the cellular level. Science 240: 1328-1331

Sairanen  M, Lucas  G,  Emfors P,  Castren  M, Castren  E,  2005.  Brain-
derived neurotrophic factor and antidepressant drugs have differential but 
coordinated effects on neuronal turnover,  proliferation, and survival in 
the adult dentate gyrus. J. Neurosci. 25: 1089-1094

Sakata  JT,  Brainard  MS, 2006.  Real-time  contributions  of  auditory 
feedback to avian vocal motor control. J. Neurosci. 26: 9619-9628

Salomon  DS, Brandt  R,  Ciardiello  F,  Normanno  N,  1995.  Epidermal 
growth factor-related peptides and their receptors in human malignancies. 
Crit Rev Oncol Hematol. 19: 183-232

Salven PAF, Lymboussaki AC, Heikkila PD, Jaaskela-Saari HB, Enholm 
BC, Aase KE, et al., 1998. Vascular endothelial growth factors VEGF-B 
and VEGF-C are expressed in human tumors. Am. J. Pathol. 153: 103-8

Sanai N, Tramontin AD, Quinones-Hinojosa A, Barbaro NM, Gupta N, 
Kunwar S, et al.,  2004. Unique astrocyte ribbon in adult  human brain 
contains neural stem cells but lacks chain migration. Nature 427: 740-744

165

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Jarvis+ED%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Kuenzel+W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Csillag+A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Butler+AB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Bruce+LL%22%5BAuthor%5D


Santarelli L, Saxe M, Gross C, Surget A, Battaglia F, Dulawa S, et al., 
2003.  Requirement  of  hippocampal  neurogenesis  for  the  behavioral 
effects of antidepressants. Science 301: 805-809

Sartor  JJ, Balthazart  J,  Ball  GF,  2005.  Coordinated  and  dissociated 
effects of testosterone on singing behavior and song control nuclei  in 
canaries (Serinus canaria). Horm. Behav. 47: 467-476

Sato Y, Okamura K, Morimoto A, Hamanaka R, Hamaguchi K, Shimada 
T, et al., 1993. Indispensable role of tissue-type plasminogen activator in 
growth  factor-dependent  tube  formation  of  human  microvascular 
endothelial cells in vitro. Exp. Cell Res. 204: 223-229

Saxe MD, Battaglia F, Wang JW, Malleret G, David DJ, Monckton JE, et 
al., 2006. Ablation of hippocampal neurogenesis impairs contextual fear 
conditioning  and  synaptic  plasticity  in  the  dentate  gyrus.  Proc.  Natl. 
Acad. Sci. USA 103: 17501-17506

Saxe MD, Malleret G, Vronskaya S, Mendez I, Garcia AD, Sofroniew 
MV, et al., 2007. Paradoxical influence of hippocampal neurogenesis on 
working memory. Proc. Natl. Acad. Sci. USA 104: 4642-4646 

Scharff C, Nottebohm F, 1991. A comparative study of the behavior-al 
deficits  following lesions of the various parts of the zebra finch song 
system: implications for vocal learning. J. Neurosci. 11: 2896-2913 

Scharff  C, Kirn  JR,  Grossman  M,  Macklis  JD,  Nottebohm F,  2000. 
Targeted neuronal death affects neuronal replacement and vocal behavior 
in adult songbirds. Neuron 25: 481-492 

Scharfman HE, 2005. Brain-derived neurotrophic factor and epilepsy-a 
missing link? Epilepsy. Curr. 5: 83-88

Scharfman  HE,  Maclusky  NJ,  2005.  Similarities  between  actions  of 
estrogen and BDNF in the hippocampus: coincidence or clue? Trends 
Neurosci. 28: 79-85

Scharfman H, Goodman J, Macleod A, Phani S, Antonelli C, Croll S, 
2005.  Increased  neurogenesis  and  the  ectopic  granule  cells  after 
intrahippocampal BDNF infusion in adult rats. Exp. Neurol. 192: 348-35

Schlinger  BA, 1997a.  The  activity  and  expression  of  aromatase  in 
songbirds. Brain Res Bull. 44: 359-364

Schlinger  BA, 1997b.  Sex steroids and  their  actions on the  birdsong 
system. J. Neurobiol. 33: 619-631

Schlinger  BA,  Brenowitz  EA, 2002.  Neural  and hormonal  control  of 
birdsong.  In:  Hormones,  brain  and  behavior  Vol.  2  (Pfaff  DW,  Ed.), 
Academic Press, New York, pp. 799-839 

Schinder  AF,  Poo M, 2000.  The neurotrophin hypothesis for  synaptic 
plasticity. Trends Neurosci. 23: 639-645

Schlinger BA, Slotow R, Arnold A. 1992. Plasma estrogens and brain 
aromatase  in winter  white-crowned sparrows.  Ornis  Scandinavica  23: 
292-297 

Schlinger  B, Lane  N,  Grisham  W,  Thompson  L,  1999.  Androgen 
synthesis  in  a songbird: a  study of Cyp17 (17α-hydroxylase/  C17,20-
lyase) activity in the zebra finch. Gen. Comp. Endocrinol. 113: 46-58

Schlinger BA, Soma KK, London SE, 2001.  Neurosteroids and brain 
sexual differentiation. Trends Neurosci. 24: 429-431

Schmidt MF, 2003. Pattern of interhemispheric synchroniza-tion in HVC 
during singing correlates with key tranmsitiona in the song pattern.  J. 
Neurophysiol. 90: 3931-3949

Schmidt  MF,  Ashmore  RC,  Vu  ET,  2004.  Bilateral  control  and 
interhemispheric coordination in the avian song motor system. Ann. of 
the N.Y. Acad. Sci. 1016: 171-186

Schwabl  H, 1996.  Maternal  testosterone  in  the  avian  egg  enhances 
postnatal growth. Comp. Biochem. Physiol. 114A: 271-276

Scotto-Lomassese S, Rochefort C, Nshdejan A, Scharff C, 2007.  HVC 
interneurons  are  not  renewed  in  adult  male  zebra  finches.  Eur.  J. 
Neurosci. 25:1663-1668

Seibt U, Wickler W, Kleindienst HU, Sonnenschein E, 2002.  Structure, 
geography and origin of dialects in the traditive song of the forest weaver 
Ploceus bicolor sclateri in Natal, s. Africa.  Behaviour 139: 1237-1265

Segal  RA,  Greenberg  ME, 1996.  Intracellular  signaling  pathways 
activated by neurotrophic factors. Annu. Rev. Neuroscience 19: 463-489

Seibt U, Wickler W, 2000. "Sympathetic song": The silent and the overt 
repertoire, exemplified with a dueting pair of the African slate-coloured 
boubou, Laniarius funebris. Ethology 106: 795-809

Seibt U, Wickler W, Kleindienst HU, Sonnenschein E, 2002.  Structure, 
geography and origin of dialects in the traditive song of the forest weaver 
Ploceus bicolor sclateri in Natal, S. Africa. Behaviour 139: 1237-1265

Seil  FJ,  Drake-Baumann R, 2000.  TrkB receptor  ligands  promote  ac-
tivity-dependent inhibitory synaptogenesis. J. Neurosci. 20: 5367-5373

Sekerkova  G, Ilijic  E,  Mugnaini  E,  2004.  Bromodeoxyuridine 
administered  during  neurogenesis  of  the  projection  neurons  causes 
cerebellar defects in rat. J. Comp. Neurol. 470: 221-239

Seki T, Arai Y, 1993. Highly polysialylated neural cell adhesion molecule 
(NCAM-H) is expressed by newly generated granule cells in the dentate 
gyrus of the adult rat. J. Neurosci. 13: 2351-2358 

Seki T, Arai Y, 1999. Temporal and spacial relationships between PSA-
NCAM-expressing,  newly generated  granule  cells,  and  radial  glia-like 
cells in the adult dentate gyrus. J. Comp. Neurol. 410: 503-513

Semanza  G, 2002.  Signal  transduction  to  hypoxia-inducible  factor  1. 
Biohem. Pharmacol. 64: 993-998

Senger DR, Galli SJ, Dvorak AM, Perruzzi CA, Harvey VS, Dvorak HF, 
1983. Tumor cells secrete a vascular permeability factor that promotes 
accumulation of ascites fluid. Science 219: 983-985

Seri  B, Garcia-Verdugo  JM,  McEwen  BS,  Alvarez-Buylla  A,  2001. 
Astrocytes  give  rise  to  new  neurons  in  the  adult  mammalian 
hippocampus. J. Neurosci. 21: 7153-7160

Shalaby F, Rossant J, Yamaguchi TP, Gertsensten M, Wu XF, Breitman 
ML, et al., 1995. Failure of blood-island formation and vasculogenesis in 
Flk-1 deficient mice. Nature 376: 62-66

Sharma HS, Cervos-Navarro  J,  Dey PK,  1991.  Increased  blood–brain 
barrier  permeability  following  acute  short-term swimming  exercise  in 
conscious normotensive young rats. Neurosci. Res. 10: 211-221

Sheline  YI, Gado MH, Kraemer  HC, 2003.  Untreated  depression  and 
hippocampal volume loss. Am. J. Psychiatry 160: 1516-1518

Shen Q, Goderie SK, Jin L, Karanth N, Sun Y, Abramova N, et al., 2004. 
Endothelial  cells  stimulate  self-renewal  and  expand  neurogenesis  of 
neural stem cells. Science 304: 1338-1340

Shibuya M, Yamaguchi S, Yamane A, Ikeda T, Tojo A, Matsushime H, et 
al.,  1990.  Nucleotide  sequence  and  ex-pression  of  a  novel  human 
receptor type tyrosine kinase gene (flt) closely related to the fms family. 
Oncogene 5: 519-524

Shima DT,  Mailhos C, 2000.  Vascular  developmental  biology:  getting 
nervous. Curr. Opin. Genet. Dev. 10: 536-542

Shima D, Adamis A, Ferrara N, Yeo K, Yeo T, Allende R, Fet al., 1995. 
Hypoxic  induction  of  endothelial  cell  growth  factors  in  retinal  cells: 
identification and characterization of vascular endothelial growth factor 
(VEGF) as the mitogen. Molec. Med. 1: 182-193

Shimada A, Mason CA, Morrison ME, 1998. TrkB signaling modulates 
spine  density  and  morphology  independent  of  dendrite  structure  in 
cultured neonatal Purkinje cells. J. Neurosci. 18: 8559-8570

166



Shin T, Weinstock D, Castro MD, Hamir AN, Wampler T, Walter M, et 
al., 2004. Immunohistochemical localization of endothelial and inducible 
nitric oxide synthase within neurons of cattle with rabies. J. Vet. Med. 
Sci. 66: 539-541

Shingo T, Gregg C, Enwere E, Fujikawa H, Hassam R, Geary C, et al.,, 
2003. Pregnancy-stimulated neurogenesis in the adult female forebrain 
mediated by prolactin. Science 299: 117-120

Shirayama Y, Chen AC-H, Nakagawa S, Russell RS, Duman RS, 2002. 
Brain-derived  neurotrophic  factor  produces  antidepressant  effects  in 
behavioral models of depression. J. Neurosci. 22: 3251-3261

Shoemaker BH, 1939. Effect of testosterone propriate on behavior of the 
female canary, Proc. Soc. Exp. Biol. Med. 41: 299-302

Shors TJ,  2006.  Significant  life  events  and the shape of memories to 
come: A hypothesis. Neurobiol. Learn. Mem. 85: 103-115

Shors TJ, Miesegaes G, Beylin A, Zhao M, Rydel T, Gould E, 2001. 
Neurogenesis  in  the  adult  in  involved  in  the  formaiton  of  trace 
memories. Nature 410: 372-376

Shors  TJ,  Townsend DA,  Zhao M, Kozorovitskiy Y,  Gould E,  2002. 
Neurogenesis  may  relate  to  some  but  not  all  types  of  hippocampal-
dependent learning. Hippocampus 12: 578-584

Shweikj  D, Itin  A,  Soffer  D,  Keshnet  E,  1992.  Vascular  endothelial 
growth factor  induced  by hypoxia-initiated  angiogenesis.  Nature  359: 
843-845

Silverin  B, Baillien  M,  Balthazart  J,  2004.  Territorial  aggression, 
circulating levels of testosterone, and brain aromatase activity in free-
living pied flycatchers. Horm. Behav. 45: 225-234

Simpson  HB,  Vicario  DS,  1990.  Brain  pathways  for learned  and un-
learned vocalizations differ in zebra finches. J. Neurosci. 10: 1541-1556

Sisti  HM,  Glass  AL,  Shors  TJ,  2007.  Neurogenesis  and  the  spacing 
effect:  learning  over  time enhances  memory and the  survival  of  new 
neurons. Learn Mem. 14: 368-375

Siuciak JA, Lewis DR, Wiegand SJ, Lindsay R, 1997.  Antidepressant-
like  effect  of  brain-derived  neurotrophic  factor  (BDNF).  Pharmacol. 
Biochem. Behav. 56: 131-137

Skolnick  P, 1999.  Antidepressants  for  the  new  millennium.  Eur.  J. 
Pharmacol. 375: 31-40

Slater PJ, Clements FA, Goodfellow DJ, 1984. Local and regional varia-
tions in chaffinch song and the questions of dialect. Behaviour 88: 76-97

Slepecky  NB, 1996.  Structure  of  the  mammalian  cochlea:  In:  The 
Cochlea  (Dallos  P, Popper AN,  Fay RR, Eds.),  Springer-Verlag, New 
York, pp. 44-129

Smith GT, Brenowitz E,Wingfield J, Baptista L. 1995. Seasonal changes 
in song nuclei and song behavior in Gambel’s white-crowned sparrows. 
J. Neurobiol. 28: 114-125

Smith  GT, Brenowitz  E,  Beecher  M,  Wingfield  J,  1997.  Seasonal 
changes in testosterone, neural attributes of song control nuclei, and song 
structure in wild songbirds. J. Neurosci. 17: 6001-6010

Smith  VA, King  AP,  West  MJ,  2002.  The  context  of  social  learning: 
association patterns in a captive flock of brown-headed cowbirds. Anim. 
Behav. 63: 23-35

Smolders JW, 1999. Functional recovery in the avian ear after hair cell 
regeneration. Audiol. Neurootol. 4: 286-302

Snider  WD,  Lichtman  JW, 1996.  Are  neurotrophins  synaptotrophins? 
Mol. Cell. Neurosci. 7: 433-442

Snowdon  CT,  Hausberger  M, 1997.  Social  influences  on  vocal 
development. Cambridge: Cambridge University Press

Sockman KW, Gentner TQ, Ball GF, 2002. Recent experience modulates 
forebrain gene-expression in response to mate-choice cues in European 
starlings. Proc. R. Soc. London B 269: 2479-2485

Soh E, Sobhi S, Wong M, Meng Y, Siperstein A, Clark O, et al., 1996. 
Thyroid-stimulating hormone promotes the secretion of vascular endo-
thelial growth factor inthyroid cancer cell lines. Surgery 120: 944-947

Sohrabji  F,  Nordeen EJ,  Nordeen  KW, 1990.  Selective  impairment  of 
song learning  following lesions of a  forebrain  nucleus  in  the  juvenile 
zebra finch. Behav. Neural Biol. 53: 51-63

Sohrabji F, Nordeen EJ, Nordeen KW, 1993. Characterization of neurons 
born and incorporated  into a vocal  control  nucleus  during avian song 
learning. Brain. Res. 620: 335-338

Sohrabji  F, Greene  LA,  Miranda  RC,  Toran-Allerand  CD,  1994a. 
Reciprocal regulation of estrogen and NGF receptors by their ligands in 
PC12 cells. J. Neurobiol. 25: 974-988 

Sohrabji  F, Miranda  RC,  Toran-Allerand  CD,  1994b.  Estrogen 
differentially  regulates  estrogen  and  nerve  growth  factor  receptor 
mRNAs in adult sensory neurons. J. Neurosci. 14: 459-471

Sohrabji F, Miranda RCG, Toran-Allerand CD, 1995. Identification of a 
putative estrogen response element in the gene encoding brain-derived 
neurotrophic factor. PNAS 92: 11110-11114

Soker  S, Takashima  S,  Miao  HQ,  Neufeld  G,  Klagsbrun  M,  1998. 
Neuropilin-1 is expressed by endothelial and tumor cells as an isoform-
specific receptor for vascular endothelial growth factor. Cell 92: 735-745

Solis  MM,  Perkel  DJ, 2005.  Rhythmic  activity  in  a  forebrain  vocal 
control nucleus in  vitro. J. Neurosci. 25: 2811-2822

Soma KK, Hartman VN, Wingfield JC, Brenowitz EA, 1999. Seasonal 
changes in androgen receptorimmunoreactivity in the song nucleus HVC 
of a wild bird. J. Comp. Neurol. 409: 224-236

Soma KK, Tramontin AD, Wingfield JC, 2000. Oestrogen regulates male 
aggression in the non-breeding season. Proc. Biol. Sci. 267: 1089-1096

Soma KK, Wissman AM, Brenowitz EA, Wingfield JC, 2002. Dehydro-
epiandrosterone  (DHEA)  increases  territorial  song  and  the  size  of  an 
associated brain region in a male songbird. Horm. Behav. 41: 203-212

Sondell  M,  Kanje  M, 2000.  Postnatal  expression  of  VEGF  and  its 
receptor flk-1 in peripheral ganglia. Neuroreport 12: 105-108

Sondell  M, Lundborg G, Kanje  M, 1999.  Vascular  endothelial  growth 
factor  has  neurotrophic  activity  and  stimulates  axonal  outgrowth, 
enhancing cell survival and Schwann cell proliferation in the peripheral 
nervous system. J. Neurosci. 19: 5731-5740

Song H, Stevens CF, Gage FH, 2002. Astroglia induce neurogenesis from 
adult neural stem cells. Nature 417: 39-44

Spalding  KL,  Bhardwaj  RD,  Buchholz  BA,  Druid  H,  Frisen  J,  2005. 
Retrospective birth dating of cells in humans. Cell 122: 133-143

Stanfield BB, Trice JE, 1988. Evidence that granule cells generated in the 
dentate gyrus of adult rats extend axonal projections. Exp. Brain Res. 72: 
399-406

Staub NL, De Beer M, 1997. The role of androgen in female vertebrates. 
Gen. Comp. Endocrinol. 108: 1-24

Steel KP, 1991. Similarities between mice and humans with hereditary 
deafness. Ann. NY Acad. Sci. 630: 68-79

Stein RC, 1968. Modulation in bird sounds. Auk 85: 229-243

Stewart PA, Wiley MJ, 1981. Structural and histochemical features of the 
avian blood-brain barrier. J. Comp. Neural. 202: 157-167

Stimpfl M, Tong D, Fasching B, Schuster E, Obermair A, Leodolter S, et 

167



al.,  2002.  Vascular  endothelial  growth factor splice  variants  and their 
prognostic value in breast and ovarian cancer. Clin. Cancer Res. 8: 2253-
2259

Stocker  S, Güttinger  HR,  Herth  G,  1994.  Exogenous  testosterone 
differentially affects myelination and neurone soma sizes in the brain of 
canaries. NeuroReport 5: 1449-1452

Storkebaum E, Lambrechts D, Carmeliet P, 2004. VEGF: once regarded 
as  a  specific  angiogenic  factor,  now  implicated  in  neuroprotection. 
Bioessays 26: 943-954

Strand CR, Deviche P, 2007. Hormonal and environmental  control of 
song control region growth and new neuron addition in adult male house 
finches, Carpodacus mexicanus. Develop. Neurobiol. 67: 827-837

Striedter  GF, 1994. The vocal control  pathways in Budgerigars differ 
from those in songbirds. J. Comp. Neurol. 343: 35-56

Striedter  GF,  Vu  ET, 1998.  Bilateral  feedback  projections  to  the 
forebrain  in  the  premotor  network  for  singing  in  zebra  finches.  J. 
Neurobiol. 34: 27-40

Suhonen JO, Peterson  DA,  Ray J,  Gage  FH 1996.  Differentiation of 
adult  hippocampus-derived  progenitors  into  olfactory neurons  in  vivo 
Nature 383: 624-627

Sukhatme VP, Cao X, Chang LC, Tsai-Morris CH, Stamenkovitch D, 
Ferreira PCP, et al., 1988. A zinc finger-encoding gene coregulated with 
c-fos during growth and differentiation, and after cellular depolarization. 
Cell 53: 37-43

Sun YE, Wu H, 2006. The Ups and Downs of BDNF in Rett Syndrome. 
Neuron 49: 321-323

Suthers RA, 1990. Contributions to birdsong from the left and right sides 
of the intact syrinx. Nature 347: 473-477

Suthers RA, 1997. Peripheral control and lateralization of birdsong. J. 
Neurobiol. 33: 632-652

Suthers RA, Goller F, 1997. Motor correlates of vocal diversity in song-
birds.  In:  Current  ornithology,  vol.  14  (Nolan  V  Jr,  Ketterson  ED, 
Thompson CF, Eds.), Plenum Press, New York, pp. 235-288 

Suthers  RA,  Hector  DH, 1982.  Mechanism  for  the  production  of 
echolocating  clicks  by  the  grey  swiftlet,  Collocalia  spodiopygia.  J. 
Comp. Physiol. 148: 457-470

Suthers RA, Hector DH, 1985. The physiology of vocalization by the 
echolocating  oilbird,  Steatornis  caripensis.  J.  Comp.  Physiol.  A 156: 
243-266

Suthers  RA, Vallet  E,  Kreutzer  M,  2001.  Bilateral  song  production. 
Communication at the NeuroEthology Congress, Bonn.

Suthers  RA, Vallet  E,  Tanvez  A,  Kreutzer  M,  2004.  Bilateral  song 
production of domestic canaries. J. Neurobiol. 60: 381-393

Svensson B, Peters M, Konig HG, Pope M, Levkau B, Rothermundt M, 
et al., 2002. Vascular endothelial growth factor protects cultured rat hip-
pocampal neurons against hypoxic injury via an antiexcitotoxic, caspase-
dependent mechanism. J. Cereb. Blood Flow Metab. 22: 1170-1175

Swain RA, Harris AB, Wiener EC, Dutka MV, Morris HD, Theien BE, et 
al.,  2003.  Prolonged  exercise  induces  angiogenesis  and  increases 
cerebral blood volume in primary motor cortex of the rat. Neuroscience 
117: 1037-1046

Szapacs  ME, Numis  AL,  Andrews  AM,  2004.  Late  onset  loss  of 
hippocampal  5-HT  and  NE  is  accompanied  by  increases  in  BDNF 
protein  expression  in  mice  co-expressing  mutant  APP  and  PS1. 
Neurobiol. Dis. 16: 572-580

Takahashi H, Shibuya M, 2005. The vascular endothelial growth factor 
(VEGF)/VEGF  receptor  system  and  its  role  under  physiological  and 

pathological conditions. Clin. Sci. 109: 227-241

Takahashi T, Nowakowski RS, Caviness VS Jr., 1995. The cell cycle of 
the  pseudostratified  ventricular  epithelium  of  the  embryonic  murine 
cerebral wall. J. Neurosci. 15: 6046-6057

Tanaka R, Yamashiro K, Mochizuki H, Cho N, Onodera M, Mizuno Y, et 
al.,  2004.  Neurogenesis  After  Transient  Global  Ischemia  in  the  Adult 
Hippocampus  Visualized  by  Improved  Retroviral  Vector.  Stroke  35: 
1454-1459

Taupin P, 2005. Adult neurogenesis in the mammalian central  nervous 
system: functionality and potential clinical interest. Med. Sci. Monit. 11: 
RA247-RA252 

Taupin  P,  2006.  Neurogenesis  in  the  adult  central  nervous  system, 
Comptes Rendus Biologies 329: 465-475

Taupin  P, 2007.  BrdU  immunohistochemistry  for  studying  adult 
neurogenesis: paradigms, pitfalls, limitations, and validation. Brain Res. 
Brain Res. Rev. 53: 198-214

Taupin P, Gage FH, 2002. Adult neurogenesis and neural stem cells of the 
central nervous system in mammals. J. Neurosci. Res. 69: 745-749

Tchernichovski O, Schwabl H, Nottebohm F, 1998. Context determines 
the sex appeal of male zebra finch song. Anim. Behav. 55: 1003-1010

Temple S, Alvarez-Buylla A, 1999. Stem cells in the adult mammalian 
central nervous system. Curr. Opin. Neurobiol. 9: 135-141

Terman B, Carrion M, Kovacs E, Rasmussen B, Eddy R, Shows T, 1991. 
Identification of a new endothelial cell  growth factor receptor tyrosine 
kinase. Oncogene 6: 1677-1683

Terman BI, Dougher-Vermazen M, Carrion ME, Dimitrov D, Armellino 
DC, Gospodarowicz D, et al., 1992. Identification of the KDR tyrosine 
kinase as a receptor for vascular endothelial cell growth factor. Biochem. 
Biophys. Res. Commun. 187: 1579-1586

Terpstra NJ, Bolhuis JJ, den Boer-Visser AM, 2004.  An analysis of the 
neural  representation of bird song memory. J. Neurosci. 24: 4971-4977

Thielcke-Poltz  H,  Thielcke  G, 1960.  Akustisches  Lernen  verschieden 
alter  schall-isolierter  Amseln (Turdus merula L.)  und die Entwicklung 
erlernter Motive ohne und mit künstlichem Einfluss von Testosteron. Z. 
Tierpsychol. 17: 211-244

Thoenen H, 1995. Neurotrophins and neuronal plasticity.  Science  270: 
593-598 

Thomas  SP, Thomas  DP,  Thomas  GS,  1985.  Ventilation  and  oxygen 
extraction in the bat Pteropus poliocephalus acutely exposed to simulated 
altitudes from 0 to 11 km. Fedn. Proc. 44, 1349A

Thomas SA, Davson H, Segal MB, 1997. Quantification of efflux into the 
blood  and  brain  of  intraventricularly  perfused  [3H]-thymidine  in  the 
anaesthetized rabbit. Exp. Physiol. 82: 139-148

Thorpe WH, 1955. Comments on the bird fanciers delight; together with 
notes on imitation. in the subsong of the Chaffinch. Ibis 97: 247-251

Thorpe WH, 1958. The learning of song patterns by birds with especial 
reference to the song of the chaffinch,  Fringilla coelebs. Ibis 100: 535-
570

Thorpe WH, 1961. Bird-song: The biology of vocal communication and 
expression in birds. Cambridge University Press, London.

Thorpe WH, 1963.  Antiphonal  singing  in  birds  as  evidence  for  avian 
auditory reaction time. Nature 197: 774-776

Thurston G, 2003. Role of Angiopoietins and Tie receptor tyrosine kina-
ses in angiogenesis and lymphangiogenesis. Cell Tissue Res.314: 61-68

Tillfors M, Furmark T, Marteinsdottir I, Fischer H, Pissiota A, Langstrom 

168



B. et al., 2001. Cerebral blood flow in subjects with social phobia during 
stressful speaking tasks: a PET study. Am. J. Psychiatry 158: 1220-1226

Tischer E, Mitchell R, Hartman T, Silva M, Gospodarowicz D, Fiddes 
JC, et al., 1991. The human gene for vascular endothelial growth factor. 
Multiple protein forms are encoded through alternative exon splicing. J. 
Biol. Chem. 266: 11947-11954

Todt  D, 2004.  From  birdsong  to  speech:  a  plea  for  comparative 
approaches. An. Acad. Bras. Ciênc. 76: 201-208

Toran-Allerand CD, 1996. The estrogen/neurotrophin connection during 
neural  development:  is  co-localization  of  estrogen  receptors  with  the 
neurotrophins and their receptors biologically relevant? Dev. Neurosci. 
18: 36-48

Toyooka K, Asama K, Watanabe Y, Muratake T, Takahashi M, Someya T 
et  al.,  2002.  Decreased  levels  of  brain-derived neurotrophic  factor  in 
serum of chronic schizophrenic patients. Psychiatry Res. 110: 249-257

Tramontin AD, Brenowitz EA, 1999. A field study of seasonal neuronal 
incorporation into the song control system of a songbird that lacks adult 
song learning. J. Neurobiol. 40: 316-326 

Tramontin AD, Smith GT, Breuner CW, Brenowitz EA, 1998. Seasonal 
plasticity  and  sexual  dimorphism  in  the  avian  song  control  system: 
Stereological  measurement  of  neuron  density  and  number.  J.  Comp. 
Neurol. 396: 186-192

Tramontin AD, Hartman VN, Brenowitz EA, 2000. Breeding conditions 
induce rapid and sequential growth in adult avian song control circuits: a 
model of seasonal plasticity in the brain. J. Neurosci. 20: 854-861

Tramontin AD, Perfito N, Wingfield JC, Brenowitz EA, 2001. Seasonal 
growth of song control nuclei precedes seasonal reproductive develop-
ment in wild adult song sparrows. Gen. Comp. Endocrinol. 122: 1-9

Tramontin  AD, Wingfield  JC,  Brenowitz  EA,  2003.  Androgens  and 
estrogens  induce  seasonal-like  growth  of  song  nuclei  in  the  adult 
songbird brain. J. Neurobiol. 57: 130-140

Tropepe V, Coles BL, Chiasson BJ, Horsford DJ, Elia AJ, McInnes RR, 
et al., 2000. Retinal stem cells in the adult mammalian eye. Science 287: 
2032-2036 

Tsai SJ, 2003. Brain-derived neurotrophic factor: A bridge between maj-
or depression and Alzheimer's disease? Med. Hypotheses 61: 110-113

Tsai  MJ,  O'Malley  BW, 1994.  Molecular  mechanisms  of  action  of 
steroid/thyroid receptor superfamily members. Ann. Rev. Biochem. 63: 
451-486

Tsutsui  K, Matsunaga M, Miyabara  H,  Ukena K,  2006.  Neurosteroid 
biosynthesis in the quail brain: A review. J. Exp. Zool. 305A: 733–742 

Tuder R, Flook B, Voelkel N, 1995. Increased gene expression for VEGF 
and the VEGF receptors KDR/Flk and Flt in lungs exposed to acute or to 
chronic hypoxia. Modulation of gene expression by nitric oxide. J. Clin. 
Invest. 95: 1798-1807

Ullrich A, Schlessinger J, 1990. Signal transduction by receptors with 
tyrosine kinase activity. Cell 61: 203-212

Vallet E, Kreutzer M, 1995. Female canaries are sexually responsive to 
special song phrases. Anim. Behav. 49: 1603-1610

Vallet E, Beme I, Kreutzer M, 1998. Two-note syllables in canary songs 
elicit high levels of sexual display. Anim. Behav. 55: 291-297

Van Praag H, Kempermann G, Gage FH. 1999.  Running increases cell 
proliferation and neurogenesis in the adult mouse dentate gyrus. Nature 
Neurosci. 2: 266-270

Van Praag H, Kempermann G, Gage FH, 2000. Neural consequences of 
environmental enrichment. Nature Rev. Neurosci. 1: 191-198

Van Praag H, Schinder AF, Christie BR, Toni N, Palmer TD, Gage FH, 
2002.  Functional  neurogenesis  in  the  adult  hippocampus.  Nature 415: 
1030-1034

Vates GE, Nottebohm F, 1995. Feedback circuitry within a song-learning 
pathway. Proc. Natl. Acad. Sci. USA, 92: 5139-5143

Vates GE, Hashimoto T, Young WL, Lawton MT, 2005. Angiogenesis in 
the brain during development: the effects of vascular endothelial growth 
factor and angiopoietin-2 in an animal model. J. Neurosurg. 103: 136-145

Vaynman  S,  Ying  Z,  Gomez-Pinilla  F,  2004.  Hippocampal  BDNF 
mediates  the  efficacy of exercise  on synaptic plasticity and cognition, 
Eur. J. Neurosci. 20: 2580-2590

Velho TAF, Pinaud R, Rodrigues PV, Mello C,  2005.  Co-induction of 
activity-dependent genes in songbirds. Eur. J. Neurosci. 22: 1667-1678

Vicario DS, Yohay KH, 1993. Song-selective auditory input to a fore-
brain vocal control nucleus in the zebra finch. J. Neurobiol. 24: 488-505

Vicario-Abejon C, Collin C, McKay RD, Segal M, 1998. Neurotrophins 
induce  formation  of  functional  excitatory  and  inhibitory  synapses 
between cultured hippocampal neurons. J. Neurosci. 18: 7256-7271

Virchow  R, 1847.  Zur  pathologischen  Physiologie  des  Blutes.  a) 
Veränderungen des Blutplasma’s. b) Weisses Blut. c) Faserstoffarten und 
fibrinogene Substanze. Virchow’s Archiv 1

Voigt C, Leitner S, Gahr M, 2006. Repertoire and structure of duet and 
solo  songs  in  cooperatively  breeding  white-browed  sparrow  weavers. 
Behaviour 143: 159-182

Voigt C, Leitner S, Gahr M, 2007. Socially induced brain differentiation 
in a cooperatively breeding songbird. Proc. Biol. Sci. 274: 2645-2651

Von  Bartheld  CS, Wang  X,  Butowt  R,  2001.  Anterograde  axonal 
transport, transcytosis, and recycling of neurotrophic factors: the concept 
of trophic currencies in neural networks. Mol. Neurobiol. 24: 1-28

Volman SF, 1993. Development of neural selectivity for birdsong during 
vocal learning. J. Neurosci. 13: 4737-4747

Volman SF, Khanna H, 1995. Convergence of untutored song in group-
reared zebra finches (Taeniopygia guttata). J. Comp. Psychol. 109:211-21

Vu ET, Mazurek ME, Kuo Y-C, 1994. Identification of a forebrain motor 
programming network for the learned song of zebra finches. J. Neurosci. 
14: 6924-6934

Vu ET, Schmidt MF, Mazurek ME, 1998. Interhemispheric coordination 
of  premotor  neural  activity  during  singing  in  adult  zebra  ginches.  J. 
Neurosci. 18: 9088-9098

Waldstein  RS, 1990.  Effects  of  postlingual  deafness  on  speech 
production: Implications for the role of auditory feedback. J. Acoust. Soc. 
Am. 88: 2099-2144

Waltenberger J, Claesson-Welsh L, Siegbahn A, Shibuya M, Heldin CH, 
1994. Differential signal transduction  properties of KDR and Flt-1, two 
receptors  for  vascular  endothelial  growth  factor.  J.  Biol.  Chem.  269: 
26988-26995

Walters  MJ, Collado D, Harding CF, 1991. Oestrogenic modulation of 
singing  in  male  zebra  finches:  Differential  effects  on  directed  and 
undirected songs. Anim. Bahv. 42: 445-452

Wang N, Aviram R, Kirn JR,  1999.  Deafening alters  neuron  turnover 
within the telencephalic motor pathway for song control in adult zebra 
finches. J. Neurosci. 19: 10554-10561

Wang  N,  Hurley  P,  Pytte  C,  Kirn  JR,  2002.  Vocal  control  neuron 
incorporation decreases with age in the adult zebra finch. J. Neurosci. 22: 
10864-10870 

Warchol  ME, Lambert  PR,  Goldstein  BJ,  Forge  A,  Corwin  JT,  1993. 

169



Regenerative  proliferation  in  inner  ear  sensory  epithelia  from  adult 
guinea pigs and humans. Science 259: 1619–1622

Warren RS, Yuan H, Matli MR, Ferrara N, Donner DB, 1996. Induction 
of vascular endothelial growth factor by insulin-like growth factor 1 in 
colorectal carcinoma. J. Biol. Chem. 271: 29483-29488

Waser MS, Marler P, 1977. Song learning in canaries. J. Comp. Physiol. 
Psychol. 91: 1-7

Weaving LS, Ellaway CJ, Gecz J, Christodoulou J, 2005. Rett syndrome: 
clinical review and genetic update. J. Med. Genet. 42: 1-7

Wedge S, Ogilvie D, Dukes M, Kendrew J, Curwen J, Hennequin L, Tet 
al.,  2000.  ZD4190:  an  orally  active  inhibitor  of  vegf  signaling  with 
broad-spectrum antitumor efficacy. Cancer Res. 60: 970-975

Wehling M, 1997. Specific,  nongenomic  actions of steroid hormones. 
Ann. Rev. Physiol. 59: 365-393

Weichel  K, Schwager G,  Heid  P,  Güttinger  HR,  Pesch  A,  1986.  Sex 
differences  in  plasma  steroid  concentrations  and  singing  behaviour 
during ontogeny in canaries (Serinus canaria). Ethology 73: 281-294

Weiss S, Dunne C, Hewson J, Wohl C, Wheatley M, Peterson AC, et al., 
1996.Multipotent CNS stem cells  are present  in  the adult  mammalian 
spinal cord and ventricular neuroaxis. J. Neurosci. 16, 7599-7609 

Wen Y, Edelman J,  Kang T, Zeng N, Sachs G, 1998.  Two functional 
forms of vascular endothelial growth factor receptor-2 Flk-1 mRNA are 
expressed in normal rat retine. J. Biol. Chem. 273: 2090-2097

West MJ, King AP, 1988. Female visual displays affect the development 
of male song in the cowbird. Nature 334: 244-246

West MJ, King AP, Freeberg TM, 1997. Building a social agenda for the 
study of bird song. In: Snowdon CT and Hausberger M (Eds.),  social 
influences  on  vocal  development.  Cambridge:  Cambridge  University 
Press, pp. 41-57

White  SA, Livingston  FS,  Mooney  R,  1999.  Androgens  modulate 
NMDA receptor-mediated  EPSCs  in  the  zebra  finch  song  system.  J. 
Neurophysiol. 82: 2221-2234

Wick A, Wick W, Waltenberger  J,  Weller  M, Dichgans J,  Schulz JB, 
2002. Neuroprotection by hypoxic precondition-ing requires sequential 
activation  of  vascular  endothelial  growth  factor  receptor  and  Akt.  J. 
Neurosci. 22: 6401-6407

Wickler W, Lunau K, 1997. How do East African bush shrikes Lanarius 
funebris recognize  male  and  female  tutors  during  gender  dialect 
development? Naturwissenschaften 84:1-2

Wickler W, Seibt U, 1980. Vocal duetting and the pair bond 2. Uni sono 
duetting in the African forest weaver Symplectes bicolor. Z. Tierpsychol. 
52: 217-226

Wickler  W, Seibt U, 1988. Gender  dialects:  a  new phenomenon from 
birdsong epigenesis.  Naturwissenschaften 75: 51-52

Wickler W, Sonnenschein E, 1989. Ontogeny of song in captive duet-
singing slate-coloured boubous (Lanarius funebris). Behaviour 111: 220-
233

Widenfalk J, Olson L, Thoren P, 1999. Deprived of habitual running, rats 
downregulate BDNF and TrkB messages in the brain. Neurosci. Res. 34: 
125-132

Wilbrecht L, Kirn JR, 2004. Neuron addition and loss in the song system 
regulation and function. Ann. NY Acad. Sci. 1016: 659-683

Wild  JM, 1994.  The  auditory-vocal-respiratory  axis  in  birds.  Brain 
Behav. Evol. 44: 192-209

Wild JM, 1997. Neural pathways for the control of birdsong production. 
J. Neurobiol. 33: 653-670

Wild JM, 2004a. Functional neuroanatomy of the sensorimotor control of 
singing. Ann. N.Y. Acad. Sci. 1016: 438-462 

Wild JM, Li D, Eagleton C. 1997. Projections of the dorsomedial nucleus 
of the intercollicular complex in relation to respiratory-vocal nuclei in the 
brainstem  of  pigeon  (Columba  livia)  and  zebra  finch  (Taeniopygia  
guttata). J. Comp. Neurol. 377: 392-413

Wild JM, Williams MN, Suthers RA, 2000. Neural pathways for bilateral 
vocal control in songbirds. J. Comp. Neurol. 423: 413-426

Will B, Galani R, Kelche C, Rosenzweig MR, 2004. Recovery from brain 
injury in animals: relative efficacy of environmental enrichment, physical 
exercise or formal training (1990-2002). Prog. Neurobiol. 72: 167-182

Williams H, 2004. Birdsong and singing behavior.  Ann. NY Acad. Sci. 
1016: 1-36

Williams H, Mehta N, 1999. Changes in adult zebra finch song require a 
forebrain nucleus that is not necessary for song production. J. Neurobiol. 
39: 14-28

Williams H, Nottebohm F, 1985. Auditory responses in avian vocal motor 
neurons: a motor theory for song perception in birds. Science 229: 279-
282

Williams H, Vicario DS, 1993. Temporal patterning of song production: 
participation of nucleus  uvaeformis of the  thalamus.  J.  Neurobiol.  24: 
903-912

Williams S, Leventhal C, Lemmon V, Nedergaard M, Goldman S, 1999. 
Estrogen  promotes  the  initial  migration  and  inception  of  NgCAM-
dependent calcium-signaling by new neurons of the adult songbird brain. 
Mol. Cell. Neurosci. 13: 41-55

Wingfield  J,  Farner  D, 1978.  The  annual  cycle  of  plasma  irLH  and 
steroid  hormones  in  feral  populations  of  the  white-crowned  sparrow, 
Zonotrichia leucophrys gambelii. Biol. Reprod. 19: 1046-1056

Wingfield  JC, Hahn  TP,  Wada  M,  Astheimer  LB,  Schoech  S,  1996. 
Interrelationship of day length and temperature on the control of gonadal 
development,  body  mass,  and  fat  score  in  white-  crowned  sparrows, 
Zonotrichia leucophrys gambelii. Gen. Comp. Endocrinol. 101: 242-255

Wisden W, Errington ML, Williams S, Dunnett SB, Waters C, Hitchcock 
D, et al., 1990. Differential expression of immediate early genes in the 
hippocampus and spinal cord. Neuron 4: 603-614

Wiskott L, Rasch MJ, Kempermann G, 2006. A functional hypothesis for 
adult hippocampal neurogenesis: avoidance of catastrophic interference 
in the dentate gyrus. Hippocampus 16: 329-343

Woolley CS, 1998. Estrogen-mediated structural and functional synaptic 
plasticity in the female rat hippocampus. Horm. Behav. 34: 140-148

Woolley  CS,  McEwen  BS, 1994.  Estradiol  regulates  hippocampal 
dendritic spine density via an-N-methyl-D-aspartate receptor-dependent 
mechanism. J. Neurosci. 14: 7680-7687

Wright TF, Cortopassi  KA, Bradburry JW, Dooling RJ,  2003. Hearing 
and vocalizations in the orange-fronted conure (Aratinga canicularis). J. 
Comp. Neurol. 117: 87-95

Wright  TF, Brittan-Powell  EF,  Dooling  RJ,  Mundinger  P,  2004.  Sex-
linkage  of  deafness  and  song  frequency  spectrum in  the  Waterslager 
strain of domestic canary. Biology Letters, 271 (s6): s409-s412

Wurmser AE, Nakashima K, Summers RG, Toni N, D'Amour KA, Lie 
DC, Gage FH, 2004a. Cell fusion-independent differentiation of neural 
stem cells to the endothelial lineage. Nature 430: 350-356

Wurmser  AE, Palmer  TD,  Gage  FH,  2004b.  Neuroscience.  Cellular 
interactions in the stem cell niche. Science 304: 1253-1255

Xie  K, Wei  D,  Shi  Q,  Huang  S,  2004.  Constitutive  and  inducible 
expression and regulation of vascular endothelial growth factor. Cytokine 

170



Growth Factor Rev. 15: 297-324

Xie YC, Li CY, Li T, Nie DY,  Ye F, 2007. Effect of mild hypothermia on 
angiogenesis in rats with focal  cerebral  ischemia. Neurosci. Lett. 422: 
87-90

Xu B, Zang K, Ruff NL, Zhang YA, McConnell SK, Stryker MP, et al., 
2000.  Cortical  degeneration in the  absence  of  neurotrophin signaling: 
dendritic retraction and neuronal loss after removal of the receptor TrkB. 
Neuron 26: 233-245

Yacoubian TA, Lo DC, 2000. Truncated and full-length TrkB receptors 
regulate distinct modes of dendritic growth. Nature Neurosci. 3: 342-349

Yagita Y, Kitagawa K, Sasaki T, Miyata  T, Okano H, Hori M, et  al., 
2002.  Differential  expression in Musashi1  and nestin  in  the  adult  rat 
hippocampus after ischemia. J. Neurosci. Res. 69: 750-756

Yamada K, Nabeshima T, 2003. Brain-derived neurotrophic factor/ TrkB 
signaling in memory processes. J. Pharmacol. Sci. 91: 267-270

Yamada M, Onodera M, Mizuno Y, Mochizuki H, 2004. Neurogenesis in 
olfactory bulb identified by retroviral labeling in normal and 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine-treated adult mice. Neuroscience 124: 
173-181

Yamaguchi  A, 1998.  A  sexually  dimorphic  learned  birdsong:  the 
Northern Cardinal. Condor 100: 504-511 

Yamaguchi A, 2001. Sex differences in vocal learning. Nature 411: 257-
258 

Yamaguchi T, Dumont D, Conlon R, Breitman M, Rossant J, 1993. flk-1, 
an flt-related receptor tyrosine kinase is an early marker for endothelial 
cell precursors. Development 118: 489-498

Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand SJ, Holash J, 
2000.  Vascular-specific  growth  factors  and  blood  vessel  formation. 
Nature 407: 242-248

Yang W, Klos K, Yang Y, Smith TL, Shi D, Yu D, 2002. ErbB2 over-
expression correlates with increased expression of vascular endothelial 
growth factors A, C, and D in human breast carcinoma. Cancer 94: 2855-
2861

Yang SZ, Zhang LM, Huang YL, Sun FY, 2003. Distribution of Flk-1 
and Flt-1 receptors in neonatal and adult brins. Anat. Rec. 274A: 851-
856

Yin Y, Edelman GM, Vanderklish PW, 2002.  The brain-derived neuro-
trophic factor  enhanves synthesis  of Arc in synaptoneurosomes.  Proc. 
Natl. Acad. Sci. USA 99: 2368-2373

Young  D, Lawlor  PA, Leone  P, Dragunow  M, During  MJ, 1999. 
Environmental  enrichment  inhibits  spontaneous  apoptosis,  prevents 
seizures and is neuroprotective. Nature Med. 5: 448-453

Yu AC, Margoliash D, 1996. Temporal hierarchical control of singing in 
birds. Science 273: 1871-1875

Zachary I, 2005.  Neuroprotective  role  of  vascular  endothelial  growth 
factor:  signalling  mechanisms,  biological  function,  and  therapeutic 
potential. Neurosignals 14: 207-221

Zachary  I,  Gliki  G, 2001.  Signal  transduction  mechanisms  mediating 
biological  actions  of  the  vascular  endothelial  growth  factor  family. 
Cardiovasc. Res. 49: 568-581

Zahavi A, 1975. Mate selection – A selections for a handicap. J. Theor. 
Biol. 53: 205-214

Zahavi  A, 1987.  The  theory  of  signal  selection  and  some  of  its 
implications.  In:  International  Symposium  of  Biological  Evolution 
(Delfino VP, Ed.), Bari: Adriatica Editrice, pp. 305-327

Zeng  H, Dvorak  HF,  Mukhopadhyay  D,  2001.  Vascular  permeability 
factor  (VPF)/vascular  endothelial  growth  factor  (VEGF)  receptor-1 
down-modulates  VPF/VEGF  receptor-2-mediated  endothelial  cell 
proliferation, but  not migration,  through phosphatidylinositol 3-kinase-
dependent pathways. J. Biol. Chem. 276: 26969-26979

Zhang Z, Zhang L, Jiang Q, Davies K, Powers C, van Bruggen N, et al., 
2000.  VEGF enhances  angiogenesis  and  promotes  blood–brain  barrier 
leakage in the ischemic brain. J. Clin. Invest. 106: 829-838

Zhang RL, Zhang ZG, Zhang L, Chopp M, 2001. Proliferation and diff-
erentiation of progenitor cells in the cortex and the subventricular zone in 
the adult rat after focal cerebral ischemia. Neuroscience 105: 33-41

Zhang R, Zhang Z, Wang L, Wang Y, Gousev A, Zhang L, et al., 2004. 
Activated neural stem cells contribute to stroke-induced neurogenesis and 
neuroblast migration toward the infarct boundary in adult rats. J. Cereb. 
Blood Flow Metab. 24: 441-448

Zhao M, Momma S, Delfani K, Carlen M, Cassidy RM, Johansson CB, et 
al., 2003. Evidence for neurogenesis in the adult mammalian substantia 
nigra. Proc. Natl. Acad. Sci. USA 100: 7925-7930

Zhao S, Chai X, Frotscher M, 2007. Balance between neurogenesis and 
gliogenesis in the adult hippocampus: role for reelin. Dev. Neurosci. 29: 
84-90

Ziche  M,  Morbidelli  L, 2000.  Nitric  oxide  and  angiogenesis.  J. 
Neurooncol. 50: 139-148

Zigova  T, Pencea  V,  Wiegand  SJ,  Luskin  MB,  1998.  Intraventricular 
administration  of  BDNF  increases  the  number  of  newly  generated 
neurons in the adult olfactory bulb. Mol. Cell. Neurosci. 11: 234-245

Zigova  T, Pencea  V,  Wiegand  SJ,  Luskin  MB,  1998.  Intraventricular 
administration  of  BDNF  increases  the  number  of  newly  generated 
neurons in the adult OB. Mol. Cell. Neurosci. 11: 234-245

Zupanc GKH, 1999.  Neurogenesis,  cell  death  and regeneration  in  the 
adult gymnotiform brain. J. Exp. Biol. 202: 1435-1446

Zupanc GKH, 2001. Adult neurogenesis and neuronal regeneration in the 
central nervous system of teleost fish. Brain Behav. Evol. 58: 250-275

171



  


	- Combined laminin/DAPI staining
	- HVC and RA volume
	- Counting neurons: NeuN staining
	- Blood vessel diameter: Laminin/DAPI staining



