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Neurons are the basic information processing structures in the CNS.  The primary function 
of a neuron is to receive information from sensory organs or other neurons, to process that 
information and send it as electrical or chemical signals to other neurons or motor organs. 
Synapses are specialized connections between neurons through which information flows 
from one neuron to another. In response to extrinsic stimuli, neurons can adapt and change 
the strength of their synapses. Brief periods of activity at a synapse with particular temporal 
and spatial patterns can enhance or depress the efficacy of synapses. Such activity-dependent 
forms of synaptic plasticity are usually accompanied by structural modifications of the den-
dritic spines and play a crucial role in normal brain functions and maturation of its neural 
circuits. Although activity-dependent synaptic plasticity is most evident during development, 
experience can shape information processing throughout an animal’s lifetime. In the adult, 
synaptic modifications induced by particular patterns of neuronal activity can provide poten-
tial mechanisms for learning and memory. A diverse set of signaling molecules are involved in 
synaptic plasticity. Neurotrophins and cell adhesion molecules including cadherins have been 
found to participate in the development of neuronal circuits and activity dependent plasticity. 
In our efforts to better understand the molecular events regulating plasticity in the neocortex, 
we have used visual cortex as a model system to study the effects of TrkB signaling and β-cat-
enin on structural and functional adult plasticity in the visual cortex. 

The visual system and its anatomy
Axons of retinal ganglion cells mostly project to the opposite lateral geniculate nucleus (LGN) 
through the optic chiasm. Nearly 10% of these axons do not cross over and end in the ipsi-
lateral LGN. The input from the LGN enters layer IV of the primary visual cortex (V1). The 
lateral part of V1 receives input from both eyes, hence the name “binocular cortex”. The larger 
and more medial part of V1, called the monocular cortex, is exclusively responsive to the 
contralateral eye stimulations (Fig. 1). In every visual hemifield, the medial 30 degrees is seen 
by both eyes and can evoke responses in the binocular cortex. Based on the anatomical input 
to the binocular cortex, most neurons respond to both eyes with a higher preference for the 
contralateral eye. This bias towards inputs from the contralateral eye is called ocular domi-
nance (OD). A small fraction of neurons in the binocular cortex are exclusively responsive to 
stimulation of either of the eyes. As will be discussed in the following paragraphs, the OD in 
the binocular cortex can be affected by wrong visual stimuli or clinical conditions. 

Development of the visual cortex
Development of V1 in mammals takes place in three stages. In the first stage, before eye 
opening (around postnatal day 14 in mice), most neurons that originate from the LGN make 
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precise connections to stellate cells in layer IV of V1 in a topographic organization. The for-
mation and refinement of topographic maps are known to be dependent on molecular cues 
in the cortex and spontaneous neural activity that is generated locally and through sponta-
neous input from retinal ganglion cells. At this time ganglion cells are not driven by rod and 
cone photoreceptors. Instead their discharge occurs through correlated bursting activity of 
ganglion cells mediated by cholinergic transmission (Cang et al., 2005;Wong et al., 1993).  In 
the second stage, when the eyes open and visual responses of the retina enter the visual cor-
tex, orientation selectivity and OD of neurons in V1 emerge. The development of orientation 
selectivity is mainly dependent on spontaneous activity and barely affected by visual experi-
ence. In the third stage selective properties of V1 neurons such as orientation selectivity and 
OD will be refined to make them more similar through the two eyes. This is called binocular 
matching and happens between 3-5 weeks after birth, at a time that organization of inputs to 
the visual cortex is strongly affected by visual experience.

OD plasticity
During early postnatal life, neuronal connections in the cortex are not mature. In later stages 
of development these connections are refined through neuronal activity generated sponta-
neously or by sensory inputs. However, effect of sensory inputs on neuronal circuits is very 
significant during a short period of early postnatal brain development. Such periods are called 
critical periods, during which activity-dependent synaptic plasticity is very high. Critical pe-
riods can be at different times and for different sensory systems. There are many examples 
of critical periods for sensory or motor behaviors which occur at certain times during the 

Figure 1.  Schematic of the mouse 
visual system. The left and right visual 
hemifields and their representations in 
the brain are colored in red and green, 
respectively. The small binocular visual 
field in front of the mouse is seen by the 
temporal retinas of both eyes. The dig-
its in the visual field and in the visual 
cortex demonstrate the retinotopic or-
ganization. The ‘3’ at the center of the 
visual field is represented in both hem-
ispheres, as V1 contains a small ipsilat-
eral visual field representation. Adopt-
ed from (Hubener, 2003).
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early life of an organism. For example, in an early study carried out by Lorenz (1935) on filial 
imprinting on birds, it was shown that imprinting could only take place within a brief criti-
cal period. Lorenz observed that, shortly after hatching in an incubator, greylag geese chicks 
could be imprinted on almost any moving visual object, including himself, which from then 
on would serve as a substitute mother for the young geese. He noticed that the time window 
for imprinting was well defined, and occurred between 13 and 16 h after hatching (Lorenz 
K., 1935). Another example is the higher susceptibility for learning songs in birds just a few 
weeks after hatching up to two months or even a year depending on species (Nordeen and 
Nordeen, 1990). There are many other examples of critical periods including language ac-
quisition, exposure to certain sound frequencies and development of tonotopic maps and 
neuronal responses accordingly (Barkat et al., 2011). Among these the visual cortex is of par-
ticular interest as visual sensory information can shape its function and refine anatomical 
connections during the critical period. Eyelid suturing (monocular deprivation, MD) during 
the critical period leads to a change in responsiveness of neurons in the visual cortex towards 
the open eye. The time and duration of the critical period for OD plasticity varies from one 
species to the other. In mice it is between 3-5 weeks of age with a peak around postnatal day 
28. Nevertheless, after the critical period there will be some plasticity during adulthood, al-
though it will be more difficult to induce structural rearrangements (Fig. 2).
The OD shift during adulthood has a number of differences with the same shift during the 
critical period. As well as being smaller, the adult shift requires a longer duration of MD to 
emerge, namely 4-5 days compared to 2-3 days in juveniles (Pham et al., 2004;Sawtell et al., 
2003). The juvenile shift is primarily due to a rapid decrease in response to the closed eye 
and a delayed potentiation of response to the open (ipsilateral) eye (Frenkel and Bear, 2004), 
while the adult shift is only due to an increased response to the open, ipsilateral eye. This gain 
is suggested to be through decreased inhibition. The decreased responsiveness to the closed, 
contralateral eye in a juvenile shift can be the result of synapse elimination since in layer III 
spine density of apical dendrites in pyramidal neurons decreases (Mataga et al., 2004). This 
does not happen in an adult shift, as could be expected from lack of a decrease in response 
to the closed, contralateral eye. For a detailed review refer to “Critical-period plasticity in the 
visual cortex” (Levelt and Hubener, 2012).

Acuity
Visual acuity is the spatial resolving capacity of the visual system, which is based on visual 
processing power of both retina and the brain. In simple terms visual acuity can be explained 
as the ability to see fine details. There is a gradual increase in the development of V1 and visual 
acuity during the critical period. Visual experience seems to affect the levels of neurotrophic 
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factors which are necessary for development of synapses (Huang et al., 1999). For example In-
sulin-like growth factor 1 (IGF-1) can increase the development of inhibitory innervation and 
visual acuity (Ciucci et al., 2007). On the other hand, dark rearing, MD, and aging can lead to 
a loss of visual acuity, and a concomitant decrease in the level of brain-derived neurotrophic 
factor (BDNF) (Prusky et al., 2006;Prusky and Douglas, 2004). Interestingly after the critical 
period when visual acuity is enhanced, down-regulation of signaling through TrkB (the re-
ceptor of BDNF) in only pyramidal neurons can lead to a decrease in visual acuity (Heimel et 
al., 2010). Overall acuity of the visual cortex is an indication of how mature and well-devel-
oped it is. After MD, the responsiveness of the binocular visual cortex to the deprived eye is 
decreased and accompanied by reduced visual acuity. This also occurs with amblyopia (lazy 
eye), a clinical condition in which the visual cortex is less responsive to one of the eyes due 
to a deficit in correlated binocular visual inputs during development. Having detailed knowl-
edge of the rules of activity-dependent plasticity during the critical period and adulthood may 
pave the way for partial recovery of visual properties in amblyopia. 

Brain-derived neurotrophic factor (BDNF) and TrkB receptor
Neurotrophins are growth factors that are known to regulate many aspects of neuronal devel-
opment and function, including neuronal differentiation, proliferation, survival, and synapse 
formation and plasticity. The neurotrophins comprise a family of at least four structurally 
related proteins; nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neu-
rotrophin-3 (NT-3) and neurotrophin-4 (NT-4) that exert their effects through two classes 
of transmembrane receptors: lower-affinity p75 neurotrophin receptor (p75NTR) and the 
high-affinity tropomyosin-related kinase (Trk) receptors TrkA, TrkB and TrkC.  p75NTR 
binds all four neurotrophins. However, the Trk family of receptors bind only one or two of the 

Figure 2.  OD shift in juvenile and 
adult mice. Seven days of MD, in-
duces significant shifts of ocular 
dminance in both juvenile and 
adult mice. Note the much small-
er shift in the adults, measured by 
intrinsic signal imaging. Adopted 
from (Heimel et al., 2007).
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neurotrophins. The TrkA receptor preferentially binds NGF, the TrkB receptor binds BDNF 
and NT4, and the TrkC receptor binds NT3. The Trk receptors are activated by neurotrophin 
mediated dimerization and transphosphorylation of tyrosine residues in the intracellular ki-
nase domain of the receptors. The tyrosine phosphorylation is followed by the activation of 
diverse signaling cascades that regulates cell growth, survival, and differentiation (Blum et al., 
2002;McAllister et al., 1999;Park and Poo, 2013).
BDNF is normally secreted in response to neuronal activity and membrane depolarization 
(Lessmann et al., 2003;Moon et al., 2004). Activation of BDNF receptors as a self-amplifying 
autocrine loop leads to elevation of Ca2+ and cAMP levels and increases BDNF secretion  
(Kruttgen et al., 1998). BDNF regulates neuronal growth (Wirth et al., 2003) and differentia-
tion and is involved in synapse formation, maturation, and plasticity (Mandolesi et al., 2005). 
Activation of TrkB receptors causes neurite outgrowth (Dimitropoulou and Bixby, 2000) 
and supports survival of neurons (Vaillant et al., 1999). These effects are mediated through 
three intracellular signaling pathways: a) Ras stimulation of mitogen-activated protein kinase 
(MAPK) cascades which includes activation of extracellular signal regulated kinase (ERK), 
b) phosphatidyl inositol 3-kinase (PI3K) stimulation of Akt, and c) phospholipase Cγ (PL-
Cγ)-dependent generation of Inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). IP3 
facilitates release of Ca2+ from internal stores which can lead to activation of Ca2+/CaM-de-
pendent protein kinases (CaMKII and CaMKIV). 
Another receptor of BDNF is TrkB.T1 that is similar to TrkB in extracellular and transmem-
brane domains but the C-terminal containing kinase catalytic region is truncated (Klein et 
al., 1990). TrkB.T1 is expressed in astrocytes, which respond to brief application of BDNF 
by releasing calcium from intracellular stores. The calcium transients are insensitive to the 
tyrosine kinase blocker K-252a and persist in mutant mice lacking full length TrkB (TrkB-FL) 
(Rose et al., 2003). TrkB.T1 can down-regulate TrkB signaling by either directly dimerizing 
with TrkB-FL and forming non-functional heterodimers (Eide et al., 1996) or sequestering 
BDNF (Biffo et al., 1995) by binding it without transducing the intracellular signaling. TrkB.
T1-deficient mice seem to develop normally but show increased anxiety, associated with mor-
phological abnormalities in the length and complexity of neurites in the basolateral amygdala. 
These effects are probably due to regulation of TrkB signaling especially because some of the 
effects of reduced TrkB signaling in BDNF+/- mice can be rescued by TrkB.T1 deletion (Ca-
rim-Todd et al., 2009). 

Regulation of axonal and dendritic arborization by BDNF
A number of studies have shown a link between increased BDNF expression and increased 
branching and complexity of both axonal- and dendritic arborization. Stimulation of neurite 
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outgrowth on immature astrocytes has been reported after application of BDNF (Deumens et 
al., 2006). BDNF also has positive effects on the outgrowth of undifferentiated neurites and on 
the axonal processes of hippocampal pyramidal neurons (Labelle and Leclerc, 2000). Promo-
tion of axonal arborization after in vivo infusion of BDNF has been reported in retinal gan-
glion cells of Xenopus laevis tectum (Cohen-Cory and Fraser, 1995). In spite of these effects 
observed after acute BDNF application, mice with reduced BDNF- or TrkB expression did not 
show gross morphological alterations in their axonal projections (Lyckman et al., 2005;Mar-
tinez et al., 1998). This could be due to compensatory effects mediated by other neurotro-
phins. Experiments in developing cortical slices have shown that treatment with recombinant 
BDNF leads to increased dendritic arborization in layer IV (McAllister et al., 1996;McAllister 
et al., 1997).  At least in developing cortical cultures such an effect is promoted by neuronal 
activity (McAllister et al., 1996). Overexpression of BDNF in sparse neurons in cortical slice 
cultures causes the destabilization of dendritic arbors of these neurons, but stimulates growth 
of neurons that are less than 4.5 μm away from the BDNF source (Horch and Katz, 2002). This 
suggests that BDNF provides signals for neurites to grow towards sites of synaptic activity. 
The high autocrine BDNF levels caused by BDNF overexpression may make it impossible 
for neurons to sense this signal from other neurons, causing their instability. Interestingly, in 
vivo, BDNF is more important for the maintenance of dendritic branches in adolescent mice 
than for their growth during the first 2-3 weeks after birth (Gorski, Jones 2003). Because den-
dritic and axonal growth are regulated by synapse formation (Singh et al., 2006), it is possible 
that BDNF’s primary role is in the formation or stabilization of synapses, with the effects on 
axon and dendrite growth being a secondary effect.

Role of BDNF in activity dependent refinement of synaptic connections
During development and after the first establishment of neuronal circuits, a considerable part 
of neuronal connections are refined by neuronal activity. The source of this activity can be 
either spontaneous firing or sensory inputs. This refinement involves changes in the num-
ber and strength of synapses. During this process, those synapses that are frequently or syn-
chronously activate will be stabilized while those that do not receive appropriate inputs will 
be eliminated. It is believed that competition for limiting amounts of neurotrophic factors 
secreted by the postsynaptic target neuron play an important role in this process (Park and 
Poo, 2013). Indeed, it was found in hippocampal cultures that high frequency neuronal stim-
ulation facilitates BDNF release, while low-frequency stimulation does not (Hartmann et al 
2001). Release of BDNF can happen directly at the postsynaptic site and at the presynaptic site 
via retrograde signaling and requires activation of postsynaptic NMDA receptors in order for 
activity-dependent synaptic strengthening to occur. Synaptic strengthening can occur via pre- 
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and postsynaptic mechanisms. For example, TrkB-dependent phosphorylation of synapsin 
by MAPK increases presynaptic transmitter release (Jovanovic et al., 2000). Enhancement of 
post-synaptic excitatory responses can be mediated via TrkB-dependent tyrosin phospho-
rylation of NR2B subunit of NMDA receptors (Alder et al., 2005;Lin et al., 1998;Suen et al., 
1997) and through recruitment of PSD95 to the synapse (Yoshii et al., 2011). These mecha-
nisms have been implicated in the development of OD columns in the visual cortex of higher 
mammals. It was found that infusion of BDNF or TrkB IG (which should interfere with TrkB 
signaling) causes disruption of OD columns. This suggests that thalamocortical afferents un-
dergo activity-dependent competition for BDNF causing stabilization of inputs that are able 
to activate is postsynaptic partners and loss of those that fail (Cabelli et al., 1995;Cabelli et al., 
1997;Hata et al., 2000). 

Role of BDNF in synaptic plasticity in V1
Apart from the role that BDNF plays in the development of the basic circuitry it is also im-
plicated in experience dependent plasticity. This is classically believed to involve mechanisms 
that cause the long term potentiation (LTP) or long term depression (LTD) of synaptic con-
nections. In LTP, brief high-frequency afferent activity leads to a long-lasting increase in the 
strength of synaptic transmission, whereas prolonged low-frequency activity results in a per-
sistent reduction in synaptic strength. Both processes are triggered by an increase in the level 
of postsynaptic intracellular calcium concentration following coincident activities of pre- and 
postsynaptic neurons. In the visual cortex, BDNF has been shown to facilitate LTP (Akaneya 
et al. 1997; Huber et al. 1998; Jiang et al. 2001) and attenuate LTD in layer II/III synapses of 
young adult rats (Akaneya et al. 1996; Huber et al. 1998; Kinoshita et al. 1999; Kumura et 
al. 2000). Studies in visual cortex and also the CA1 region of hippocampus have shown that 
exogenous BDNF can directly potentiate synaptic transmission (Kang and Schuman, 1995; 
Akaneya et al., 1997) and suggested that endogenous BDNF is essential for induction of LTP 
(Korte et al., 1995; Patterson et al., 1996; Figurov et al., 1996; Akaneya et al., 1997; Kang et 
al., 1997). In the visual cortex, BDNF alters the modification threshold for synaptic plasticity 
without affecting the maximal level of potentiation (Huber et al, 1998). The facilitation of LTP 
could be explained by BDNF enhancing synaptic responses during induction of LTP, causing 
greater postsynaptic depolarization and Ca2+ influx. Modulation of synaptic plasticity could 
be a mechanism by which endogenous BDNF contributes to the activity-dependent develop-
ment of the visual cortex. 
Despite the effects that BDNF/TrkB signaling has on synaptic competition, -plasticity and 
-maintenance it has surprisingly little effect on OD plasticity. In mice in which one allele of 
BDNF is inactivated, LTP in connections between layer 4 and layers 2/3 is strongly dimin-
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ished but white matter to layer 4 LTP is unaffected (Bartoletti, Maffei et al). In addition, OD 
plasticity is normal in these mice. Also a chemical-genetic approach to inhibit TrkB signaling 
hardly influenced the induction of OD plasticity, and only interfered with the recovery of 
visual responses after the initial loss of responsiveness after MD MD (Kaneko et al., 2008). 
These findings are not compatible with the view that OD plasticity is mediated through com-
petition of thalamocortical efferents for limiting amounts of BDNF, and do not support the 
idea that LTP mechanisms regulate OD plasticity. 

Role of BDNF in development and maturation of interneurons and regulation of the 
critical period
While BDNF does not appear to have a direct role in changing the responsiveness of neurons 
in V1 to the ipsi- or contralateral eye during OD plasticity, it does play an important role in 
opening and closing the critical period of OD plasticity. In mice that overexpress BDNF in the 
neocortex during development the critical period for OD plasticity starts and ends at a young-
er age. In addition, the development of visual acuity occurs earlier. Interestingly, it appears 
that the earlier onset of the critical period is due to the effects of BDNF on the development 
of inhibitory innervation in V1 (Hanover et al., 1999;Huang et al., 1999;Jin et al., 2003;Marty 
et al., 1997;Rutherford et al., 1997). Since BDNF expression in the visual cortex is activity 
dependent and is reduced by dark rearing, it has been suggested that activity-dependent ex-
pression of BDNF regulates the maturation of inhibitory interneurons and, as a consequence, 
the duration of the critical period for experience-dependent plasticity. Indeed, altering visual 
experience can alter inhibition in cortex. MD and dark-rearing protocols, which reduce 
visual activity, also reduce levels of GABA and glutamic acid decarboxylase (GAD) (Ben-
evento et al., 1995;Hendry and Jones, 1986), as well as BDNF mRNA levels in cortex (Bozzi et 
al., 1995;Schoups et al., 1995). Because the postnatal maturation of inhibitory innervation is 
slower than that of excitatory connectivity (Luhmann and Prince, 1991) this developmental 
delay may provide a window of time during which the organization of cortical circuitry can 
be strongly influenced by sensory experience (Fagiolini and Hensch, 2000;Hanover et al., 
1999;Huang et al., 1999). Indeed, when animals are reared in complete darkness the mat-
uration of cortical inhibition is delayed (Benevento et al., 1992;Benevento et al., 1995;Blue 
and Parnavelas, 1983) and the critical period for OD shift prolonged (Cynader and Mitchell, 
1980;Fagiolini et al., 1994;Mower, 1991). Interestingly, dark rearing also delays the develop-
ment of high visual acuity. When BDNF overexpressing mice are dark-reared, however, visual 
acuity develops normally, suggesting that the development of high visual acuity and the onset 
of the critical period are directly linked. The contribution of inhibition in initiation of the crit-
ical period is further supported by the lack of OD plasticity in mice deficient for GAD65 and 
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its rescue by pharmacologically enhancing intracortical inhibition (Hensch et al., 1998). Thus, 
BDNF may play a key role in OD plasticity and its critical period, in part through regulating 
the maturation of GABAergic inhibition. 
Overall, the contribution of BDNF in modulation of synaptic transmission and plasticity in 
mature neuronal circuits makes it a very good candidate for studying adult plasticity and 
functional properties of neurons in the visual cortex. In this thesis, three chapters have been 
dedicated to this topic. 

β-catenin 
β-catenin is a protein with two important but very different cellular functions. It is a key com-
ponent of the canonical Wnt signaling pathway, mediating gene transcription and it is part 
of the cadherin/catenin complex through which it regulates Ca2+-dependent homophilic cell 
adhesion. Wnt proteins are important morphogens that play important roles predominantly 
during embryonic development, but also at later stages in life. The frizzled receptors bind 
Wnt proteins, resulting in increased levels of β-catenin. This is regulated in a remarkable way. 
β-catenin is constantly degraded by the proteasome (Aberle et al., 1997). This degradation 
depends on β-catenin phosphorylation (Orford et al., 1997), which occurs by a multiprotein 
complex composed of tumor suppressor proteins adenomatous polyposis coli (APC), Axin, 
and glycogen synthase kinase-3 (GSK-3) (Behrens et al., 1998;Hart et al., 1998;Ikeda et al., 
1998). Wnt signaling inhibits phosphorylation of β-catenin via inactivation of the APC-Ax-
in-GSK3 complex. This results in β-catenin accumulation in the cytoplasm. Translocation of 
β-catenin from cytoplasm to the nucleus, and its association with the TCF/LEF family of tran-
scription factors activates Wnt signaling target genes (Behrens et al., 1996;Huber et al., 1996). 
For its role in adhesion, β-catenin binds cadherins, linking them to the actin cytoskeleton via 
α-catenin. β-catenin has a central armadillo domain composed of 12 armadillo repeats, which 
is flanked by N- and C-terminals. The armadillo repeats bind cadherins, APC, Axin and Tcf/
Lef (T cell factor/lymphocyte enhancer factor) family of transcription factors. The N-termi-
nal binds α-catenin and the C-terminal interacts with various transcriptional regulators and 
PDZ domain containing proteins. Other members of the catenin family of proteins, including 
α-catenin, δ-catenin, and P120 are also important for adhesion between pre- and post-synap-
tic sites (Abe et al., 2004;Arikkath et al., 2009;Elia et al., 2006).

Activity dependent regulation of β-catenin 
In neurons, the functions of β-catenin appear to be regulated by synaptic activity. There is 
some evidence that this involves β-catenin-mediated gene regulation and cleavage of β-cat-
enin. In cultured hippocampal neurons, activation of the NMDA receptor with glutamate 
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resulted in stabilization of β-catenin by its N-terminus truncations. This process was calpain 
dependent, a calcium-dependent protease. The stabilized β-catenin fragments accumulated 
in the nuclei, where they activated Tcf-mediated gene transcription (Abe and Takeichi, 2007). 
Another activity-dependent mechanisms regulating β-catenin function involves redistribu-
tion of β-catenin into spines, where it interacts with cadherin to influence synaptic size and 
strength (Murase et al., 2002). This process is mediated by dephosphorylation of tyrosine 
residue 654. Dephosphorylation of β-catenin leads to its accumulation in spines, whereas 
phosphorylation causes accumulation of β-catenin in dendritic shafts (Murase et al., 2002). 
This phosphorylation is thought to be mediated by Cyclin-dependent kinase 5 (Cdk5)/p35 ki-
nase activity, which is negatively regulated by neuronal activity (Schuman and Murase, 2003). 

Role of β-catenin in dendritic and axonal arborization
β-catenin regulates dendritic morphogenesis, for which it does not require its transcriptional 
function. In neurons of rat hippocampal dissociated cultures increasing the intracellular lev-
els of β-catenin and/or other members of the cadherin/catenin complex, namely N-cadherin 
and α-catenin, enhance dendritic arborization. Conversely, sequestering β-catenin decreases 
dendritic branch tip number, and total dendritic branch length. Furthermore, β-catenin also 
seems to be required for activity-dependent enhancement of dendritic growth. These results 
show that the intracellular level of the cadherin/catenin complex is a limiting factor during 
dendritic morphogenesis (Yu and Malenka, 2003).
In retinal ganglion cells (RGCs) of live Xenopus laevis tadpoles, deletion mutants of β-catenin 
indicated its involvement in axonal arborization. In these cells, expression of β-Cat-ΔARM, 
which lacks the armadillo repeats that are necessary for binding to cadherins, perturbed ax-
onal arborization. β-Cat-ΔARM is capable of binding α-catenin via its N-terminal and con-
tains PSD95/discs large/zona occludens-1 (PDZ) binding sites at its C-terminal. Over-ex-
pression of the N- and C-terminal domains of β-catenin separately resulted in either no/few 
arborizations or abnormally long and tangled branches, respectively. These results suggest 
that β-catenin interactions with α-catenin and PDZ-domain proteins are required to initiate 
and shape axon arbors of RGCs in vivo (Elul et al., 2003).

Role of β-catenin in synapse function and plasticity
The role of β-catenin in functional and structural changes in synapse, associated with pre- and 
post-synaptic sites, has been mostly studied in hippocampal cultures. Perturbing the cadher-
in-catenin complex has been found to affect the shape of dendritic spines in favor of imma-
ture, filopodia-like protrusions. A decrease in the size of mature spines leads to a concomitant 
decrease of their PSD95, content of AMPA receptors, and amplitude of miniature post-synap-
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tic currents (mEPSCs). Accordingly, a decrease in the number of larger spines, that supposed-
ly make active synapses, leads to a decrease in the frequency of mEPSCs. Nevertheless, differ-
ent studies have reported different effects for ablation or decrease of β-catenin in the synapse, 
ranging from a change in either amplitude or frequency of mEPSCs or both. Okuda et al. 
reported that ablation of β-catenin during synaptogenesis in the postsynaptic neuron, causes 
a decrease in the amplitude of spontaneous excitatory synaptic responses without any change 
in their frequency and synapse density (Okuda et al., 2007). Contrary to this finding, Murase 
et al. showed that activity-dependent translocation of β-catenin to the synapse increases its 
interaction with cadherin and leads to a higher frequency of mEPSCs (Murase et al., 2002). 
Furthermore, RNA interference (RNAi) knockdown of LAR family receptor protein tyrosine 
phosphatases (LAR-RPTP) or dominant-negative disruption of its function results in impair-
ment of dendritic targeting of the cadherin- β-catenin complex, which leads to reduction of 
surface AMPA receptors, and a decrease of both amplitude and frequency of mEPSCs (Dunah 
et al., 2005). Okuda et al. also showed that β-catenin plays a role in bidirectional regulation 
of synaptic AMPA receptors, during homeostatic synaptic scaling in cultured hippocampal 
neurons. Ablating β-catenin in postsynaptic neurons following synaptogenesis, prevented up- 
and down-scaling of spontaneous excitatory synaptic currents amplitudes induced by manip-
ulating neural network activity through chronic applications of Tetrodotoxin  and Bicuculline 
(Okuda et al., 2007). In spite of the contradictions, these studies all agree on the negative effect 
of β-catenin removal from the synapse.   
β-catenin has been suggested to play a role in regulating NMDA receptors through its PDZ 
domain. β-catenin can recruit PDZ domain containing proteins, as well as some protein ki-
nases and phosphatases to the synapse, affecting synaptic efficacy. In particular S-SCAM is a 
scaffolding protein that is recruited to the synapse by binding to the C-terminal of β-catenin 
(Dobrosotskaya and James, 2000;Nishimura et al., 2002). Overexpression of N-cadherin in 
postsynaptic cells enhances the clustering of neuroligin-1 (NL1) which is a postsynaptic cell 
adhesion molecule and controls vesicle clustering at nascent synapses (Stan et al., 2010). These 
two adhesion systems are linked by their association with S-SCAM. On the other hand, β-cat-
enin through its association with S-SCAM facilitates localization of NL-1 in the synapse and 
by doing so plays a role in synaptic vesicle clustering (Stan et al., 2010). S-SCAM can either 
directly (Hirao et al., 1998) or via NL1 (Kwon et al., 2012) influence the levels of post-synaptic 
NMDA receptors. The PDZ binding domain of β-catenin also binds velis, a family of small 
synaptic proteins containing a PDZ domain (Perego et al., 2000). In cultured hippocampal 
neurons, these proteins are clustered together with PSD-95 and NMDA receptors and may 
have a role in regulating recruitment of NMDA receptors to the PSD (Jo et al., 1999).
Presynaptically, β-catenin can facilitate the repolarization of axon boutons. It binds the α-sub-
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unit of neuronal  Ca2+-activated K+ channels of the cochlear hair cells (Lesage et al., 2004). 
β-catenin also binds velis, whose interaction partner CASK (LIN2) binds voltage-gated Ca2+ 
channels. Therefore, β-catenin  may mediate the association of Ca2+-activated K+ channels 
with voltage-gated Ca2+ channels at the pre-synaptic active zone and contribute to rapid repo-
larization of the membrane after excitation in these cells (Lesage et al., 2004). 
In vivo manipulation of β-catenin function seems to have less pronounced effects. In one of 
the earliest in vivo studies Bamji et al showed a role for β-catenin in localizing the reserved 
pool of vesicles at presynaptic sites (Bamji et al., 2003). Deletion of β-catenin in hippocampal 
pyramidal neurons in vivo resulted in a reduction in the number of reserved pool vesicles per 
synapse and an impaired response to prolonged repetitive stimulation. Interestingly, β-cat-
enin modulates vesicle localization via its PDZ binding domain to recruit PDZ proteins such 
as velis to cadherin at synapses (Bamji et al., 2003). In the amygdala during fear memory 
formation, downregulation of Wnt signaling or its enhancement did not affect locomotion, 
anxiety, fear acquisition, or fear expression. However, in both cases long-term fear memory 
consolidation was prevented without affecting short-term memory. This effect was associated 
with alterations in β-catenin mRNA and phosphorylated protein. Amygdala-specific dele-
tion of the β-catenin gene prevented the normal transfer of newly formed fear learning into 
long-term memory (Maguschak and Ressler, 2008). These studies suggest that dynamic mod-
ulation of Wnt/β-catenin signaling during consolidation is critical for the structural basis of 
long-term memory formation in the amygdala (Maguschak and Ressler, 2011). 
Evidence from culture studies regarding contribution of β-catenin in regulation of AMPA and 
NMDA receptors and its role in synaptic homeostatic plasticity makes it an interesting can-
didate for in vivo cortical function and plasticity. For this we selected V1 as an ideal cortical 
area in which activity dependent plasticity and information processing can be easily studied. 

Scope of this thesis:
The work presented in this thesis aims at investigating the role of β-catenin and TrkB signal-
ing in plasticity and function of the visual cortex. As already mentioned in details, BDNF and 
β-catenin are both activity regulated and have the potential to regulate synaptic efficacy and 
plasticity. In this regard we have focused on addressing the following questions:

- Is TrkB signaling important for stability of excitatory synapses?

- Do TrkB signaling and β-catenin play a role in the acuity of the visual cortex?

- Do TrkB signaling and β-catenin play a role in adult OD plasticity?

In chapter 2, we study structural modifications in pyramidal neurons induced by postsynap-
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tic inhibition of TrkB signaling using transgenic mice expressing dominant-negative form of 
the TrkB-receptor in sparse pyramidal neurons in the adult neocortex and hippocampus. In 
this chapter we provide evidence that postsynaptic TrkB signaling has distinct roles in spine 
maintenance in adult visual cortex and hippocampus. Chapter 3 characterizes morphological 
and functional changes in synapses induced by sparse and widespread downregulation of 
TrkB signaling in excitatory neurons in adult visual cortex and proposes a network-based 
homeostasis for preventing synaptic modifications in these conditions. In chapter 4, experi-
ments and modeling approaches are employed to investigate the role of TrkB/BDNF signaling 
in cortical visual acuity and plasticity in adult mice in which cortical TrkB/BDNF signaling is 
impaired after development. In chapter 5, we study the role of β-catenin in cortical visual acu-
ity and plasticity in adult mice by ablation of β-catenin in excitatory neurons after develop-
ment. Chapter 6 provides a general discussion, highlighting intriguing hypotheses and future 
research directions to study role of TrkB/BDNF signaling, based on the evidence provided by 
the experiments described in this thesis.
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Abstract
In adult primary visual cortex (V1), dendritic spines are more persistent than during de-
velopment. Brain-derived neurotrophic factor (BDNF) increases synaptic strength, and its 
levels rise during cortical development. We therefore asked whether postsynaptic BDNF sig-
naling through its receptor TrkB regulates spine persistence in adult V1. This question has 
been difficult to address because most methods used to alter TrkB signaling in vivo affect 
cortical development or cannot distinguish between pre-and postsynaptic mechanisms. We 
circumvented these problems by employing transgenic mice expressing a dominant negative 
TrkB– EGFP fusion protein in sparse pyramidal neurons of the adult neocortex and hip-
pocampus, producing a Golgi-staining-like pattern. In adult V1, expression of dominant neg-
ative TrkB-EGFP resulted in reduced mushroom spine maintenance and synaptic efficacy, 
accompanied by an increase in long and thin spines and filopodia. In contrast, mushroom 
spine maintenance was unaffected in CA1, indicating that TrkB plays fundamentally different 
roles in structural plasticity in these brain areas. 
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Introudution
During development, synapse formation and elimination are regulated by molecular cues, 
spontaneous activity, and experience (Hubel et al., 1977;Shatz and Stryker, 1978). Most gluta-
matergic synapses on excitatory neurons are situated on dendritic spines. Live imaging of neu-
rons expressing GFP has provided important information on the dynamics of spine formation 
and maintenance (Fischer et al., 1998;Grutzendler et al., 2002;Holtmaat et al., 2005;Wu et al., 
1995;Yuste and Bonhoeffer, 2004;Zuo et al., 2005). Filopodia are short-lived finger-shaped 
protrusions and believed to be precursors of dendritic spines (Portera-Cailliau et al., 2003;Ziv 
and Smith, 1996). Newly formed spines are often thin or long and appear and disappear with-
in days. Some mature into mushroom or stubby spines, which are more stable and often per-
sist for months (Holtmaat et al., 2005;Zuo et al., 2005). There are strong correlations between 
spine size, spine persistence, synaptic efficacy, and the number of a-amino-3-hydroxy-5-me-
thyl4-isoxazolepropionate receptors (AMPARs) at the postsynaptic density (Matsuzaki et al., 
2001;Nusser et al., 1998;Zuo et al., 2005). With development and aging of the cortex, there is 
a shift toward larger and more persistent spine types (Grutzendler et al., 2002;Holtmaat et al., 
2005;Trachtenberg et al., 2002). 
Spine dynamics are influenced by plasticity. Long-term potentiation in hippocampus is asso-
ciated with an increase in spine size (Matsuzaki et al., 2004) and spine formation (Yuste and 
Bonhoeffer, 2001), whereas term depression is associated with spine elimination (Nagerl et 
al., 2004). Interestingly, reducing synaptic input results in an increase in spine numbers, prob-
ably due to homeostatic mechanisms (Kirov and Harris, 1999;Lohmann et al., 2005;Petrak et 
al., 2005). 
Ocular dominance plasticity in V1 is associated with initial pruning and later formation and 
stabilization of spines (Mataga et al., 2004;Oray et al., 2004) and occurs predominantly dur-
ing a critical period of development. Maturation of the extracellular matrix is a major factor 
in ending the critical period, probably by increasing spine and axon stability (Mataga et al., 
2004;Oray et al., 2004;Pizzorusso et al., 2002). 
BDNF signaling through TrkB receptors is a key player in visual plasticity (Cabelli et al., 
1995;Galuske et al., 1996). It drives the development of inhibitory innervation, an important 
factor in ocular dominance plasticity (Ferrer-Brechner and Winter, 1977;Huang et al., 1999). 
BDNF is also implicated in directly effecting structural (Genoud et al., 2004;Gorski et al., 
2003;Horch et al., 1999) and functional changes (Akaneya et al., 1996;Castren et al., 1993;Kang 
and Schuman, 1995;Korte et al., 1995;Kovalchuk et al., 2002) in excitatory neurons. Several 
studies indicate that postsynaptic TrkB signaling stimulates the formation and maturation 
of spines (Murphy et al., 1998;Shimada et al., 1998). As BDNF expression rises in V1 upon 
eye opening and reaches maximal levels at early adulthood (Castren et al., 1992;Huang et al., 
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1999), increased TrkB-signaling may determine the increased spine persistence observed in 
adult V1. However, a recent study indicated that, whereas postsynaptic TrkB signaling is es-
sential for synapse formation in developing hippocampal neurons, it is dispensable for spine 
maintenance in adult CA1 (Luikart et al., 2005). Whether the same holds true for adult V1 is 
currently unknown. 
To resolve this issue, we set out to analyze the roles of postsynaptic TrkB signaling in spine 
maintenance in adult V1 and CA1. This problem has been difficult to address because the 
various methods used for altering TrkB signaling in vivo also affect cortical development or 
do not allow dissection of pre-and postsynaptic mechanisms. We bypassed these problems by 
employing transgenic mice expressing an EGFP fusion protein of the truncated TrkB receptor 
(TrkB.T1–EGFP), which acts as a dominant negative receptor (Klein et al., 1990) or a mem-
brane-associated EGFP (EGFP-F) in sparse pyramidal neurons in the adult neocortex and 
hippocampus starting 6 weeks after birth. This Golgi-staining-like expression pattern per-
mitted us to study structural modifications in pyramidal neurons mediated by postsynaptic 
inhibition of TrkB signaling, without disrupting development of the cortical circuitry or ex-
tracellular matrix. We provide evidence that postsynaptic TrkB signaling is a key determinant 
of spine maintenance in adult V1 but has much less influence on spines in CA1. 

Results 
Expression of EGFP-F or TrkB.T1–EGFP in Individual Neurons of the Adult Brain 
To express EGFP-F or TrkB.T1–EGFP in comparable, individual pyramidal neurons in the 
adult cortex and hippocampus, three transgenic mouse lines were created. The first line, Cre-
3487, carried a Cre transgene under the control of the calcium/calmodulin-dependent kinase 
IIa (CaMKIIa) promoter and defined the Golgi-staining-like expression pattern. The other 
lines, TLG 498 and TLT 817, defined what protein was expressed in a Credependent fashion, 
i.e., EGFP-F or TrkB.T1–EGFP respectively. In mice double transgenic for CaMKIIa-Cre and 
TrkB.T1–EGFP or EGFP-F, EGFP fluorescence was detected in isolated pyramidal neurons 
in layers II/III and V of the neocortex and pyramidal and granule cells of the hippocampus, 
starting around 6 weeks after birth and accumulating during the following weeks (Fig. 1 A 
and B). Comparable expression patterns were observed in mice double transgenic for CaM-
KIIa-Cre and TrkB.T1–EGFP or EGFP-F although recombination was less efficient in TrkB.
T1–EGFP mice. Representative sections of TrkB.T1–EGFP-expressing neurons in V1 and 
CA1 are shown in Fig. 1 C and D. To ensure that the observed mosaicism was mediated by 
Cre-3487 and was not inherent to the EGFP-F or TrkB.T1–EGFP transgenes, we confirmed 
that, when crossed to broad Cre-expressing lines, TLG 498 and TLT 817 showed transgene 
expression in most pyramidal neurons (data not shown). 
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Both TrkB.T1–EGFP and EGFP-F were detected in all compartments of the cell, including the 
spines (Fig. 2 A–D) and axons. Biocytin injections showed that all dendritic protrusions were 
labeled with EGFP-F (Fig. 2 E–G) or TrkB.T1–EGFP (Fig. 2 H–J). This observation excludes 
the possibility that spines of EGFP-F-or TrkB.T1–EGFP-expressing neurons appeared differ-
ent due to variation in EGFP localization. Altogether, these transgenic mice were well suited 
for studying the different spine types in adult V1 and CA1 neurons. 

TrkB.T1–EGFP Expression Reduces Mushroom Spines and Increases Long and Thin 
Spines and Filopodia in V1 but Not in CA1 
To test whether expression of TrkB.T1–EGFP had any effects on spine morphology in adult 
V1, pyramidal neurons in layer II/III of 8-week-old transgenic mice were analyzed by confo-
cal microscopy. At this age, the cells had expressed the transgene for up to 2 weeks. Dendritic 
protrusions on basal and proximal and distal apical dendrites were classified in different spine 

Figure 1. Expression of TrkB.T1–EGFP in adult visual cortex and hippocampus. 
(A) TrkB.T1–EGFP expression in primary visual cortex (V1) is mosaic and restricted to py-
ramidal neurons of layer II/III and V. (B) In hippocampus, TrkB.T1– EGFP expression oc-
curs in pyramidal cells and granule cells. Inverted grayscale images of Cy3-fluorescence are 
shown. A higher magnification of TrkB.T1– EGFP pyramidal neurons in V1 (C) and CA1 (D) 
show expression in all cellular compartments. [Scale bars: 100 μm(A–B) and 50 μm(C–D).]
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categories (mushroom, long, thin, or stubby) or as filopodia and counted (see Fig. 7B). Com-
pared with EGFP-F-expressing neurons, mushroom and stubby spines of TrkB.T1–EGFP 
neurons were reduced by 60% and 85%, respectively (P < 0.0001; Fig. 3A). On the other hand, 
there were 2–3 times more long and thin spines (P < 0.0001) and 22 times more filopodia (P < 
0.0001). The total density of protrusions was reduced by 24% (P < 0.0001). Protrusion chang-
es in apical and basal dendritic segments were similar (data not shown). 
These results suggested that, from the onset of TrkB.T1–EGFP expression, the density of 
mushroom and stubby spines declined, whereas thin and long spines and filopodia increased. 
To verify this finding, we assessed the densities of different spine types before the onset of 
TrkB.T1–EGFP expression (6 weeks of age). Neurons in V1 from 5-week-old WT mice were 
labeled with DiI by using diolistics. At this age, the critical period is just closing and spine 
morphologies are becoming similar to the adult situation. We detected a slightly higher den-
sity of mushroom spines than in adult EGFP-F-expressing neurons (7.8%, P < 0.05, Fig. 3A). 
In addition, we detected higher densities of long spines (2.4-fold, P < 0.005) and filopodia 
(20-fold, P < 0.0001) but a 40% lower density of stubby spines (P < 0.005) than in adult EG-
FP-F-expressing neurons. In most respects TrkB.T1–EGFP-expressing neurons in adult V1 
resembled pyramidal neurons in 5-week-old V1 more than those in adult V1. However, even 

Figure 2. EGFP-F and TrkB.
T1–EGFP label all dendritic 
protrusions. High magnifi-
cation projections of confocal 
images of dendritic protrusions 
from V1 neurons expressing 
EGFP-F (A) and TrkB.T1–
EGFP (B) show that distinct 
protrusions are labeled. Similar 
labeling was observed in EG-
FP-F-expressing (C) and TrkB.
T1–EGFP-expressing (D) neu-
rons of CA1. Confocal sections 
of biocytin-filled EGFP-F-ex-
pressing neurons stained for 
aGFP (E) and aAvidin-Cy3 (F) 
show that all protrusions are la-

beled with both GFP and biocytin (G). Comparable images for TrkB.T1–EGFP are represented 
(H–J). (Scale bar: 5 μm.) 
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compared with neurons in younger V1, TrkB.T1–EGFP-expressing cells showed a 65% reduc-
tion of mushroom and stubby spines (P < 0.0001) and an increase in thin spines (2.3-fold, P < 
0.0001) and filopodia (1.7-fold, P < 0.0001). The fact that the density of long spines on TrkB.
T1–EGFP-expressing neurons was similar to their density in pyramidal neurons in 5-week-
old V1 may indicate that reduced TrkB signaling inhibits their maturation into larger and 
shorter mushroom spines, but only dynamic studies can confirm this. 
In CA1 pyramidal cells expressing TrkB.T1–EGFP or EGFP-F, no significant differences were 
seen in the densities of long (P = 0.558), thin (P = 0.57), or mushroom (P = 0.065) spines or 
filopodia (P = 0.6) (Fig. 3B). There was a moderate decrease of 35% in stubby spines (P < 0.01) 
in TrkB.T1–EGFP neurons. Together, these results show that postsynaptic TrkB signaling is 
an important regulator of adult spine morphology in adult V1 but much less so in CA1.

Figure 3. TrkB.T1–EGFP-expressing neurons in V1, but not in CA1, have less mushroom 
and stubby spines and more filopodia. (A) V1 total protrusions. TrkB.T1–EGFP-expressing 
pyramidal cells in V1 show a 60–85% reduction in mushroom and stubby spines, a 2-to 3-fold 
increase in thin and long spines, and a 22-fold increase in filopodia. In comparison with 5-week-
old WT neurons labeled with DiI, TrkB.T1–EGFP-expressing neurons have 65% fewer mush-
room and stubby spines and more thin spines (2.3X) and filopodia (1.7X). (B) CA1 total protru-
sions. In CA1 pyramidal cells, stubby spines are reduced by 35%. No significant differences were 
found in other protrusions. Error bars represent SEM. ***,(P < 0.0001); **,(P < 0.005); *,(P < 
0.05). n = 3,417 spines for V1; 989 spines for CA1; and 328 spines for 5-week-old V1. 
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Reduced Mushroom Spine Maintenance of TrkB.T1–EGFP-Expressing Pyramidal Cells 
in V1 but Not in CA1 
Over 70% of all spines in adult V1 are persistent for periods of months (Holtmaat et al., 
2005;Zuo et al., 2005). Our observation that 60% of mushroom spines disappear within 2 
weeks of TrkB.T1– EGFP expression therefore suggests that spine maintenance is affected 
rather than the development of new mushroom spines. Because large mushroom spines are 
the most persistent (Trachtenberg et al., 2002), it is expected that spine loss due to natural 
turnover affects this population the least. However, the spine head diameter/length correla-
tion plot (Fig. 4A) shows that mushroom spine heads of TrkB.T1– EGFP-expressing neurons 
are smaller than those of EGFP-Fexpressing cells, with an almost complete loss of mush-
room spines with head diameters >0.8 μm. Mushroom spines of TrkB.T1– EGFP-expressing 
neurons average a mean diameter of 0.49 μm compared with 0.78 μm of EGFP-F-expressing 

Figure 4. TrkB.T1–
EGFP expression in-
fluences spine length 
and head size in V1. 
(A) Correlation plot of 
spine head diameter 
and spine length shows 
that, in V1, TrkB.
T1–EGFP expression 
results in the loss of 
the largest mushroom 
spines and a shift to-
ward longer spines with 
smaller heads. (B) The 
mean head diameter 
of mushroom spines 
on TrkB.T1–EGFP-ex-
pressing neurons in 
V1 is reduced by 40% 
whereas their length 

is increased by 30%. (C) In CA1, TrkB.T1–EGFP expression does not affect spine head size 
but does result in increased numbers of spine length among spines with small heads. (D) In 
CA1, mushroom spines of TrkB.T1–EGFP-expressing neurons do not show a difference in the 
mean spine head diameter but are 32% longer. Error bars represent SEM. ***, P < 0.0001. 
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neurons (P < 0.0001, Fig. 4B). TrkB.T1–EGFP-expressing spines are also 30% longer than 
EGFP-F-expressing mushroom spines (P < 0.0001), with an average length of 1.5 μm. In 
CA1, mushroom spines of TrkB.T1–EGFP-expressing cells have an average head diameter 
of 0.7 μm and are similar to those of EGFP-F-expressing cells (P = 0.69, Fig. 4D). However, 
spine length increased by 32%, resulting in a mean length of 1.32 μm(P < 0.0001). This dif-
ference was mainly caused by increased spine length within the population of spines with 
heads <0.8 μm (38% increase, P < 0.0001 compared with 14% increase in larger spines, P 
= 0.068). Spine length distribution within this population was shifted upward, and spines 
longer than 1.5 μm increased from 2.5% in EGFP-F neurons to 35% in TrkB.T1–EGFP 

Figure 5. Reduced mEPSC am-
plitude and frequency in V1 
neurons of TrkB.T1– EGFP. 
(A) Two sets of typical record-
ings from EGFP-F and TrkB.
T1–EGFPexpressing neurons. 
(B) Distribution of mEPSC am-
plitudes in two typical recordings 
in EGFP-F-expressing (Upper 
Left) and TrkB.T1–EGFP-ex-
pressing (Upper Right) neurons 
and their corresponding mEPSC 
frequencies (Lower). (C) Cumu-
lative probability distribution of 
inter-event (mEPSC) interval in 
EGFP-F and TrkB.T1–EGFP-ex-
pressing neurons. The frequency 
in TrkB.T1– EGFP-expressing 
neurons was significantly reduced 
(P < 0.0001, KS-Z = 11.28). Me-
dian interval was 0.19 : 0.09 s in 
EGFP-F and 0.62 : 0.11 s in TrkB.
T1–EGFPexpressing neurons. (D) 
Cumulative probability distribu-

tion of mEPSC amplitude in EGFP-F and TrkB.T1–EGFP-expressing neurons. The amplitude 
was significantly reduced in TrkB.T1–EGFP-positive neurons (P < 0.0001, KS-Z = 7.44). Me-
dian amplitude was 10.95 : 0.07 pA and 8.9 : 0.3 pA in EGFP-F and TrkB.T1–EGFP positive 
neurons, respectively. Error bars represent SEM. 
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neurons (P < 0.0001, KS-Z value = 2.1) (Fig. 4C). Together, these data indicate that post-
synaptic TrkB signaling in adult V1 pyramidal neurons is essential for the maintenance 
of mushroom spines although this finding does not seem to be true for CA1 neurons. 

Decreased Miniature Excitatory Postsynaptic Current (mEPSC) Frequency and Ampli-
tude in TrkB.T1–EGFP-Expressing Pyramidal Cells 
Under normal circumstances, there is a good correlation between spine head size and 
synaptic efficacy. To test whether TrkB.T1– EGFP-induced reductions in mushroom 
spine density and head size had a functional correlate, we measured mEPSCs in neu-
rons expressing EGFP-F (n = 4) and TrkB.T1–EGFP (n = 4). Amplitude and frequen-
cy of mEPSCs were markedly different in EGFP-F and TrkB.T1–EGFP-expressing neu-
rons (Fig. 5). The average distribution of time intervals between events was shifted toward 
larger intervals in TrkB.T1–EGFP-expressing neurons (Fig. 5C, P < 0.0001, KS-Z val-
ue = 11.28), resulting in a median interval of 0.62 : 0.11 s and 0.19 : 0.09 s in TrkB.T1–
EGFP and EGFP-Fexpressing cells, respectively. The average distribution of amplitudes 
was shifted toward smaller amplitudes in the TrkB.T1–EGFPexpressing cells (Fig. 5D,           
P < 0.0001, KS-Z = 7.44), resulting in a strong decrease in the number of events with ampli-
tudes >25 pA. Median amplitudes of mEPSCs in TrkB.T1–EGFP and EGFP-Fexpressing cells 
were 8.9 : 0.03 pA and 10.95 : 0.07 pA, respectively. 
To exclude the possibility that the reduction of mEPSCs in TrkB.T1–EGFP-expressing cells 
was due to an acute effect of reduced TrkB signaling, mEPSCs were measured in slices of WT 
C57BL/6 mice in the absence or presence of a cell-permeable inhibitor of Trk phosphoryla-
tion, K252a (n = 7). The Friedman test showed that application of K252a in WT mice had no 
significant effect on either frequency (P = 0.565) or amplitude (P = 0.779) (data not shown). 

Discussion 
We examined the role of postsynaptic TrkB signaling in spine maintenance by expressing a 
dominant negative TrkB.T1–EGFP fusion protein in sparse pyramidal neurons of the adult 
neocortex and hippocampus of transgenic mice. This approach had several advantages over 
previously used models for studying the function of TrkB in cortical pyramidal cells. First, it 
permitted us to study morphological changes caused by interfering with TrkB-signaling in 
individual pyramidal neurons within an unaffected environment. Second, because synaptic 
partners of transgene-expressing neurons were genetically unaffected, pre-and postsynaptic 
influences of interfering with TrkB signaling could be discerned. Third, because expression 
of TrkB.T1–EGFP was confined to the adult brain (>6 wks), neuronal developmental was 
unaffected. 
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We found that, after 2 weeks of TrkB.T1–EGFP expression, spine morphology of pyrami-
dal neurons in V1 had become reminiscent of neurons in the much younger visual cortex. 
Compared with EGFP-F-expressing neurons in adult V1, mushroom and stubby spines were 
reduced by 60–85% whereas the numbers of filopodia and long and thin spines had increased 
strongly. Even compared with pyramidal neurons in V1 of younger mice (5 wks), filopodia 
and thin spine types were more abundant and mature spine types were more reduced in TrkB.
T1–EGFP-expressing neurons. These structural changes were accompanied by a reduction in 
both the amplitude and frequency of mEPSCs. The frequency of mEPSCs is influenced by the 
number of AMPAR-containing synapses and the efficiency of presynaptic vesicle release. In 
TrkB.T1–EGFPexpressing cells, the decrease in mEPSC frequency was twice that of the total 
spine density change but correlated with the reduction in mushroom and stubby spines. This 
result could imply that TrkB.T1–EGFP-expressing neurons had more silent synapses, which 
would fit the observed increase in immature-appearing spine types. However, we cannot rule 
out that presynaptic vesicle release was indirectly affected by postsynaptic changes caused by 
TrkB.T1– EGFP expression. 
Previous experiments have shown that, during barrel cortex development, BDNF signaling 
through postsynaptic TrkB receptors is essential for the insertion of AMPARs at the post-
synaptic density (Itami et al., 2003) and the development of mature synapses. As new spines 
also form and mature in adult V1, it is possible that this process is affected by postsynaptic 
expression of TrkB.T1–EGFP. What would the morphological consequences be of such a de-
fect? Studies employing in vivo two-photon imaging have shown that, in adult V1, >70% of 
all spines are persistent (Grutzendler et al., 2002;Holtmaat et al., 2005). Large mushroom 
spines are the most stable population (Trachtenberg et al., 2002). If the transition of long 
or thin spines into mushroom spines were to be inhibited for a 2-week time period in adult 
mice, we would expect to see a small reduction in the number of mushroom spines caused by 
natural turnover, with the population of large mushroom spines being least affected. In con-
trast, we found a strong decrease in the number of mushroom spines, with the largest mush-
room spines disappearing altogether in TrkB.T1–EGFP-expressing neurons (Fig. 4A). Taken 
together, these findings indicate that reduced postsynaptic TrkB signaling results in reduced 
maintenance of large spines and a concomitant reduction in synaptic efficacy. 
Recently, it was shown that TrkB deficiency in pyramidal neurons of adult CA1 had little effect 
on their total protrusion density (Luikart et al., 2005). Because this finding contrasted with 
our observations in V1, we also analyzed spine morphologies of TrkB.T1–EGFP-expressing 
neurons in CA1. In agreement with the previous study, we observed no significant differences 
in spine densities of EGFP-F or TrkB.T1– EGFP-expressing pyramidal cells in CA1. Also, 
most spine subtypes were unaffected except for a 35% decrease in stubby spines (Fig. 3B). 
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Head diameters of mushroom spines did not change, suggesting that postsynaptic TrkB is 
not involved in their maintenance. We did observe that small mushroom spines were longer, 
which may be an indication of reduced transition of long spines into mushroom spines due to 
TrkB.T1–EGFP expression (Fig. 4 C and D), but only dynamic imaging can confirm this. The 
different roles postsynaptic TrkB plays in the maintenance of spines in V1 and CA1 may well 
explain why long term TrkB deficiency results in the retraction of neurites and possibly de-
generation of neurons in neocortex but not in hippocampus (Xu et al., 2000;Zuo et al., 2005). 
We observed that TrkB.T1–EGFP-expressing neurons in V1 had more long and thin spines 
and filopodia. The most intuitive explanation is that homeostatic mechanisms induced the 
formation of novel spines in an attempt to keep total synaptic input constant. A reduction 
in Ca2+ signaling due to the loss of synaptic input could lie at the basis of such a homeostatic 
response (Lohmann et al., 2005). In addition, some filopodia and thin and long spines may 
be retracting mushroom spines (Zuo et al., 2005). Last, an increase in filopodia formation by 
truncated TrkB expression has also been observed in cultured hippocampal neurons. This 
effect was independent of BDNF, but involved p75 neurotrophin receptor (p75NTR) (Hart-
mann et al., 2004). We cannot exclude that the same process takes place in adult V1, in which 
case spine loss and the filopodia formation in TrkB.T1–EGFPexpressing neurons would be 
unrelated events. However, the low levels of p75NTR expression in cortical pyramidal cells 
and the lack of filopodia formation in the TrkB.T1–EGFP-expressing hippocampal neurons 
in which spine loss is much less prominent make this explanation less likely. 
The results presented here define postsynaptic TrkB signals as an important determinant of 
synapse maintenance in V1. Therefore, the rise of BDNF levels in the developing visual cortex 
is likely to result in enhanced rigidity of its connections. The fact that TrkB.T1–EGFP-ex-
pressing neurons showed extensive changes in spine morphology in adult V1 indicates that 
the mature extracellular matrix does not inhibit structural plasticity altogether but supports 
the view that the extracellular matrix and TrkB signaling have synergistic roles in synaptic 
stability and maintenance (Tropea et al., 2003). 
Our observations also imply that, in V1, BDNF is capable of bidirectionally regulating synapse 
strength, with increased TrkB signaling resulting in synapse strengthening and decreased sig-
naling resulting in synapse weakening. In this respect, it is remarkable that BDNF expression 
is reduced by stimuli associated with dendritic pruning, such as monocular deprivation (Lein 
and Shatz, 2000), and that its release is reduced by stimuli inducing long-term depression 
(LTD) (Aicardi et al., 2004). Our finding that signals through TrkB are directly or indirectly 
involved at maintaining AMPARs at the postsynaptic density may explain the observation 
that BDNF interferes with the induction of LTD in the visual cortex (Akaneya et al., 1996) 
and that monocular deprivation results in reduced surface expression of AMPARs (Heynen 



Role of postsynaptic TrkB signaling in spine maintenance

43

2

et al., 2003). 
It is striking that the same mechanism is not functional at the Schaffer collateral synapse 
where mushroom spine maintenance is not affected by postsynaptic TrkB.T1–EGFP expres-
sion. A possible mechanistic explanation for this difference is that AMPARs are expressed at 
much higher levels in hippocampus than in neocortex (Petralia and Wenthold, 1992). This 
property may make hippocampal neurons less sensitive to TrkB-mediated differences in AM-
PAR expression (Brene et al., 2000) or trafficking (Jourdi et al., 2003) and, consequently, less 
prone to undergo structural changes. This difference seems compatible with the functions of 
synaptic plasticity in these areas. In V1, plasticity is mostly aimed at setting up and maintain-
ing an efficient circuitry for the processing of visual input, which may be achieved effectively 
through structural changes that are less rapid and more permanent. Faster and less perma-
nent forms of plasticity seem more appropriate for the temporary storage and transfer of 
information as occurs in hippocampus. 
To comprehend the underlying biological mechanisms, it is imperative to determine whether 
TrkB signaling regulates synaptic stability at individual synapses or at the cellular level. It is 
also important to identify the site of BDNF release and to discern its autocrine and paracrine 
roles. Inactivation of the bdnf gene in isolated neurons and analyzing their spine and bouton 
morphology seems to be an appropriate approach for answering these questions. 

Materials and Methods 

DNA Constructs and Production of Transgenic Mice 
Constructs for Cre-dependent expression of TrkB.T1–EGFP or EGFP-F were created as fol-
lows. The lox-Stop-lox (LSL) cassette from PBS302 (GIBCO/BRL, Bethesda, MD) was cloned 
into a Thy-1 promoter containing expression vector, rendering pThy-LSL. cDNA encoding 
amino acids 1–477 of TrkB and encompassing a 75-nt fragment of the 5’ untranslated region 
was cloned into the polylinker of EGFP-N3 (BD Biosciences). The fragment encoding TrkB.
T1–EGFP was cloned into pThy-LSL rendering pThyLSL-TrkB.T1–EGFP. pThyLSL-EGFP-F 
was created by cloning the fragment encoding EGFP fused to the Ha-ras farnesylation site 
from pEGFP-F (BD Biosciences) into pThy-LSL. For production of transgenic mice express-
ing Cre under the control of the CaMKIIa promoter, pJTCre (Tsien et al., 1996) was used (Fig. 
6, which is published as supporting information on the PNAS web site). 
Transgenic mice were created by pronuclear injections of linearized DNA into fertilized 
C57BL/6 oocytes. One of the seven ThyLSL-TrkB.T1–EGFP founders (TLT-817) showed suf-
ficiently high EGFP levels for spine analysis. Nine ThyLSL-EGFP-F founders were obtained, 
of which three showed sufficient EGFP expression. Line TLG-498 was used in this study. 
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Sparse labeling of pyramidal neurons in adult cortex was achieved by generating novel CaM-
KIIa-Cre transgenic mice. Four CaMKIIa-Cre founders were produced, of which two showed 
Cre recombination in a Golgi-staining-like pattern. Line Cre-3487 is described here. All ex-
periments involving mice were approved by the institutional animal care and use committee 
of the Royal Netherlands Academy of Arts and Sciences. 

Histology and Immunohistochemistry
Eight-week-old mice double transgenic for CaMKIIa-Cre and TrkB.T1–EGFP or EGFP-F 
were anaesthetized with 0.1 ml/g bodyweight Nembutal (Janssen) and perfused with 4% par-
aformaldehyde (PFA) in PBS and postfixed for 2 h. Coronal sections of 50 μm were made by 
using a vibratome (Leica VT1000S, Leica, Rijswijk, The Netherlands). To allow long-term 
storage and reduce bleaching, free-floating sections were stained by using mouse anti-GFP 
antibodies (1:500, Chemicon), followed by Alexa Fluor 568-conjugated goat anti-mouse 
antibodies (1:500, Invitrogen). Biocytin-injected slices (300 μm) were postfixed in 4% PFA 
and stained with chicken anti-GFP antibodies (1:1000, Chemicon), followed by Alexa Fluro 
488-conjugated anti-chicken antibodies (1:500, Invitrogen) and Cy3-conjugated streptavidin 
(1:500, Vector Laboratories) for the detection of biocytin. 

Diolistics
Diolistics were essentially performed as described (Benediktsson et al., 2005). Briefly, 0.15 mg 
of DiI (Invitrogen) was mixed with 50 flof methylene chloride and vortexed until completely 
dissolved. The dissolved dye was added to 12 mg of 1.1-μm tungsten particles (Bio-Rad) on 
a glass slide. This mixture was spread across the slide, and the solvent was allowed to evapo-
rate for 2 min. The coated particles were transferred to a 1.5-ml tube, resuspended in 1 ml of 
distilled water, and sonicated. The suspension was sucked into Tefzel tubing (Bio-Rad) with a 
syringe, and the particles were allowed to settle for 2 min. The water was then withdrawn, and 
the tube was dried with a flow of nitrogen gas and cut into 13 mm pieces. 
Fifty-micrometer coronal sections were shot by using the Helios Gene Gun (Bio-Rad) at 80 
psi through a membrane filter witha3-μm pore size and 8 X 105 pores/cm2 (Corning). Sections 
were left for at least 12 h to ensure good filling of the labeled neurons. 

Confocal Microscopy
EGFP-expressing, or DiI-or biocytinlabeled neurons from layer II/III of V1 or from CA1 were 
imaged by using a Carl Zeiss CLSM 510 Meta confocal microscope (Zeiss) with Argon (488 
nm) and HeNe (543 nm) lasers. The first branch points of basal, proximal apical, and distal 
apical dendrites (Fig. 7A, which is published as supporting information on the PNAS web 
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site) were imaged at a scaling of 60 nm (X63 objective and an optical zoom of X2.5) with 200-
nm steps in the z-plane. The back-projected pinhole was 190 nm. For each image acquisition, 
the laser intensity and detector gain were adjusted so that the entire detector range was used 
for the spines. The image stacks were subjected to 3D reconstruction by using Zeiss CLSM 510 
Meta. At these settings, spine morphology was not different from those that were subjected to 
blind deconvolution (Huygens Essential, Hilversum, The Netherlands). 

Spine Classification and Image Analysis
Dendritic protrusions were classified as spines (mushroom, long, stubby, or thin) or filopo-
dia and quantified as the number of protrusions per 15-μm segment (details in Fig. 7B). 
Spine analysis was performed on V1 neurons expressing EGFP-F (five mice, 19 neurons, 80 
segments, and 1,447 spines) and TrkB.T1–EGFP (five mice, 25 neurons, 141 segments, and 
1,970 spines) and on DiI-labeled neurons (2 mice, 10 neurons, 20 distal apical segments, 328 
spines). For CA1 neurons, protrusions from basal and distal apical dendrites of neurons ex-
pressing EGFP-F (three mice, 11 neurons, 22 segments, and 454 spines) and TrkB.T1–EGFP 
(four mice, 8 neurons, 29 segments, and 535 spines) were quantified likewise. 
Size determination of mushroom spines was carried out by using Zeiss CLSM IMAGE 
BROWSER 5 overlay tools. The longest straight line in the spine head was counted as the head 
diameter. The length of the entire spine (including head and stalk) was measured by using a 
bent-line tool. Spine size/length correlation plots were performed on mushroom spines from 
distal apical dendrites of neurons expressing EGFP-F (V1, 116 spines; CA1, 107) and TrkB.
T1–EGFP (V1, 195 spines; CA1, 47). Statistical significance of differences in spine numbers 
per segment, spine length, or head size was determined by standard student’s t test. Signifi-
cance of differences in spine length distributions of CA1 mushroom spines was determined 
by the Kolmogorov-Smirnov (KS) test. 

Electrophysiology 
Coronal slices (300 μm) of V1 were prepared from 8-to 10-week-old mice. Animals were 
killed by decapitation, and brains were chilled in ice-cold carbogenated (95% O2/5% CO2) 
sucrose-based artificial cerebrospinal fluid (ACSF), containing 3.5 mM KCl, 2.4 mM CaCl2, 
1.3 mM MgSO4, 1.2 mM KH2PO4, 10 mM glucose, 26 mM NaHCO3, and 212.5 mM su-
crose. Slices were stored in carbogenated normal ACSF comprising 126 mM NaCl, 3 mM KCl, 
2 mM MgSO4,2 mM CaCl2, 10 mM Glucose, 1.20 mM NaH2PO4 and 26 mM NaHCO3 (305 
mM mOsm and pH 7.3). 
Slices were transferred to a submerged recording chamber with constant perfusion of car-
bogenated artificial cerebrospinal fluid. EGFP-expressing neurons in layer II/III of V1 were 
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patched under an Axioskop FS upright microscope equipped with infrared differential in-
terference contrast optics (Zeiss). Borosilicate glass patch-pipettes (4–6 Mi) were filled with 
K-gluconate internal solution containing 154 mM K-gluconate, 1 mM KCl, 0.5 mM EGTA, 
10 mM Hepes, 4 mM Mg-ATP, 4 mM K2phosphocreatine, 0.4 mM GTP (pH 7.3 and 0.290 
mosm), and 3mg/ml biocytin (Invitrogen) for intracellular labeling. In whole-cell configu-
ration, mEPSCs were recorded at 18–21°C by using a patch-clamp amplifier (EPC8, HEKA 
Electronics, Lambrecht, Germany) in the presence of 1 μM tetrodotoxin (Alomone Labs, Je-
rusalem) while holding the membrane potential at -70 mV. 
K252a (Calbiochem, San Diego, CA) was applied to slices at 200 nM. After stabilization, 
mEPSCs were recorded for 9 min as baseline, 9 min in the presence of K252a, and 9 min after 
washing it out. Signals were low-pass filtered at 3.0 KHz and digitized at 10 KHz, with an 
ITC-16 computer interface (Instrutech, Mineola, NY). Care was taken that series resistance 
remained <20 Mi. 

Data Analysis
Mini Analysis (Synaptosoft Inc., Decatur, GA) was used for analyzing mEPSCs. The ampli-
tude threshold was set at 7 pA, which was >3X root-mean-square (RMS) noise in all record-
ings. After automatic detection of mEPSCs by the software, each mEPSC was visually inspect-
ed. Recordings with a systematic drift in average mEPSC rise time of >10% were excluded. 
mEPSCs with rise times >3 ms were omitted. Frequencies and amplitude distributions of 
mEPSCs in EGFP-F versus TrkB.T1–EGFP neurons were compared for statistical significance 
by using the Kolmogorov-Smirnov test. Statistical analysis of the effect of K252a was done by 
using the Friedman test. 
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Abstract
Homeostatic mechanisms in the brain are in place that avoid activity-based forms of plastici-
ty to eventually result in hyper- or hypoactivity of neuronal networks. In the visual cortex, 
these homeostatic mechanisms include synaptic scaling, regulation of intrinsic excitability 
and adjustment of the balance of excitation and inhibition. It is currently unknown whether 
these mechanisms act cell-autonomously or on the network level. Using morphological and 
electrophysiological measurements we show that expressing a dominant-negative form of the 
TrkB-receptor in individual pyramidal cells of the adult visual cortex leads to a considerable 
loss of their excitatory synapses, while expression of the exact same transgene in the majority 
of pyramidal neurons at the same age does not affect excitatory synapse densities. Instead, this 
results in a decrease of inhibitory synapses. We propose that inhibitory innervation adjusts 
with population activity thus providing a network-based homeostatic mechanism. 
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Introduction
For the brain to function in a stable fashion, while at the same time being able to learn, it 
has to combine activity-based learning rules with homeostatic mechanisms (Turrigiano, 
1999;Yu and Goda, 2009). Activity-based strengthening or weakening of synapses will re-
sult in positive feedback loops causing hyper- or hypoexcitability if mechanisms to stabilize 
neuronal firing are absent (Abbott and Nelson, 2000;Pozo and Goda, 2010;Turrigiano, 1999). 
These mechanisms include changes in intrinsic firing properties (Ibata et al., 2008), scaling of 
synaptic efficacy (Davis, 2006;Murthy et al., 2001;O’Brien et al., 1998;Wierenga et al., 2005), 
modification of synapse numbers and adjustments of inhibition (Hartman et al., 2006;Kar-
markar and Buonomano, 2006;Kilman et al., 2002;Maffei and Turrigiano, 2008a;Swanwick 
et al., 2006). Because excessive compensation for synaptic changes would obviously inter-
fere with activity-based learning rules it is crucial that homeostasis occurs under the correct 
conditions. Indeed, the developmental state and anatomical localization of neurons receiving 
altered inputs determine which homeostatic mechanisms are activated (Turrigiano, 1999;Yu 
and Goda, 2009).
In the primary visual cortex (V1), homeostatic adjustment of inhibition (Maffei et al., 
2004a;Maffei and Turrigiano, 2008a), synaptic scaling (Wallace and Bear, 2004) and intrinsic 
excitability (Maffei and Turrigiano, 2008b) have all been observed. It remains unclear howev-
er whether these homeostatic events in V1 occur cell-autonomously or at the network level. 
While cell-autonomous homeostasis is essential for preventing plasticity to cause excessive-
ly high or low firing rates, it may be counterproductive during competition-based plasticity 
events such as ocular dominance plasticity. During ocular dominance plasticity, neurons in 
binocular V1 that lose their input due to visual deprivation of one eye rewire and form new 
synapses with inputs from the non-deprived eye (Hubel et al., 1977). However, if all inputs 
are reduced, for example with dark-exposure or in the monocular cortex of monocularly de-
prived mice, excitatory connections are maintained. While cell-autonomous homeostasis will 
increase neuronal activity under both conditions, network-based homeostatic mechanisms 
adjust the activity of neurons based on population activity, thus retaining cellular activity 
patterns and supporting competitive plasticity.
To test whether network-based homeostasis occurs in V1 we made use of mice carrying a 
Cre-dependent transgene driving expression of a dominant negative BDNF receptor (TrkB.
T1). We have previously shown that expressing TrkB.T1 in a low percentage (<1%) of pyram-
idal neurons of young adult V1 strongly reduces the density and head size of dendritic spines 
(Chakravarthy et al., 2006). These neurons are thus incapable of normalizing synapse densi-
ties through cell-autonomous mechanisms. By making use of another Cre-transgenic line we 
now expressed the exact same TrkB.T1 transgene in most (>80%) pyramidal neurons, but not 
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in interneurons, of the cortex starting around the same age (Heimel et al., 2010). We find that 
this broad expression of TrkB.T1 does not reduce the size or numbers of excitatory synapses. 
Instead, inhibitory inputs are lost which is not observed in sparse TrkB.T1-expressing neu-
rons. Thus, network based homeostatic mechanisms are active in V1 in vivo and probably act 
through modulation of the excitation/inhibition balance. This mechanism maintains overall 
neuronal activity and synaptic strengths if inputs to all neurons are reduced, but does not 
compensate for reduced input to small numbers of cells. Such network based homeostasis 
may provide an effective means for regulating competition-based plasticity such as ocular 
dominance plasticity. 

Results
Mouse models to investigate differential effects of sparse or broad expression of the 
dominant negativeTrkB.T1 receptor
To investigate whether cell-autonomous or network-based homeostasis occurs in V1, we ex-
pressed the same TrkB.T1 transgene in sparse or most cortical pyramidal neurons. To achieve 
this we made use of mouse line TLT-817, which carries a transgene containing the Thy1-pro-
moter driving expression of TrkB.T1-EGFP in a Cre-dependent fashion. This line was crossed 
to two different Cre-transgenic lines, which dictated whether the TrkB.T1-EGFP transgene 
was activated in sparse or most cortical pyramidal neurons. Both crosses have been described 
previously (Chakravarthy et al., 2006;Heimel et al., 2010). Crossed with the first line, the CaM-
KIIα-promoter driven Cre-expressing line Cre-3487, TrkB.T1-EGFP expression was limited 
to less than 1% of all neurons in a Golgi staining-like fashion and started around 6 weeks after 
birth and increasing further over the next few weeks (Chakravarthy et al., 2006) (Fig. 1A, B). 
Crossed with the second line, the KA1-promoter driven Cre-expressing line (G35-3), TrkB.
T1-EGFP was expressed in 80-90% of all pyramidal neurons of the neocortex and hippocam-
pus (Fig. 1C, D) (Heimel et al., 2010). Expression could first be observed around 5-6 weeks af-
ter birth in all extragranular layers of the neocortex and reached adult levels a few weeks later. 
Thus, these mouse lines showed expression of the same TrkB.T1-EGFP transgene, starting at 
practically the same age, but in different numbers of pyramidal neurons allowing us to direct-
ly compare morphological and electrophysiological properties of the transgene-expressing 
cells. We will refer to the broadly expressing TLT-817+ Cre G35-3+ mice as “TrkB.T1-broad”, 
and to the sparsely expressing TLT-817+ Cre 3487+ mice as “TrkB.T1-sparse”. As controls 
for the latter animals we made use of a mouse line carrying a Cre-dependent transgene driv-
ing expression of a membrane associated EGFP-F construct (TLG-498)(Chakravarthy et al., 
2006;Chakravarthy et al., 2008) crossed with Cre 3487 transgenic mice. Double positive 
mice are referred to as “EGFP-sparse”.
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Broad expression of TrkB.T1 does not induce structural changes
We have previously shown that expressing TrkB.T1 in sparse pyramidal neurons from lay-
er II/III of V1 results in reduced synaptic strength. This was characterized by a 60% re-
duction in large mushroom spines and 85% reduction in stubby spines while there was 
a 2-3 fold increase in long- and thin spines and a 22-fold increase in filopodia. The aver-
age head size of spines was reduced by 40%, while spine length was increased by 30% 
(Chakravarthy et al., 2006). To investigate whether this also occurred when most cor-
tical pyramidal neurons expressed TrkB.T1, scattered neurons in slices of V1 of TrkB.
T1-broad mice were labeled with DiI by diolistics (Benediktsson et al., 2005) (Fig. 2A). 
EGFP-fluorescence was checked to verify that DiI labeled cells also expressed TrkB.T1. 
Interestingly, morphological analyses of proximal basal dendrites of layer II/III pyram-
idal neurons of TrkB.T1-broad mice and littermate controls revealed no differences in the 
head-size (0.69±0.2 mm, n=428 spines, vs. 0.69±0.06 mm, n=543 spines, p=0.79) and spine 
length (0.79±0.02 mm, n=428, vs. 0.75±0.02 mm, n=543, p=0.27) of dendritic spines (Fig. 

Figure 1.  Sparse and broad expression of TrkB.T1-EGFP in the double transgenic mice. 
A,B) A representive image of sparse expression of TrkB.T1 and schematic of the constructs used 
to generate the double transgenic mice. Cre-dependent, Thy1-promoter-driven TrkB.T1-EGFP 
transgene and the CamKIIα-promoter driven Cre-recombinase transgene. C,D) A representive 
image of broad expression of TrkB.T1 and schematic of the constructs used to generate the dou-
ble transgenic mice. Cre-dependent, Thy1-promoter driven TrkB.T1-EGFP transgene and the 
KA1-promoter driven Cre-recombinase transgene. The resulting offspring showed TrkB.T1-EG-
FP expression in all layers of the cortex except the granular layer (Layer IV). Scale bar 50 μm.  
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2B). Also the densities and shapes of the spines (Fig. 2C) were similar in TrkB.T1-broad mice 
and littermate controls. TrkB.T1-broad mice and littermate controls had similar densities (all 
indicated as number of protrusions per 15 mm) of mushroom- (10±0.42, n=37 dendrites, 
vs. 10.5±0.34, n=47, p=0.34), stubby- (0.22±0.12 vs. 0.28±0.11, p=0.72), long- (1.46±0.22 vs. 
1.19±0.26, p=0.45) and thin spines (0.27±0.09 vs. 0.26±0.08, p=0.9) and filopodia (0.14±0.06 
vs. 0.04±0.04, p=0.19). The total protrusion density was also unchanged (12.05±0.39, vs. 
12.06±0.36, p=0.99, Fig. 2C). We conclude that spine morphology is only affected if the TrkB.
T1 transgene is expressed in sparse neurons in V1.

Figure 2. Overexpression 
of TrkB.T1-EGFP does not 
result in structural chang-
es of excitatory synapses. 
A) A basal dendrite from 
a TrkB.T1-broad mouse 
was labeled with diolistics 
to quantify various spine 
classes. Scale bar - 5 μm. B) 
There were no changes in 
the spine length (p=0.27) or 
head diameter (p=0.79) be-
tween TrkB.T1-broad mice 
and littermate controls. C) 
No changes were observed 
in densities of mushroom- 
(p=0.31), stubby- (p=0.7), 
long- (p=0.49) or thin 
spines (p=0.64) and filopo-
dia (p=0.2). Total protru-
sion densities were also un-
changed (p=0.95). D) There 
were no significant differ-
ence between the average in-
terevent intervals for TrkB.

T1-broad mice (n=9) compared to littermate controls (n=10) as shown in cumulative distribu-
tion of the interevent intervals in the two groups (p=0.23). E) Cumulative distributions of the 
amplitudes of mEPSCs in both TrkB.T1-broad mice and littermate controls are similar (p=0.97). 
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Miniature excitatory postsynaptic currents are unchanged upon broad expression of 
TrkB.T1 
To test whether the apparent lack of morphological effects of TrkB.T1-expression was reflect-
ed at the electrophysiological level, we compared miniature excitatory post synaptic currents 
(mEPSCs) in TrkB.T1-broad mice and their littermate controls by whole cell recording in 
layer II/III pyramidal neurons in V1. In line with the morphological analysis, we saw no 
significant difference between TrkB.T1-broad and littermate controls in the frequency and 
amplitude of mEPSCs (Fig. 2D, E). The average interevent interval for TrkB.T1-broad mice 
was 139±16.7 ms, n=9 cells, compared to 161±19.3 ms, n=10, in controls, p=0.233. The cu-
mulative histograms of interevent intervals in TrkB.T1-broad mice and their littermates are 
shown in Fig. 2D. This lack of change in frequency of mEPSCs indicates that the number 
of postsynaptic excitatory structures and the presynaptic probability of spontaneous vesicle 
release in TrkB.T1-expressing neurons are unaltered. The amplitude of mEPSCs in layer II/
III pyramidal neurons of TrkB.T1-broad mice was 15.9±0.47 pA, n=9, compared to 15.9±0.52 
pA, n=10, for control littermates, p=0.97. Also the cumulative histogram of the amplitude 
in both TrkB.T1-broad mice and littermate controls showed a very similar distribution (Fig. 
2E). These data indicate that in TrkB.T1-broad mice there is no difference in postsynaptic 
AMPA-receptor level or in presynaptic vesicle content. These findings are thus compatible 
with the lack of morphological changes of dendritic spines in the mice with broad TrkB.T1 
expression. 
The above findings suggest that a homeostatic mechanism can prevent the TrkB.T1-induced 
morphological and electrophysiological changes if most cells express the transgene. We tested 
whether this involved changes in intrinsic properties of pyramidal neurons that increase the 
probability of evoked vesicle release or the likelihood to fire an action potential. However, we 
could not find evidence for such changes (Fig. 3). In TrkB.T1-broad mice, the mean number 
of action potentials in response to depolarizing current steps were not significantly different 
compared to their controls (TrkB.T1: n=20, Control: n=10; F1,28=0.15, p=0.67; Fig. 3A). Also 
the resting membrane potential was unaltered (TrkB.T1: -70.8±0.6 mV, n=17 cells,  control: 
-71.0±0.7 mV, n=6, p=0.84; Fig. 3B), as were the threshold for initiation of action potential 
(TrkB.T1: 35.1±0.91 mV, n=13, control: -34.2±0.49 mV, n=6, p=0.48; Fig. 3C), after-hyperpo-
larization (TrkB.T1: 6.24±0.35 mV, n=19, control: 6.62±0.52 mV, n=10, p=0.55; Fig. 3D) and 
time from spike onset to the peak of after-hyperpolarization (TrkB.T1: 3.0±0.09 ms, n=19, 
control: 3.12±0.08 ms, n=10, p=0.40; Fig. 3E).  Moreover, the paired-pulse ratio (PPR) re-
corded from these pyramidal neurons did not show any change in presynaptic probability of 
release (Heimel et al., 2010).  Changes in intrinsic properties of excitatory neurons thus do not 
underlie the rescue of synapse loss by TrkB.T1 when expressed in most neurons.
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Neurons in broadly expressing TrkB.T1 mice receive less inhibitory input 
Another homeostatic mechanism that could increase activity and allow synapse maintenance 
of TrkB.T1-expressing neurons is a reduction of inhibitory input (Gandhi et al., 2008;Kar-
markar and Buonomano, 2006;Knott et al., 2002;Yang et al., 2011). To test whether this in-
deed occurred, the inhibitory input to layer II/III pyramidal neurons in V1 was assessed by 
whole cell recordings in TrkB.T1-broad mice and littermate controls (Fig. 4A). We found that 
miniature inhibitory post-synaptic current (mIPSC) frequencies were strongly decreased in 
TrkB.T1-broad mice. The average distribution of time intervals between events was increased 
in TrkB.T1-broad mice (474±57 ms, n=6 cells) compared to the controls (315±30 ms, n=18, 
p=0.023) (Fig 4B, cumulative distributions of the mIPSCs’ interevent intervals are shown in 
Fig. 4E). Miniature IPSCs in TrkB.T1-broad mice showed no significant difference in ampli-

Figure 3. Overexpression of TrkB.T1-EGFP in most neurons does not affect their in-
trinsic properties. In layer 2/3 pyramidal neurons of TrkB.T1-broad mice, A) the mean 
number of action potentials in response to depolarizing pulses is similar to those of their lit-
termate controls (P=0.67); Right: Sample recordings of action potentials elicited by in-
jection of a 400 pA current step for 165 ms. Also B) resting membrane potential, C) fir-
ing threshold potential, D) after-hyperpolarization, and E) time from the onset of action 
potential to peak of after-hyperpolarization are not different compared to littermate controls.
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tude compared to controls (26.8±2.9 pA, n=6, vs. 26±1.51 pA respectively, n=18, p=0.84; Fig. 
4C, cumulative distribution of the mIPSCs’ amplitudes are shown in Fig. 4E). These findings 
suggest that either the number of inhibitory synapses onto TrkB.T1-expressing neurons or the 
probability of spontaneous vesicle release of the inhibitory inputs were reduced.

Inhibitory input of sparse TrkB.T1-expressing neurons is unaltered
If reduced inhibition is indeed the compensatory mechanism preventing spine loss upon 
broad expression of TrkB.T1, inhibition should be unaltered in individual pyramidal neurons 
expressing TrkB.T1. To investigate this, mIPSCs were recorded in whole cell configuration in 
TrkB.T1-sparse mice or in EGFP-sparse control mice (Fig. 4A). We found that there was no 
change in the interevent intervals (539 ± 56 ms. n=4 vs. 598±64 ms, n=9; p=0.64; Fig. 4B) nor 
in the amplitude of mIPSCs (29.9±2.2 pA, n=4; vs. 31.4±1.3 pA, n=9 p=0.54) in TrkB.T1-ex-
pressing pyramidal neurons and their EGFP-expressing counterparts (Fig. 4C). We conclude 

Figure 4. Inhibitory input 
to TrkB.T1-EGFP neu-
rons shows a decrease in 
frequency without any 
change in amplitude. A) 
Representative mIPSCs in 
TrkB.T1-broad mice and 
littermate controls. B,D) 
Averages and cumula-
tive distributions of inter-
event intervals in TrkB.
T1-broad mice (n=6 cells) 
and littermate controls 
(n=18) show a significant 
difference (p=0.023). C,E) 
Averages and cumulative 
distributions of amplitudes 
of mIPSCs in TrkB.T1-
broad mice and littermate 
controls. There is no sig-
nificant difference between 
the two groups (p=0.84).
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that inhibitory inputs onto pyramidal neurons are reduced only when most cells in V1 express 
the TrkB.T1 transgene. 

Inhibitory input of sparse TrkB.T1-expressing neurons is unaltered
If reduced inhibition is indeed the compensatory mechanism preventing spine loss upon 
broad expression of TrkB.T1, inhibition should be unaltered in individual pyramidal neurons 
expressing TrkB.T1. To investigate this, mIPSCs were recorded in whole cell configuration 
in TrkB.T1-sparse mice or in EGFP-sparse control mice (Fig. 5A). We found that there was 
no change in the interevent intervals (539 ± 56 ms, n=4 cells vs. 598±64 ms, n=9, p=0.64; 
Fig. 5B) nor in the amplitude of mIPSCs (29.9±2.2 pA, n=4 vs. 31.4±1.3 pA, n=9, p=0.54) in 
TrkB.T1-expressing pyramidal neurons and their EGFP-expressing counterparts (Fig. 5C). 
We conclude that inhibitory inputs onto pyramidal neurons are not reduced when sparse cells 
in V1 express the TrkB.T1 transgene. 

Numbers of perisomatic boutons of parvalbumin-expressing interneurons are only 
reduced when TrkB.T1 is expressed in most pyramidal neurons
The observation that the mIPSC frequency was reduced in pyramidal cells of TrkB.T1-
broad mice could be explained by a reduction of inhibitory synapse numbers, which 
should be detectable by morphological analyses. We therefore quantified inhibitory bou-
tons surrounding pyramidal neurons in TrkB.T1-broad mice and control animals. Sec-

Figure 5. No change in in-
hibitory inputs to sparsely 
expressing TrkB.T1 neurons 
compared to controls sparsely 
expressing EGFP. A) Repre-
sentative mIPSCs in individual 
EGFP expressing neurons com-
pared to TrkB.T1-expressing 
neurons. B, D) Interevent in-
tervals of mIPSCs in individu-
al TrkB.T1-expressing neurons 
(n=4 cells) compared to EG-
FP-expressing neurons (n=9) 
is not changed (p=0.64) C, E) 

Amplitudes in the same groups of neurons are also similar (p=0.54).
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tions of V1 of these animals were stained for the pan-neuronal marker NeuN and the 
calcium binding protein parvalbumin (PV) which is expressed predominantly in fast-spik-
ing basket cells (Braun et al., 1991). This allowed us to visualize and count PV posi-
tive boutons innervating the cell bodies of pyramidal neurons in V1. We found that the 
number of boutons per cell was 22.2% lower in TrkB.T1-broad mice (8.96±0.42, n=291 
cells) when compared to their littermate controls (11.97±0.27, n=747 cells, P<0.00001; 
Fig. 6B). This suggests that the number of perisomatic inhibitory synapses is reduced
when TrkB.T1 is expressed in most pyramidal neurons in V1.
Because individual pyramidal neurons expressing the TrkB.T1 transgene in TrkB.T1-sparse 
mice did not show any difference in mIPSC frequency or amplitude, we expected that these 
cells would not show this reduction in inhibitory synapse numbers. To confirm this, sections 
of V1 of TrkB.T1-sparse mice and EGFP-sparse control mice were stained  for GFP and PV 
(Fig 6A). We found that the number of puncta per cell was indeed not changed in TrkB.
T1-sparse mice (12.67±0.60, n=31 cells) compared to the EGFP-sparse controls (12.30±0.45, 
n=44, p=0.60; Fig. 6C). We conclude that inhibitory perisomatic boutons formed by PV-ex-
pressing interneurons are reduced only when most excitatory neurons in V1 express the Trk-
BT1 transgene.

Figure 6. Perisomatic PV 
innervation is decreased 
only in broadly expressing 
TrkB.T1-EGFP neurons. A) 
A representative image show-
ing parvalbumin (PV) puncta 
around a cell body stained for 
GFP. B) Number of PV-ex-
pressing boutons around cell 
bodies of TrkB.T1-broad 
mice (291 cells, 2606 bou-
tons) compared to their lit-
termate controls (747 cells, 
8942 boutons) is significant-
ly decreased (P<0.00001). 
C) Number of PV-express-
ing boutons in TrkB.T1 

(31cells, 393 boutons) and EGFP-expressing neurons (44 cells, 541 boutons) is similar (p=0.60).
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Discussion
Here we provide evidence that network-based homeostasis occurs in V1 of young adult mice. 
We find that while expression of TrkB.T1 in sparse neurons of V1 starting 5-6 weeks after 
birth results in the loss of mature spines (Chakravarthy et al., 2006), TrkB.T1 expression in 
all pyramidal neurons starting at the same age has no effect on spine density or morphology. 
These anatomical differences are mirrored in the reduction of both amplitude and frequency 
of mEPSCs in isolated neurons expressing TrkB.T1 while they are not affected in transgenic 
animals expressing TrkB.T1 in all pyramidal neurons.  
In contrast to the loss of excitatory inputs which only occurs in isolated TrkB.T1 express-
ing neurons is the loss of inhibitory innervation which only occurs in mice with broad 
expression of the TrkB.T1 transgene. We observe that frequencies of mIPSCs and num-
bers of PV positive boutons surrounding the cell bodies of excitatory neurons are strong-
ly reduced when all pyramidal neurons express TrkB.T1. However no changes in inhibitory 
innervation are observed in individual neurons expressing TrkB.T1. This shows that neither 
a cell-autonomous postsynaptic mechanism, nor retrograde signaling from the affected neu-
ron to its inhibitory presynaptic inputs underlies the reduced inhibition in the broadly TrkB.
T1-expressing mice. More likely, inhibitory neurons reduce the number of synapses they form 
onto excitatory neurons based on the levels of excitatory drive they receive. Loss of inhibitory 
synapses may therefore occur when many excitatory neurons reduce their output as we have 
previously described for the broad expressing TrkB.T1 transgenic mice (Heimel et al., 2010). 
This will not occur when few cells reduce their activity, thus leaving their level of inhibitory 
input unchanged. Especially PV basket cells are in an excellent position to perform this role 
as they are driven by the pooled activity of surrounding neurons (Hofer et al., 2011;Kerlin et 
al., 2010) and form powerful inhibitory synapses onto the cell bodies and proximal dendrites 
of their postsynaptic targets. 
A reduction of inhibitory innervation caused by reduced activity is a well-described homeo-
static mechanism for maintaining spiking activity and synaptic drive of excitatory neurons. 
Dissociated cultures of visual cortex treated with TTX show reduced GABA-levels and a re-
duction in the mIPSC frequency in pyramidal neurons (Rutherford et al., 1997). Reducing 
visual input during the critical period by intraocular TTX injections causes a reduction in in-
hibition of layer 2/3 pyramidal neurons, probably through a presynaptic mechanism (Maffei 
and Turrigiano, 2008a). Before the critical period, reduced visual input by eyelid suture causes 
a reduction of inhibition of layer 4 star pyramidal cells (Maffei et al., 2004b). In line with the 
idea that PV-expressing basket cells are in a good position to perform this role, it was found 
that in TTX-treated cortical slice cultures, the loss of inhibitory inputs seems to specifically 
involve those from PV neurons while inputs from somatostatin-expressing interneurons re-
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main unaltered (Bartley et al., 2008).
Considering the very strong synapse loss in sparse TrkB.T1-expressing neurons, it is prob-
ably no coincidence that spine numbers and mEPSCs in mice expressing TrkB.T1 in most 
pyramidal neurons are exactly the same as in control animals. If the homeostatic mechanism 
is aimed to match the levels of excitation and inhibition, we would assume that excitatory 
synapse numbers would always remain at least somewhat reduced if inhibition is weakened. 
A likely explanation is that neurons maintain their excitatory connectivity as long as activity 
levels remain within reasonable boundaries. Only when neuronal activity drops below a cer-
tain threshold will the cell lose its synapses and attempt to connect to other inputs. This may 
occur if reducing inhibition does not suffice to maintain activity levels, or if too few neurons 
are affected resulting in network activity, and thus inhibitory levels, to remain unchanged. 
This idea is consistent with observations made in adult V1: monocular deprivation in adult 
mice does not increase spine loss in pyramidal neurons in V1 (Hofer et al., 2009;Mataga et al., 
2004), while retinal lesions which result in a much stronger loss of retinal input, cause mas-
sive spine rearrangements (Keck et al., 2008). Also experiments in young mice support the 
idea: dark-rearing or intraocular TTX injections are associated with a reduction in inhibitory 
innervation (Heimel et al., 2011;Maffei et al., 2004b) but maintenance of excitatory connec-
tivity (Wallace and Bear, 2004), while monocular deprivation induces plasticity of excitatory 
connections (Hubel et al., 1977). Moreover, when comparing the effects of depriving the dom-
inant contralateral eye versus the ipsilateral eye providing weaker input, it is indeed noticed 
that the relative loss of visual responsiveness to the ipsilateral eye is larger (Mrsic-Flogel et al., 
2007). The same study shows that after a period of monocular deprivation, net visual drive 
remains constant while it increases after binocular deprivation, supporting the idea that net-
work-based homeostatic mechanisms underlie these effects.
The finding that spine loss is prevented when most pyramidal neurons express TrkB.T1 also 
suggests that the spine loss in sparse TrkB.T1-expressing neurons is not a direct effect of the 
transgene on synaptic function. It seems more likely that it is an indirect consequence of 
reduced activity caused by TrkB.T1 through other mechanisms, such as diminished calcium 
currents through TRPC3 channels (Amaral and Pozzo-Miller, 2007b;Li et al., 1999), decreased 
mobilization of calcium from intracellular calcium stores (Amaral and Pozzo-Miller, 2007a), 
reduced NMDAR currents (Madara and Levine, 2008), or involvement of the BDNF-gated 
sodium channel NaV1.9 (Blum et al., 2002). This is indeed supported by our observation that 
neuronal activity is not completely rescued in mice expressing TrkB.T1 broadly mice (Heimel 
et al., 2010) despite the unchanged excitatory synapse numbers.
Network-based and cell-autonomous homeostatic mechanisms have been distinguished erli-
er using hippocampal cultures (Burrone et al., 2002;Hartman et al., 2006;Peng et al., 2010). In 
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these studies the activity of individual neurons was suppressed by expressing the potassium 
channel Kir2.1 before synapse formation which led to a decrease in mEPSC frequency and 
evoked EPSC amplitude. In contrast, when the cultures were also treated with TTX affecting 
all the neurons there was no difference in excitatory synapse formation between Kir2.1-ex-
pressing and wild type neurons. An important discrepancy between the hippocampal culture 
studies and this study is that when Kir2.1 was expressed in individual neurons once synapses 
had already developed, spine loss did not occur in contrast to what we observe in individual 
TrkB.T1-expressing neurons. This could potentially be a difference between cortex and hip-
pocampus, as extensive spine loss also does not occur in individual, TrkB.T1-expressing CA1 
neurons in vivo (Chakravarthy et al., 2006). Moreover, in the previous studies, all neuronal 
activity was blocked with TTX, in both excitatory and inhibitory neurons, while in the broad 
TrkB.T1-expressing mice neuronal activity remains mostly normal. Using the same approach 
it was also shown that inhibitory inputs were reduced on neurons in cultures treated with 
TTX, while single neurons expressing Kir2.1 showed no changes in inhibitory inputs, indi-
cating that loss of inhibition is a network-dependent process. In contrast, gain of inhibitory 
inputs in response to overexcitation was found to be a cell-autonomous process  (Peng et al., 
2010).
Recently it was found that if neuroligin was downregulated in individual neurons in during 
cortical development this resulted in reduced synapse density while this did not occur in full 
neuroligin deficient animals (Kwon et al., 2012). Our findings show that this type of synaptic 
compensation is neither restricted to neuroligin deficiency nor to a specific developmental 
stage of cortical development. 
Various experiments have indicated that homeostasis involving changes in the balance be-
tween excitation and inhibition is regulated through BDNF/TrkB signaling (Rutherford et 
al., 1997;Rutherford et al., 1998;Swanwick et al., 2006). It was found that blocking activity 
in visual cortical cultures reduced inhibitory innervation and increased excitatory neuronal 
firing rates. (Rutherford et al., 1997). These effects were blocked when BDNF was added to 
the cultures. In another study using hippocampal cultures it was found that increased activity 
resulted in increased BDNF release which increased inhibitory innervation. This probably 
involved a presynaptic mechanism, as expressing Trkb.T1 in the postsynaptic excitatory neu-
ron did not interfere with this homeostatic regulation (Peng et al., 2010). The latter finding is 
in line with our observation that TrkB.T1 expression did not interfere with the regulation of 
its inhibitory inputs. Because in our experiments the TrkB.T1 transgene was not expressed in 
inhibitory neurons, our experiments do not provide any information on whether or not TrkB.
T1 signaling in inhibitory neurons is involved in the homeostatic process we observe.
In conclusion, our results show that in the visual cortex, a network-based homeostatic mech-
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anism ensures that excitatory connections are maintained, possibly through adjusting PV in-
terneuron-derived inhibitory inputs. This may represent a powerful homeostatic mechanism 
that keeps overall neuronal firing rates within an optimal range without disturbing patterns 
of cellular activity. For competition-based plasticity such as ocular dominance plasticity this 
may be essential, forcing neurons that receive too little input to rewire and search for new in-
puts instead of adjusting their activity levels. How this homeostatic mechanism relates to the 
critical role of inhibitory innervation in cortical visual plasticity (Chen et al., 2012;Fagiolini 
and Hensch, 2000;Heimel et al., 2011;van Versendaal D. et al., 2012) is an important question 
to address in the near future.

Materials and Methods:

Transgenic mice
Mice carrying a Cre-dependent TrkB.T1-EGFP-transgene (TLT-817) or membrane associat-
ed EGFP-F-transgene (TLG-498) were used. For sparse expression, these lines were crossed 
to the CaMKIIα-Cre transgenic mouse line Cre 3487. All the above mentioned lines were 
described previously (Chakravarthy et al., 2006;Chakravarthy et al., 2008). Broad expression 
of the TrkB.T1-EGFP transgene in most cortical pyramidal neurons was achieved by crossing 
the TLT-817 line to G35-3–Cre mice which express Cre under KA1 promoter (Heimel et al., 
2010;Sawtell et al., 2003). The mice were crossed to C57BL/6 background for at least 6 gener-
ations. All experiments were approved by the institutional animal care and use committee of 
the Royal Netherlands Academy of Arts and Sciences.

Histology and immunohistochemistry
Mice were anaesthetized with 0.1 ml/gr bodyweight sodium pentobarbital (Janssen Labora-
tories, Beerse, Belgium) and perfused with 4% paraformaldehyde (PFA) in PBS. Brains were 
dissected, post-fixed for 2 h and subsequently stored at 4°C in PBS. Coronal sections of 50 
μm were made using a vibratome (Leica VT1000S, Leica Microsystems, Wetzlar, D-35578 
Germany). Free-floating sections were double-stained using mouse anti-NeuN or anti-GFP 
antibodies (1:500, Chemicon) and rabbit anti-PV (1:1000, Swant) followed by Alexa 488 con-
jugated goat anti-mouse antibodies (1:500, Molecular Probes) and Alexa 568 conjugated goat 
anti-rabbit antibodies (1:500, Molecular Probes). 

Diolistics 
DiI coated Tefzel tubing was prepared as described earlier (Chakravarthy et al., 2006). Briefly, 
a mixture of 0.15 mg DiI (Molecular Probes), 50μl methylene chloride and 12 mg of 1.1μm 
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tungsten particles (Bio-Rad, Veenendaal, the Netherlands) was spread on a glass slide and 
air-dried. Subsequent to resuspension in 1ml distilled water and sonication, the mixture was 
sucked into Tefzel tubing (Bio-Rad). The suspension was withdrawn after 2 mins and Nitro-
gen gas was passed to dry the tube. The tube was cut into 13mm pieces and was used in a 
Helios Gene Gun (Bio-Rad) to shoot 50μm coronal sections at 100 psi through a membrane 
filter of 3μm pore size and 8 x 105 pores/cm2 (Corning, Acton, MA). Sections were stored in 
PBS at room temperature for least 12 hours to ensure good filling of the labeled neurons.

Confocal microscopy 
DiI labeled neurons from layer II/III of V1 were imaged using a Carl Zeiss CLSM 510 Meta 
confocal microscope (Zeiss, Göttingen, Germany) with HeNe (543 nm) laser. Only those 
DiI-labeled neurons that were also positive for TrkB.T1 were imaged in TrkB.T1-broad mice. 
In the littermate controls, all DiI-labeled pyramidal neurons from layer II/III were imaged. 
The dendritic segments after the first branch point of basal dendrites were imaged with a 63X 
oil-immersion objective and at an optical zoom of 2.5X. Each image was a stack of 50 planes 
with 200 nm steps. Care was taken to ensure that the acquisition parameters were so adjusted 
that the entire detector range was used for the spines. PV-NeuN or PV-GFP double stained 
sections were imaged with HeNe (543 nm) and Argon (488 nm) lasers. The images were ac-
quired as non-overlapping single planes with a 63X oil immersion objective using a pinhole 
of 80 μm.

Spine classification and image analysis 
The image stacks were subjected to 3D reconstruction using Zeiss CLSM 510 Meta. Den-
dritic protrusions were classified as spines (mushroom, long, stubby and thin) and filopo-
dia (Chakravarthy et al., 2006). All dendritic protrusions in a 15 μm segment of proximal 
basal dendrites 5 μm after the first branching point were counted and thus classified. Zeiss 
CLSM Image browser 5 overlay tools was used for size determinations. The head diameter 
was counted by using the longest straight line in the spine head. A bent-line tool was used to 
measure the length of the entire spine (including the head and stalk). A total of 78 neurons 
and 1002 spines were analyzed from 8 mice (TrkB.T1-broad mice – 3 mice, 31 neurons and 
446 spines; Littermate controls – 5 mice, 47 neurons, and 556 spines). Subsequent to image 
acquisition, all analysis was done blind. Statistical significance was determined by standard 
student’s t-test. 

PV-puncta Analysis 
PV puncta around NeuN or GFP positive nuclei of layer II/III cells from V1 were counted 
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using ImagePro 5 and 6, respectively. Confocal images were first converted into TIFF images 
and were analyzed in ImagePro for broad and manually for mosaic expression. The NeuN 
or GFP positive nuclei were marked using a free-drawing tool. Using customized macros, a 
2 μm wide ring was drawn around all NeuN- or GFP-positive nuclei. All nuclei whose edges 
were less than 2 μm from the border of the image were omitted from analysis.  Automated 
counting was carried out to determine the number of PV puncta within the 2 μm ring. These 
were classified as puncta around the NeuN or GFP labeled cell bodies. Analysis was carried 
out blind to the identity of the genotype. A total of 6 mice were used for the analysis with 3 
TrkB.T1-broad mice (291 cells, 2606 puncta) and 3 littermate controls (747 cells, 8942 punc-
ta). Three TrkB.T1-sparse mice mice (31 cells, 393 puncta) and 6 EGFP-sparse mice mice (44 
cells, 541 puncta) were used.

Electrophysiology
Coronal slices (300 μm) of V1 were prepared from >4 month-old mice. TrkB.T1-broad mice 
were used for excitatory recordings. They were anaesthetized by isoflurane and then decapi-
tated, and brains were chilled in ice-cold carbogenated (95% O2/5% CO2) sucrose-based arti-
ficial cerebrospinal fluid (ACSF), containing 3.5 mM KCl, 2.4 mM CaCl2, 1.3 mM MgSO4, 1.2 

mM KH2PO4, 10 mM glucose, 26 mM NaHCO3, and 212.5 mM sucrose. Slices were stored 
in carbogenated normal ACSF comprising 126 mM NaCl, 3 mM KCl, 2 mM MgSO4, 2 mM 
CaCl2, 10 mM Glucose, 1.20 mM NaH2PO4 and 26 mM NaHCO3 (300 mOsm and pH 7.3). 

Inhibitory recordings were done TrkB.T1-sparse and EGFP-sparse mice. They were anesthe-
tized by i.p. injection of sodium pentobarbital (40 mg/kg) and perfused with 5 ml ice-cold 
carbogenated Choline Chloride based ACSF containing 110 mM Choline chloride, 7 mM 
MgCl2, 0.5 mM CaCl2, 2.5 mM KCl, 11.6 mM Na-ascorbate, 3.10 mM Na-pyruvate, 1.25 
NaH2PO4, 25 mM D-glucose, and 25 mM NaHCO3 (Bureau et al., 2006).  Brains were chilled 
for 5 minutes and cut in this ACSF. After 45 minutes incubation in normal ACSF at 36 de-
grees, the slices were used for recording. Slices were transferred to a submerged recording 
chamber with constant perfusion of carbogenated ACSF. EGFP-expressing neurons in layer 
II/III of V1 were patched under an Axioskop FS upright microscope equipped with Hofmann 
modulation contrast optics (Zeiss). Borosilicate glass patch-pipettes (3–4 MΩ) were filled 
with two different intracellular solutions. For miniature excitatory postsynaptic currents the 
pipettes were filled with K-gluconate internal solution containing 110 mM K-gluconate, 10 
mM KCl, 10 mM Hepes, 4 mM Mg-ATP, 10 mM K2phosphocreatine, 0.3 mM GTP. PH was 
set to 7.3 and osmolarity to 290 mOsm. The intracellular solution for recording miniature 
inhibitory postsynaptic currents contained 70 mM K-gluconate, 70 mM KCl, 0.5 mM EGTA, 
10 mM Hepes, 4 mM Mg-ATP, 4 mM K2phosphocreatine, 0.4 mM GTP (PH 7.3 and 290 
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mOsm). In whole-cell configuration, mEPSCs and mIPSCs were recorded by a patch-clamp 
amplifier (Multiclamp 700a, Axon Instruments, Molecular Devices) in the presence of 1 μM 
tetrodotoxin citrate (Ascent Scientific LTD, Bristol, UK) while holding the membrane poten-
tial at –70 mV. In the case of mIPSCs, AMPA receptor blocker 6,7-Dinitroquinoxaline-2,3-di-
one disodium salt (DNQX), obtained from Ascent Scientific (Ascent Scientific LTD, Bristol, 
UK), was applied in the extracellular solution (10 μmol). Signals were low-pass filtered at 4 
KHz and digitized at 10 KHz, with a digidata 1440A (Axon Instruments, Molecular Devices) 
operated by PClamp 10 software. Care was taken that series resistance remained ≤15 MΩ. 
Injection of current and recording the firing pattern of neurons, in current clamp mode, was 
used to verify selection of pyramidal neurons. Recordings with >20% change in input resist-
ance were discarded. 

Data Analysis
Mini Analysis (Synaptosoft Inc., Decatur, GA) was used for analyzing mEPSCs and mIPSCs. 
The amplitude threshold was set at 9 pA, which was >3x root-mean-square (RMS) noise in all 

recordings. After automatic detection of mEPSCs by the software, each mEPSC was visually 
inspected. Recordings with a systematic drift in average mEPSC and mIPSC rise time of >10% 
were excluded. Miniature EPSCs with rise times >3 ms were omitted. Frequencies and ampli-
tude averages of mEPSCs and mIPSCs in TrkB.T1-expressing neurons versus their controls 
were compared for statistical significance by using Kruskal Wallis. 
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Abstract
During development and aging and in amblyopia, visual acuity is far below the limitations set 
by the retina. Expression of brain-derived neurotrophic factor (BDNF) in the visual cortex 
is reduced in these situations. We asked whether neurotrophic tyrosine kinase receptor, type 
2 (TrkB) regulates cortical visual acuity in adult mice. We found that genetically interfering 
with TrkB/BDNF signaling in pyramidal cells in the mature visual cortex reduced synaptic 
strength and resulted in a loss of neural responses to high spatial-frequency stimuli. Respons-
es to low spatial-frequency stimuli were unaffected. This selective loss was not accompanied 
by a change in receptive field sizes or plasticity, but apparent contrast was reduced. Our results 
indicate that a dependence on spatial frequency in the Heeger normalization model explains 
this selective effect of contrast reduction on high-resolution vision and suggest that it involves 
contrast gain control operating in the visual cortex. 
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Introuduction
The limits of visual acuity and contrast sensitivity are set by the eye, but what we perceive 
is determined by the visual cortex (Ress and Heeger, 2003). In healthy, mature people and 
animals, the visual acuities of the retina and the cortex are well-matched (Gianfranceschi et 
al., 1999), but this match is neither automatic nor unbreakable. Differences between cortical 
and retinal acuity are most apparent during development, when cortical acuity continues to 
rise after retinal development is completed (Spekreijse, 1983), and during aging, when be-
havioral acuity falls even without obvious changes in the eye or the thalamus (Spear, 1993). 
Differences also occur as a result of cortical injury or erroneous development. This is the case 
with amblyopia, the most prevalent (2–4%) visual impairment in young people. Amblyopia is 
a reduced psycho-physical acuity in one or both eyes. It is believed to be caused by deficient 
processing in the visual cortex (Barrett et al., 2004), but the mechanisms underlying the dis-
sociations of retinal and cortical acuity in amblyopia and in the healthy aging and developing 
brain are unclear. Notably, there is a good match between changes in the cortical expression 
level of BDNF and changes in visual acuity. During development, acuity and BDNF levels 
rise (Huang, 1999), whereas both slowly decrease with age (Katoh-Semba et al., 1998;Spear, 
1993). This relationship between BDNF and acuity also holds for experimentally induced 
amblyopia. BDNF mRNA and protein levels (Bozzi, 1995;Rossi et al., 1999;Spear, 1993) and 
acuity (Heimel et al., 2007) in the primary visual cortex (V1) responding to a monocularly de-
prived eye are all below normal. In amblyopic rats receiving environmental enrichment (Sale, 
2007) or antidepressant treatment (Maya Vetencourt, 2008), increased BDNF expression in 
the cortex was seen in parallel with the restoration of visual acuity. Moreover, transgenic mice 
overexpressing BDNF in the forebrain have a faster rise of cortical acuity (Huang, 1999) even 
when reared in darkness (Gianfranceschi, 2003). 
Although there is a wealth of data on the involvement of BDNF and its main receptor TrkB in 
neuronal development (Huang and Reichardt, 2001), synaptic efficacy (Lu, 2004), morpholo-
gy (Chakravarthy, 2006) and plasticity (McAllister et al., 1999;Poo, 2001), it not known how 
BDNF promotes visual acuity at the coding level and whether BDNF signaling is involved in 
acuity in the mature cortex. We studied visual acuity in adult transgenic mice in which, after 
normal development is completed, cortical TrkB/BDNF signaling is impaired. We found a 
loss of acuity in these mice that was caused by a reduction in apparent contrast. Using a com-
bination of experiments and modeling, we found that cortical gain control is involved in the 
selective loss of responses to visual stimuli with high spatial frequencies and the maintenance 
of responses to low spatial frequencies. 
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Results 
Synaptic efficacy is reduced by genetic inhibition of TrkB 
To investigate the role of TrkB signaling in cortical acuity in the mature mouse, we overex-
pressed a dominant-negative TrkB protein (TrkB.T1) fused to enhanced green fluorescent 
protein (EGFP) (Eide, 1996)in a large proportion of pyramidal cells after the maturation of 
cortical acuity. This was achieved by crossing mice carrying a Cre-dependent TrkB.T1-EG-
FP transgene under the control of the Thy1 promoter (Chakravarthy, 2006)with G35-3–cre 
transgenic mice (Sawtell, 2003)(Supplementary Fig. 1). In G35-3–cre mice, Cre recombina-
tion is restricted to excitatory neurons in the neocortex, hippocampus and amygdale (Sawtell, 
2003), whereas the retina (Dahlhaus, 2008), thalamus and superior colliculus are unaffected. 
In TrkB.T1-EGFP; G35-3 double transgenic mice (referred to as TrkB.T1-EGFP mice), TrkB.
T1-EGFP was expressed in excitatory neurons of the hippocampus and pyramidal neurons of 
the neocortex (Fig. 1a). Expression was absent in layer 4 of the neocortex (Fig. 1b), probably 
because the Thy1 promoter is not active in this layer. No transgene expression was detect-
ed in the locus coeruleus or basal forebrain neuromodulatory regions. Transgene expression 
started around 5 weeks after birth, after the end of the critical period for ocular dominance 
plasticity (Gordon and Stryker, 1996) and after maturation of visual acuity (Heimel et al., 
2007;Huang, 1999). 
Before investigating the effects of impaired TrkB signaling on visual processing in vivo, we 
assessed its effects at the ynapse level. BDNF signaling is known to modulate synaptic trans-
mission (Lu, 2004;Poo, 2001) and overexpression of TrkB.T1 inhibits BDNF-induced en-
hancement of excitatory transmission (Li, 1998). To determine whether interfering with TrkB 
signaling in pyramidal neurons of adult V1 alters synaptic transmission, we measured the 
response of pyramidal cells to electrical stimulation in slices of adult visual cortex of wild-
type and TrkB.T1 EGFP mice. Because there was no transgene expression in layer 4 and TrkB/
BDNF signaling has been implicated in both pre-and postsynaptic modulation of synaptic 
strength, we first studied the intralaminar connections of layer 2/3 to layer 2/3 neurons, which 
are the most abundant synapses in layer 2/3 (Binzegger et al., 2004). We recorded intracellular 
responses in layer 2/3 pyramidal neurons to extracellular stimulation by an electrode dis-
placed 200 μm horizontally from the recording electrode in the same layer (Fig. 1c,d). These 
evoked responses were lower in TrkB.T1-EGFP mice than in wild-type mice (response to 200 
μA: TrkB.T1-EGFP, 0.97 ± 0.07 nA, 13 cells; wild type, 1.9 ± 0.2 nA, 6 cells; P = 0.003, t test; 
Fig. 1e) confirming that there was a reduction in synaptic strength. Spike initiation thresholds 
were not different (TrkB.T1-EGFP, −35.1 ± 0.9 mV; wild type, −34.2 ± 0.5 mV; P = 0.5, t test), 
nor was paired-pulse facilitation, a predominantly presynaptic phenomenon (TrkB.T1-EGFP, 
1.18 ± 0.04; wild type, 1.19 ± 0.03; P = 0.9, t test). Although the unchanged paired-pulse ratio 
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did not fully exclude a presynaptic cause of the reduced synaptic strength, it did suggest a pri-
marily postsynaptic phenotype. If so, we would expect a change in layer 4 to 2/3 connections 
as well. Therefore, we also recorded the local field potential (LFP) in layer 2/3 in response 
to extracellular stimulation by an electrode positioned in layer 4 (Fig. 1f,g). Evoked LFP re-
sponses are an indication of combined synaptic activity in the recording electrode’s vicinity. 
In TrkB.T1-EGFP mice, responses were well below those in wild-type mice (response to 260 
μA: TrkB.T1-EGFP, 1.50 ± 0.14 mV, 14 slices, 6 mice; wild type, 1.93 ± 0.12 mV, 12 slices, 5 

Figure 1. Expression of TrkB.
T1-EGFP in pyramidal neu-
rons of the adult visual cor-
tex causes reduced synaptic 
strength. (a) Sagittal slice 
showing expression at postna-
tal day 68 in cortex and hip-
pocampus. Fluorescence in 
the thalamus was limited to 
axons coming from the cortex 
and hippocampus. (b) Coronal 
cross-section of occipital cortex. 
TrkB.T1-EGFP was mainly ex-
pressed in extragranular lay-
ers. (c) Experimental setup for 
d and e. We made whole-cell 
patch-clamp recording in layer 
2/3 coupled to electrical stimu-
lation displaced 200 μm in layer 
2/3. (d) Example average re-
sponse to 50-μA electrical stim-
ulation. (e) Average layer 2/3 
to 2/3 input-output (IO) curves 
showed a reduced response 
in TrkB.T1-EGFP mice (T1). 

(f) Experimental setup for g,h. 
LFP recording electrode in layer 2/3 of visual cortical slice coupled to electrical stimulation 
in layer 4. g) Example average response to 180-μA stimulation in a wild-type (WT) and a 
TrkB.T1-EGFP mouse. (h) Average layer 4 to 2/3 input-output curves showed a reduced re-
sponse in TrkB.T1-EGFP mice. Error bars denote s.e.m. (*P < 0.05, **P < 0.01, t test).
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mice; P = 0.03, t test; Fig. 1h). The paired-pulse ratio was again unchanged (TrkB.T1-EGFP, 
0.89 ± 0.04; wild type, 0.98 ± 0.09; P = 0.33, t test). Together, these results strongly suggest that 
synaptic transmission to layer 2/3 neurons was reduced through a postsynaptic mechanism 
in the TrkB.T1-EGFP mice. 
Evoked LFPs are dominated by excitatory synaptic transmission, but contain the combina-
tion of excitatory and inhibitory postsynaptic potentials. As chronic changes in BDNF sig-
naling have been shown to positively correlate with the amount of perisomatic inhibition 
(Gordon and Stryker, 1996;Huang, 1999) by parvalbumin-expressing interneurons, we also 
determined whether the TrkB.T1-EGFP mice showed changes in inhibitory inputs using 
immunohistochemistry. We examined the parvalbuminpositive boutons around pyramidal 
cell bodies, which provide the major source of inhibition in the cortex. Perisomatic inhibito-
ry synapses were decreased in TrkB.T1-EGFP mice (Supplementary Fig. 2), both in bouton 
number (TrkB.T1-EGFP, 2,707 puncta in 418 cells, 3 mice; wild type, 9,048 puncta in 874 
cells, 3 mice; P < 0.001, t test) and average bouton diameter (TrkB.T1-EGFP, 0.623 ± 0.008 
μm; wild type, 0.715 ± 0.005 μm; P < 0.001, t test). This finding suggests that the observed 

Figure 2. Acuity is re-
duced in V1 of TrkB.
T1-EGFP mice. (a,b) 
Example intrinsicsignal 
responses to a range of 
spatial frequencies in the 
visual cortex of a wild-
type mouse. Transcra-
nial images of changes 
in light reflectance are 
shown in a. Scalr bar 
represents 1mm. Mean 
reductions in light reflec-
tance in a selected region 
of the binocular cortex 
(a) are shown in b. (c) 
Average high spatial-fre-
quency cut-offs were 

reduced in TrkB.T1-EGFP mice compared with controls. (d) Average intrinsic signal re-
sponses for wild-type and TrkB.T1-EGFP mice. The response to the lowest spatial frequen-
cy was not substantially reduced. Error bars denote s.e.m. (*P < 0.05, **P < 0.01, t test). 
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decrease in the evoked responses in layer 2/3 neurons was caused by an even larger decrease 
in excitatory transmission that was partially compensated for by reduced inhibitory input. 

Acuity loss after inhibition of TrkB signaling 
We next addressed the question of whether the changes in synaptic transmission in adult 
TrkB.T1-EGFP mice were accompanied by a reduction invisualacuitybyusingopticalimagin-
gof intrinsicsignal.Wemeasured the responses of wild-type mice to high-contrast phase-re-
versing sinusoidal gratings (Fig. 2a,b). Acuity was defined as the null response point of a 
threshold-linear curve fitted to the data (Fig. 2b). TrkB.T1-EGFP mice had a strongly re-
duced acuity (TrkB.T1-EGFP, 0.40 ± 0.05 cycles per degree, n = 7; wild type, 0.54 ± 0.03 cpd, 
n = 18; P = 0.01, t test; Fig. 2c). Closer inspection of the average response curves revealed 
that responses to the lowest tested spatial frequency (0.1 cpd) were not reduced (P = 0.6, t 

Figure 3. Apparent contrast is reduced in TrkB.T1-EGFP mice. (a) Example single-unit con-
trast response curve. Rushton fit. (b) C

50 
was higher in TrkB.T1-EGFP mice. (c) Peak latency 

to the high-contrast gratings was longer in TrkB.T1-EGFP mice. (d) Average 0.5 population 
response curves from single-unit recordings, normalized to wild-type response and fitted with 
Naka-Rushton curves. (e) Best fit to TrkB.T1-EGFP data with the wild-type curve (solid line) 
was achieved by 0 20 30 40 60 80100 reducing contrast (dashed line), rather than by reducing re-
sponse strength Contrast (%) (dotted line). Error bars denote s.e.m. (*P < 0.05, **P < 0.01, t test).
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test; Fig. 2d). Because increasing BDNF levels not only induce the increase in visual acuity 
during development, but also the onset of the critical period6, we tested the possibility that 
TrkB.T1-EGFP expression in the adult visual cortex would affect ocular dominance plasticity. 
However, we found no difference in ocular dominance plasticity between wild-type and TrkB.
T1-EGFP mice (Supplementary Fig. 3). 

Acuity loss is caused by a reduction of apparent contrast 
There are three functional mechanisms through which the excitatory and inhibitory synap-
tic changes could cause reduced acuity (Supplementary Fig. 4). The first mechanism is the 
enlargement of receptive field centers of neurons in the visual cortex. Sampling input from a 
larger retinal area would reduce the response to a high spatial-frequency grating, as both dark 
and light areas will fall in single ON/OFF subfields of a neuron. The second mechanism is a 
reduction of the signal-to-noise ratio (SNR), which may occur as a result of the reduction of 
inhibition and excitation. A reduced SNR would affect signal processing of high spatial-fre-
quency information more than that of low spatial frequency, as the response, and therefore 
the SNR, at high spatial frequencies, is already smaller. The third mechanism is a reduction 
in perceived contrast. A reduction in synaptic transmission in TrkB.T1-EGFP mice would re-
duce the response to visual stimulation, as would a reduction of stimulus contrast. This abates 
the visibility of high spatial-frequency stimuli more than that of lower spatial frequency be-
cause contrast sensitivity is already lower for high spatial-frequency stimuli. 
We asked which of these mechanisms caused the reduction in cortical acuity using extra-
cellular single-unit recordings. Receptive fields were computed by reverse correlation of the 
response to high-contrast sparse checkerboard stimulation. The receptive field sizes were not 
different between TrkB.T1-EGFP and wild-type mice (TrkB.T1-EGFP, 21 ± 1 degrees, 72 cells; 
wild type, 22 ± 1 degrees, 86 cells; P = 0.5, t test; Supplementary Fig. 5), excluding the first 
mechanism. 
We next assessed the second mechanism, a reduction in the SNR (Supplementary Fig. 6). We 
first considered the spontaneous rate to be related to the noise and the peak response ampli-
tude related to the signal. Peak rates were not significantly different between transgenic and 
control mice (TrkB.T1-EGFP, 13 ± 1 Hz; wild type, 14 ± 1 Hz; P = 0.5, t test) and spontaneous 
rates were even lower in TrkB.T1-EGFP mice (TrkB.T1-EGFP, 4.0 ± 0.6; wild type, 6.3 ± 0.8 
Hz; P = 0.02, t test). The response index (that is, (peak rate − spontaneous rate)/peak rate) 
also showed no difference between mice (TrkB.T1EGFP, 0.67 ± 0.04; wild type, 0.62 ± 0.03; P 
= 0.3, t test). A more sophisticated measurement for SNR is the probability that one can cor-
rectly determine the onset of a light patch in a neuron’s receptive field center on the basis of 
its response amplitude. We determined this by assessing the area under the receiver operating 
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characteristic curve (Bradley et al., 1987)  but found no difference between transgenic and 
control mice (TrkB.T1-EGFP, 0.945 ± 0.008; wild type, 0.942 ± 0.008; P = 0.8, t test). Also, nei-
ther the variation in the response amplitude to drifting gratings (response s.d.: TrkB.T1-EGFP, 
2.5 ± 0.5 Hz; wild type, 3.3 ± 0.8 Hz; P = 0.4, t test) nor the linear relationship(Bradley et al., 
1987) between log response and log response variance (slope: TrkB.T1-EGFP, 1.2; wild type, 
1.3) was different. Thus, there was no indication of a change in SNR in TrkB.T1-EGFP mice. 
To test whether the third mechanism, a reduction in apparent contrast, was responsi-
ble for the lower visual acuity, we measured contrast tuning in individual neurons (Fig. 
3a). The mean C50 (the contrast at which a cell responds at half of its maximal response) 
was markedly higher in TrkB.T1-EGFP mice (TrkB.T1-EGFP, 65 ± 4%, 13 units, 4 mice; 
wild type, 50 ± 4%, 17 units, 4 mice; P = 0.007, t test; Fig. 3b), suggesting that there was 
reduced apparent contrast in TrkB.T1-EGFP mice. Normally, latency increases as contrast 
decreases, often without a proportional loss in response strength (Albrecht et al., 2002). 
We therefore examined whether the latency of the peak response to the highest contrast 

Figure 4 Apparent con-
trast reduction in TrkB. 
T1-EGFP mice explains 
acuity loss. (a) Intrinsic 
signal recordings confirmed 
the reduction of contrast in 
TrkB.T1-EGFP mice. Con-
trast tuning curve of TrkB.
T1-EGFP mice was best fit-
ted by scaling the contrast of 
the wild-type tuning curve 
rather than the response 
(least squared error: contrast 
scaling, 0.003; response scal-
ing, 0.033). (b–d) Contrast 
reduction decreases acuity 
and mimics TrkB.T1-EGFP 

phenotype. Cortical activity was lower in wild-type mice at 60% compared with 90% contrast, 
as determined by intrinsic signal measurements (b). The loss of response to high spatial-fre-
quency stimuli and the absence of a response reduction at low spatial frequency induced by 
contrast reduction from 90% to 60% matched the TrkB.T1-EGFP acuity phenotype (c,d). Lines 
are linear-threshold fits to wild-type data. Error bars denote s.e.m. (*P < 0.05; **P < 0.01, t test). 
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gratings was increased in TrkB.T1-EGFP mice. This was indeed the case (TrkB.T1-EG-
FP, 0.51 ± 0.06 s; wild type, 0.35 ± 0.05 s; P = 0.03, one-tailed t test; Fig. 3c). Moreover, 
the average latency of the peak response to a stimulus in a cell’s receptive field center was 
higher in TrkB.T1-EGFP mice (TrkB.T1-EGFP, 0.164 ± 0.007 s; wild type, 0.138 ± 0.004 
s; P = 0.001, t test; Supplementary Fig. 7). The average contrast response curve of the  
TrkB.T1-EGFP mice was below that of the wild-type mice (Fig. 3d). To confirm that this 
indicated a reduction in apparent contrast instead of a reduction in response, we fitted the 
wild-type response curve to the TrkB.T1-EGFP mice measurements by scaling its response or 
contrast (Fig. 3e). Reducing contrast by a factor of 1.5 provided the best fit (least squared er-
ror: contrast scaling, 0.006; response scaling, 0.02). This confirmed that the increased average 
C50 

was caused by a reduction of the apparent contrast. Intrinsic signal imaging of the contrast 
response curve confirmed this. The imaged C50 

was reduced (TrkB.T1-EGFP, 40 ± 3%; wild 
type, 29 ± 3%; P = 0.03, t test; Supplementary Fig. 8) and the contrast response curve in TrkB.
T1-EGFP mice was better fit by a reduced apparent contrast than by a reduced response (least 
squared error: contrast scaling, 0.003; response scaling, 0.03; Fig. 4a). 
We then tested whether the amount of reduction of apparent contrast measured in TrkB. 
T1-EGFP mice is sufficient to explain all of the observed loss of acuity and whether a con-
trast reduction would also preserve responses to low spatial-frequency stimuli. We reduced 
the stimulus contrast for wild-type mice by a factor of 1.5 (from 90% to 60%); acuity at 60% 
contrast in wild-type mice was reduced to 0.39 cpd versus 0.52 cpd at 90% contrast (P = 
0.01, paired t test; Fig. 4b), a similar reduction in acuity as observed in TrkB.T1-EGFP mice 
at 90% contrast. Just as with the TrkB.T1-EGFP mice, there was no significant reduction in 
the response at 0.1 cpd, whereas there was a significant reduction in responses to gratings of 
0.3 and 0.4 cpd (P = 0.008 and P = 0.004, paired t test; Fig. 4c,d). We conclude that the loss 
of acuity is a result of a loss of apparent contrast and that no additional cause is needed to 
explain the phenotype. 

Normalization explains interaction of contrast and acuity 
Although they provide a mechanistic explanation for the loss of visual acuity in TrkB.
T1-EGFP mice, these results did not explain how the reduction of overall synaptic
strength in TrkB.T1-EGFP mice or the contrast reduction in wild-type mice could leave 
visual responses to low spatial-frequency stimuli unaffected. A possible explanation is 
that contrast normalization occurs in the cortex. For this reason, we employed Heeger’s 
normalization model (Heeger, 1992), the standard phenomenological model of V1 re-
sponses. It was introduced to describe nonlinear response phenomena in V1, such as re-
sponse suppression by a superimposed additional stimulus and, especially relevant in 
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our context, contrast saturation (Albrecht and Hamilton, 1982). We used the model to de-
scribe how contrast affects the spatial frequency tuning curve (and vice versa) and to test 
whether these predictions would explain our experimental data. 
In describing the model, we confined our selves to stimuli that are single sinusoidal gratings 
of contrast c and spatial frequency f. The unnormalized response Ai 

of a neuron i is a function 
that grows linearly with contrast followed by a power law half-rectification, Ai= max(0, cLi

n 

(Fig. 5a). The cell’s firing rate, Ri, is given by dividing this response Ai 
by a normalization 

factor, Ri= Ai/N. This normalization factor N reflects the total incoming or local activity and 

Figure 5. Normalization model explains the differential effect of reduced contrast on re-
sponses to high and low spatial-frequency stimuli. (a) V1 normalization model. Neuron i 
performs an operation on the stimulus that is linear in contrast. This operation is followed by a 
power law half-rectification. This unnormalized response, Ai, is normalized by division with an 
activity pool N, which only depends on stimulus contrast and spatial frequency, to give the cell’s 
firing rate Ri. The firing rates of all cells determine the population response P.(b) Hypothetical 
examples of unnormalized responses of a cell preferring low spatial frequencies (SFs, top) and 
one preferring high spatial frequencies (bottom). A reduction in contrast strongly reduces the re-
sponses, without altering the tuning preferences or their relative response strengths. (c) High-con-
trast, low spatial-frequency stimuli evoke large population response and thus large normaliza-
tion. (d,e) Firing rates of hypothetical cells of b after normalization by c and population response 
showing that the responses at high spatial frequencies are much more dependent on contrast. 
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is given by a constant σn plus the sum of the unnormalized responses of all local neurons, 
N(c,f)= σn +∑i Ai. We assume here that the intrinsic signal response P is proportional to the 
population firing response ∑i Ri, but our conclusions will be valid for any invertible relation-
ship between the two. 
At this point, the model already allows a qualitative understanding of why a reduction of 
contrast or input only reduces high spatial-frequency responses. For high contrasts, there is 
strong local activity at low spatial frequencies and thus strong normalization reducing the 
responses, whereas local activity and normalization are weak at high spatial frequencies. At 
low contrast, the feedforward drive to the cortex is less at both spatial frequencies, but because 
the concomitant decrease in normalization is far greater for low spatial-frequency responses, 
these are less reduced than high spatial-frequency responses (Fig. 5b–e). 

Derivation of model predictions

optical imaging data, we needed to derive an expression for the intrinsic signal response as a 
function of contrast c and spatial frequency f.  To this end, we separated contrast and spatial 

ized response, S(f) = i Ai / c
n = i max (0,cLi)

n/cn = i max(0,Li )
n. This leads to the normalized 

population response given by:  

(*)    
  

The constant                                                                                                 is chosen such that the population response at maximal 

contrast and lowest spatial frequency is normalized to 1, i.e. P(chigh=90%, flow=0.1 cpd)=1. For 
any fixed spatial frequency f, equation (*) reduces to a Naka-Rushton function describing neu-
ronal contrast tuning (Albrecht and Hamilton, 1982). The population response P(c, f) obeys 

the relation    , because the only dependence on f and c in the

population response is via the  parameter cn S(f).  This means that the population contrast 
tuning curve at spatial frequency f is identical to the contrast tuning curve at flow when con
trast is rescaled by a factor {S(f)/S(flow)}1/n. An explicit expression of P(c,f) in terms of the 
experimentally measured parameters σ and n and the acuity at high contrast is given in the 
Supplementary Equations, but is unnecessary for testing the match of model and data.
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Normalization model reliably matches experimental data 
The model predicts that population contrast tuning curves at different spatial frequencies are 
identical to the contrast tuning curve at 0.05 cpd when the contrast is rescaled appropriately. 
We confirmed this experimentally (Fig. 6). The fit of data and model was clearest in the data 
of individual mice (Fig. 6a). Small variations in the shape of the contrast response curves of 
different mice make the average contrast response curves more linear than the separate curves 
of individual mice. This effect reduces the difference in scaling fitness of a response and con-
trast reduction, but the optimal contrast scaling still fit the data much better than an optimal 
scaling of the response (least squared error, 9 × 10−6 versus 3 × 10−5 , 6 mice; Fig. 6b–d). 
This scaling relationship can be used to construct the spatial frequency tuning curve for any 
contrast graphically (Fig. 7a,b). Through this construction, the model provides a markedly 
exact prediction of the spatial frequency tuning curve data obtained in wild-type mice at 60% 
contrast (χ2(3) = 0.42, P = 0.9, χ2 test; Fig. 7c). Because 60% was also the perceived contrast 
of the high-contrast stimuli in TrkB.T1-EGFP mice, we could compare the spatial frequency 
tuning curve measured in these transgenic mice directly with those modeled in control mice. 
The model also gives an accurate prediction of the TrkB.T1-EGFP phenotype at high contrast 

Figure 6. Imaging con-
firms the model’s pre-
diction that population 
contrast tuning curves 
at different spatial fre-
quencies are identical 
when contrast is rescaled. 
(a) Contrast responses 
at 0.1, 0.2 and 0.4 cpd 
in a single mouse were 
well fitted by scaling the 
contrast of the 0.05 cpd 
contrast tuning curve. 
(b–d) Contrast scaling 
of average 0.05 cpd con-
trast tuning curve fitted 

contrast response curves 
at 0.1, 0.2 and 0.4 cpd better than scaling the response. (c) Optimally scaled contrast for each 
spatial frequency of b to match the 0.05 cpd response curve. (d) Optimally scaled response 
for each spatial frequency of b to match the 0.05 cpd response curve. Error bars denote s.e.m.
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(χ2(3) = 0.42, P = 0.9, χ2 test; Fig. 7d), showing that it offers a good quantitative understanding 
of the relationship of contrast and acuity. 

Discussion
To study the role of TrkB/BDNF in cortical visual acuity, we investigated synaptic trans-
mission and visual responses in the visual cortex of adult mice with a postdevelopmental 
genetic impairment of TrkB signaling that was restricted to cortical pyramidal cells. TrkB/
BDNF signaling is a well-known regulator of synaptic strength in many brain areas (Lu, 
2004;Poo, 2001), including V1 (Bartoletti, 2002). We examined whether synaptic strength 
was reduced in TrkB.T1-EGFP mice using intracellular and local field responses in layer 2/3 
to extracellular stimulation in layer 2/3 and layer 4, respectively. Total synaptic strength 

Figure 7. Model 
predicts population 
spatial frequency 
and contrast rela-
tionships in wild-
type and TrkB.
T1-EGFP mice. 
(a,b) From measure-
ments of the contrast 
tuning at 0.1 cpd 
(a) and the spatial 
frequency tuning at 
90% contrast (b), 
the model predicts 
the response at any 
combination of con-
trast and spatial fre-
quency by scaling the 

contrast of the measured contrast tuning curve in a to match the 90% contrast response of the 
requested spatial frequency in b. Horizontal lines show a construction of the predicted response 
to a 60% contrast grating of 0.2 cpd; the contrast of the contrast tuning curve of 0.1 cpd is 
scaled such that at 90% the response is identical to the response measured for the high-contrast 
spatial-frequency curve in b. After scaling, the contrast tuning curve response at 60% gives the 
desired value. (c,d) The model’s predicted spatial-frequency tuning curve at 60% contrast closely 
matches the 60% contrast measurements in wild-type mice and the 90% contrast measurements 
in TrkB.T1-EGFP mice. Error bars denote s.e.m. 
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was indeed reduced for both connection types. In addition to a reduction of the 
stimulated responses, which reflects the balance between excitation and inhibition, 
we found that there was an anatomical loss of perisomatic inhibition. The reduc-
tion in excitatory transmission was therefore larger than the response losses alone 
suggested. Chronic reduction of postsynaptic release of BDNF is known to reduce 
perisomatic inhibition (Kohara, 2007). If this is mediated by a postsynaptic effect 
on inhibitory synapses, a similar mechanism could be at work in the transgenic 
mice. Alternatively, the reduction of inhibition could be caused by a homeostatic 
compensatory mechanism in response to the decreased excitatory transmission. 
At first glance, the transgenic mice had a normal visual system despite these synaptic changes. 
Consistent with previous reports in young mice with deficient TrkB/BDNF signaling (Car-
mignoto et al., 1997;Kaneko et al., 2008), we found that ocular dominance and its plasticity 
were unaffected. Responses to low spatial-frequency stimuli were also unaltered. However, re-
sponses to high spatial-frequency stimuli were severely reduced or lost. Extracellular record-
ings indicated that this was not a result of changes in SNRs or receptive field sizes. The latter 
finding is consistent with studies in heterozygous BDNF-deficient mice (Kaneko et al., 2008) 
and mice in which TrkB kinase activity was inhibited by a chemical-genetic approach (Car-
mignoto et al., 1997). Single-unit and intrinsic signal measurements, however, revealed that 
the average contrast tuning curve in TrkB.T1-EGFP mice could be matched to the wild-type 
curve by scaling the contrast. Moreover, the selective loss of high spatial-frequency responses 
observed in TrkB.T1-EGFP mice could be replicated in wild-type animals when stimuli were 
presented at a reduced contrast. We conclude that reduced apparent contrast caused this se-
lective deficit. As stimulus contrast correlates with synaptic input amplitude, this provides 
a logical connection between the effect of reduced TrkB signaling at the cellular level and 
reduced contrast perception at the systems level. Our results are interesting in the context 
of previous studies, which found that forebrain overexpression of BDNF induces an earlier 
rise of acuity during development (Huang, 1999)  that does not require visual experience 
(Gianfranceschi, 2003). It is possible that a BDNF-mediated increase in synaptic strength and 
contrast gain explains part of this experience-independent increase in acuity in addition to 
the observed reduction of receptive field sizes in these mice. 
Why would reduced apparent contrast selectively affect high spatial-frequency responses, 
leaving those to low spatial frequencies unaffected? Heeger’s normalization model describing 
the effects of gain control in V1 (Gorski et al., 2003), such as contrast saturation, provides the 
answer. The model prescribes that responses of individual neurons are normalized by local 
activity, causing responses to strong stimuli to be diminished more by normalization than 
those to weak stimuli. When we implemented the natural assumption that the normaliza-
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tion pool displays the same spatial-frequency tuning as the general population, the model 
explained the contrast-induced acuity loss and accurately fit the phenotype of TrkB.T1-EGFP 
mice (Fig. 7d) and low-contrast measurements in wild-type mice (Fig. 7c). A contrast reduc-
tion decreases the visual input for high and low spatial-frequency stimuli in the same pro-
portion. The reduced feed-forward drive for low spatial frequencies, however, will be masked 
by a concomitant reduction in the normalization. At high spatial frequencies, there is little 
normalization to begin with and a reduction of input leads to a drop in response. 
Our data support an implementation of the normalization model that predicts spatial-fre-
quency tuning to be contrast dependent. How can this be reconciled with previous studies 
of carnivores and primates that imply that spatial frequency tuning in individual neurons is 
contrast invariant (Albrecht and Hamilton, 1982)? The explanation for the discrepancy lies in 
the fact that the mouse population tuning curve (Fig. 4c) already slopes at the lowest spatial 
frequencies where we measured. The level of normalization thus diminishes at increasing 
spatial frequencies. In species with a high acuity, however, the population tuning at inter-
mediate spatial frequencies is relatively flat compared with that of most individual neurons 
(Heimel et al., 2005). This means that neurons tuned to this spatial-frequency range will have 
contrast-invariant spatial frequency tuning. This effect will be augmented by the presence of 
a cortical spatial-frequency map (Issa et al., 2000). At high spatial frequencies, however, the 
population tuning curve slopes similarly to the measured mouse curve. For neurons tuned 
to these high spatial frequencies, the normalization model predicts a departure from contrast 
invariance. This has been shown experimentally (Sceniak et al., 2002;Skottun et al., 1986) but 
had not been considered as a logical consequence of normalization. The normalization model 
thus correctly predicts the contrast invariance of intermediate spatial frequency–preferring 
cells of cats and primates and fits the contrast dependence of high spatial frequency–prefer-
ring cells (Supplementary Fig. 9 and Supplementary Equations). We expect that impairment 
of TrkB/BDNF signaling would also reduce apparent contrast in these species. Primate and 
cat contrast sensitivity curves, which give the minimum contrast necessary to detect a specific 
spatial frequency, are steeper at the high spatial-frequency limit than those of the mouse. A 
similar loss in contrast would thus translate into a milder loss of acuity. 
Heeger’s model is among the most influential concepts in the field of vision research. Our 
data provide further support for its validity, but its biological implementation remains un-
known. Response normalization has been hypothesized to be implemented by intracortical 
GABAergic inhibition (Carandini et al., 1997;Carandini and Heeger, 1994;Morrone et al., 
1987;Sengpiel and Vorobyov, 2005), short-term depression in the thalamocortical synapse 
(Carandini et al., 2002;Kayser et al., 2001), intracortical synaptic depression43,44 or to be 
caused by contrast saturation in LGN responses (Li et al., 2006;Priebe and Ferster, 2006). It is 
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likely that a combination of these mechanisms is responsible for the normalization of cortical 
responses. Our results indicate that normalization is not complete at the stage of the thalam-
ocortical synapse. Normalization of information arriving in the pyramidal layers certainly 
occurs, as we found that the specific reduction of synaptic transmission in layer 2/3 in TrkB.
T1-EGFP mice was not accompanied by a concomitant reduction in the response to salient 
stimuli. The normalization mechanism itself, whatever its nature, was unaffected in the TrkB.
T1-EGFP mice, as their contrast response curve was fitted with the same saturation level and 
rectification exponent as was used for wild-type mice. 
Our findings may have implications for cortical acuity loss in amblyopia or aging. Similar 
to our observations in TrkB.T1-EGFP mice, acuity loss in aging humans or animals often 
occurs in the absence of changes in the eye or thalamus and is associated with a specific 
loss of response amplitude to high spatial-frequency stimuli and a rise in the latencies of 
visually evoked potentials (Spear, 1993). In addition, the loss of contrast sensitivity in ambly-
opia (Barrett et al., 2004;Bradley and Freeman, 1981) is reminiscent of our observations in 
TrkB.T1-EGFP mice. Notably, reduction of TrkB/BDNF-signaling (Bozzi, 1995;Katoh-Semba 
et al., 1998;Rossi et al., 1999) and reduced synaptic strength (Heynen, 2003) have also been 
observed under these conditions and may have a causal role. This suggests that the search 
for therapeutic strategies for these deficiencies should include strategies that increase TrkB/
BDNF signaling in the visual cortex. Indeed, antidepressants (Maya Vetencourt, 2008) and 
environmental enrichment (Bartoletti et al., 2004;Sale, 2007) both lead to an increase in 
BDNF signaling in the rodent cortex and positively affect visual acuity. It will be interesting to 
examine the effects of environmental enrichment or antidepressant treatment on visual acuity 
in an aged population. 

Methods
Production of transgenic mice. Mice with a Cre-dependent TrkB.T1-EGFP transgene (TLT-
817) were described previously (Chakravarthy, 2006). TrkB.T1-EGFP transgenic animals 
were crossed to animals from the G35-3-Cre line20. All lines had been kept on a C57BL/6 
background for at least 6 generations. Cre-negative and/or loxP-Stop-loxP-negative litter-
mates were used as controls. Genotyping was done by PCR using primers for Cre-recombi-
nase, and the loxP-Stop-loxP cassette. Most experimental animals were perfused with 4% PFA 
(www.sigmaaldrich.com) in PBS to confirm the genotype after recording. All experiments 
were approved by the institutional animal care and use committee of the Royal Netherlands 
Academy of Arts and Sciences.

Histology and immunohistochemistry. Mature animals were perfused and brains dissected 
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and sliced in 50 μm coronal sections using a Leica VT1000S vibratome (www.leica.com). We 
double-stained free-floating sections using mouse anti-NeuN antibodies (1:500, Chemicon, 
www.millipore.com) and rabbit anti-parvalbumin (1:1000, www.swant.com) followed by Al-
exa 488 conjugated goat anti-mouse antibodies (1:500, Molecular Probes, www.invitrogen.
com) and Alexa 568 conjugated goat anti-rabbit antibodies (1:500, Molecular Probes). We 
imaged these sections with HeNe (543 nm) and Argon (488 nm) lasers. Images were acquired 
as non-overlapping single planes with 63x oil immersion objective at a scaling of 70 nm and a 
pinhole of 80 μm on a CLSM 510 Meta confocal microscope (www.zeiss.com). Parvalbumin 
puncta lying within 2 μm of the border around NeuN-positive nuclei of layer 2/3 cells in V1 
were counted using a custom-made macro in ImagePro (www.mediacy.com). Analysis was 
carried out blind to genotype. We sliced the brains of a few animals sagitally to determine 
the spatial and temporal expression pattern of the transgene. Images of these slices were ac-
quired with a 10x objective on an Axioplan 2 microscope (www.zeiss.com). Contrast range 
was stretched linearly for the entire images by Gimp (www.gimp.org).

Optical imaging of intrinsic signal. Mice between two months and one year old were imaged 
as described previously (Heimel et al., 2007). Mice were anesthetized by an intraperitoneal 
injection of urethane (www.sigmaaldrich.com; 200 mg/ml saline, 2 g/kg). Atropine sulphate 
(0.05 mg/ml in saline, 0.1 mg/kg) was injected subcutaneously to reduce mucous excretions. 
We resected the scalp, illuminated the skull with 700 nm light, and acquired images using an 
Optical Imager 3001 system (www.opt-imaging.com). A gamma-corrected CRT monitor was 
placed 16 cm from the mouse covering the mouse’ visual field from −15 to 75 deg horizontally 
and from −44 to 44 deg vertically. Background luminance was 5 cd/m2. Spatial frequency and 
contrast tuning measurements were made using 3 s long presentations of sinusoidal gratings 
contrast-reversing at 2 Hz, changing direction every 0.75 s, presented on a gray background. 
The stimuli covered only the superior nasal quarter of the monitor and were presented to 
the contralateral (right) eye exclusively. Forty or more presentations of each stimulus were 
averaged. After each stimulus the screen was gray for 2 s followed by a 1 s presentation of 
the same stimulus in the inferior nasal monitor quadrant. This was a ‘reset’ signal for the in-
trinsic signal in the previously activated part of the cortex, and was followed by a gray screen 
for at least 15 s. Spatial frequency measurements for Figure 2 were made with 90% contrast 
gratings of randomly alternating between 0.1, 0.2, 0.3, 0.4, 0.5 and 0.7 cpd. Spatial frequency 
measurements for Figure 4 were made using the same spatial frequencies randomly present-
ed at 60% and 90% contrasts. Cortical acuity was determined by the zero-crossing of a least 
squares fit with a threshold-linear function. Contrast measurements of Figure 4a were made 
with randomly interleaved gratings of 0.1 or 0.4 cpd at 20, 40, 60, 75 and 90% contrast. Figure 
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6 contains the responses to randomly interleaved gratings of 0.05, 0.1, 0.2 and 0.4 cpd at 20, 
40, 60 and 90% contrast. Each of the stimuli for Figure 6 was followed after 3 s by a short 1 s 
presentation of a 0.1 cpd, 90% contrast grating shown at the same location to avoid adaptation 
effects.

Ocular dominance plasticity. Ocular dominance was measured by intrinsic signal imaging of 
the response to alternating visual stimulation of the left and right eye by computer-controlled 
shutters. Every 17 s one of the shutters opened and a visual stimulus was presented for 3 s in 
the upper nasal quadrant of the screen. The stimulus was a 90% contrast square-wave grating 
of 0.05 cpd drifting at 2Hz and changing direction every 0.6s. The shutter would stay open for 
the entire 6-s period of acquisition. Trials during which both shutters remained closed were 
interleaved to verify that the shutters completely blocked vision in both eyes. Forty responses 
to stimuli to each eye were recorded and averaged. The imaged Ocular Dominance Index was 
defined as the iODI = (contra response – ipsi response) / (contra response + ipsi response). 
In a subset of the animals, right eyelids were sutured closed under isoflurane anesthesia seven 
days before imaging, as previously described (Heimel et al., 2007). The sutured eyelid was 
reopened at the start of the imaging session.

In vivo electrophysiology. We used mice between six months and one year old for acute 
extracellular recording experiments. Mice were anesthetized by an intraperitoneal injection 
of urethane (200 mg/ml saline, 1.2 g/kg) supplemented by a subcutaneous injection of chlor-
prothixene (www.sigmaaldrich.com; 4 mg/ml distilled water, 8 mg/kg). We injected atropine 
sulphate (0.05 mg/ml, 0.1mg/kg) and dexamethasone (5 mg/ml, 4 mg/kg)  subcutaneously to 
reduce mucous excretions and to prevent cortical edema, respectively. With a conical dental 
drill one or more small holes were made in the skull above V1, 2.9 mm lateral and 0.5 anterior 
to cranial landmark lambda. Most single-unit recordings of the response to a sparse checker-
board were made using 10 MOhm tungsten micro-electrodes (FHC, www.fh-co.com). Con-
trast tuning curves and some receptive field size were measured with glass-coated tungsten 1 
MOhm micro-electrodes (Nano Bio Sensors, www.nano-biosensors.com). Stimuli were pro-
jected by a gamma-corrected PLUS U2-X1130 DLP beamer (www.plus-america.com) in a 
70x50 cm area on a large backprojection screen (www.macada-innovision.com), positioned 
50 cm away from the mouse. The reverse correlation stimulus was a 5 minute-long presenta-
tion of a 7x5 grid of square black and white patches in a 34:1 ratio, changing at 5 frames per 
second. Average patch extent was 8x8 degrees of visual angle. The receptive field size was 
taken as the approximate extend of all patches which were more than 3 standard deviations 
away from the mean intensity in the spike-triggered average. We determined contrast tuning 
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with five times repeated 2 second-long presentations of full screen square wave gratings of 
0.05 cpd, drifting at 1 Hz in one of the four cardinal directions, shown at 30, 50, 70, 90 and 
95% contrast. Background luminance was 0.2 kcd/m2.  Recordings and analysis were done 
blind to genotype. Visual stimulation and analysis software for imaging and electrophysiology 
was written in Matlab (www.mathworks.com) and used the Psychophysics Toolbox  (www.
psychtoolbox.org).

Slice electrophysiology. Mice (4−6 month old) were anesthetized by isoflurane and decap-
itated. Subsequently, brains were chilled in ice-cold carbogenated (95% O2/5% CO2) su-
crose-based artificial cerebrospinal fluid (ACSF), containing 3.5 mM KCl, 2.4 mM CaCl2, 1.3 
mM MgSO4, 1.2 mM KH2PO4, 10 mM glucose, 26 mM NaHCO3, and 212.5 mM sucrose. 
300 μm coronal slices of V1 were prepared using a vibrating microtome (www.microm-on-
line.com). Slices were stored in submerged chambers containing carbogenated normal ACSF 
comprising 125 mM NaCl, 3 mM KCl, 2 mM MgSO4, 2 mM CaCl2, 10 mM glucose, 1.20 mM 
NaH2PO4 and 26 mM NaHCO3 (305 mOsm and pH 7.3), and recorded  at 32 ± 0.5 °C under 
an Axioskop FS upright microscope equipped with infrared Hoffman Modulation Contrast 
optics (www.zeiss.com) and VX 45 IR-Camera (www.optronis.com).  

Layer 2/3 to 2/3 synaptic strength. We patched cells by borosilicate glass patch-pipettes (4−5 
MΩ) filled with K-gluconate internal solution containing 154 mM K-gluconate, 1 mM KCl, 
0.5 mM EGTA, 10 mM Hepes, 4 mM Mg-ATP, 4 mM phosphocreatine, 0.4 mM GTP (0.290 
mOsm and  pH 7.3). Cell type was confirmed by the firing pattern in response to depolarizing 
current steps. In whole-cell configuration, we recorded evoked responses using a patch-clamp 
amplifier (MultiClamp 700A, Axon Instruments, www.moleculardevices.com) while holding 
the membrane potential at –70 mV. We took care that series resistance remained <15 MΩ. 
Recordings with more than 30% change in input resistance were excluded. A glass microe-
lectrode filled with ACSF was placed around 200 μm lateral to the recording site under the 
following criteria: with 20 μA of stimulation a detectable response was recorded; the response 
was graded and time to peak response was ≤5 ms; no inhibitory component (upward re-
sponse) was recorded either in the beginning or at the end of the trace; the inward current was 
clearly separated from the stimulation artifact (no direct leakage of current into the dendrite). 
Electrical stimulation was given at a frequency of 0.1 Hz (6 traces for each stimulation) with a 
duration of 200 μs. For paired pulse ratio measurements, two pulses, spaced 25 ms apart, were 
given at an intensity which produced a response of approximately 150 pA. Signals were low-
pass filtered at 3.0 KHz, digitized at 10 KHz with a Digidata 1200, and recorded by Clampex 8 
software (Axon Instruments). Clampfit 9 (Axon Instruments) was used for analyzing evoked 
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responses. The average of 6 evoked responses was used for comparisons. 

Layer 4 to 2/3 synaptic strength. We filled glass microelectrodes with the extracellular solu-
tion and placed them in the middle of layer 2/3. A bipolar stimulating electrode (25 μm plati-
num/iridium CE2C55 FHC, www.fh-co.com) was positioned in layer 4, such that with 15 μA 
of stimulation a detectable response was recorded. For paired pulse ratio recordings, we used 
a stimulus intensity which caused half the maximum response obtained in the response curve 
measurement. Electrical stimulation and analysis were otherwise identical to the protocol 
used to assess layer 2/3 to 2/3 connectivity. 

Statistical analysis and contrast tuning curve fitting. Two-tailed unpaired Student’s t-tests 
were used for all comparisons unless otherwise stated. Contrast tuning curves were fit with a 
Naka-Rushton curve by minimizing the least squared error using a Nelder-Mead procedure 
in Matlab. A null-response point at 1% contrast was added to constrain the fit. Minimization 
was initiated with semisaturation constant σ = 0.4 and exponent n = 2. C50, the contrast 
where the response is half its maximum, was determined from the fit. 
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Supplementary information 

Supplementary figure 1. Construction of mice expressing TrkB.T1-EGFP in py-
ramidal neurons of the adult visual cortex. Mice carrying a transgene encod-
ing TrkB.T1-EGFP under the control of the Thy1-promoter and containing a floxed 
Stop cassette were crossed to mice expressing Grik4 promoter driven Cre-recombinase. 

Supplementary figure 2. Re-
duced perisomatic inhibitory 
input to pyramidal neurons 
in TrkB.T1-EGFP expressing 
mice. (a)Example image of 
showing a pyramidal neuron 
stained for NeuN (green soma) 
surrounded by boutons from 
parvalbuminpositive interneu-
rons (red puncta). (b) TrkB.
T1-EGFP expressing mice have 
fewer perisomatic puncta per 
cell. (c) Puncta are smaller in 
size in TrkB.T1-EGFP express 
ing mice. (error bars denote 
SEMS and ***: p<0.001, t-test) 

Supplementary figure 3. Adult ocular dominance plastici-
ty is unchanged in TrkB.T1-EGFP mice. Imaged Ocular 
Dominance Index of wild-type and transgenic animals is 
identical in undeprived animals (p = 0.4, t-test) and after 
a week of monocular deprivation of the contralateral eye 
(p = 0.7, t-test). (error bars denote SEMS and *: p<0.05). 
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Supplementary figure 4. Possible mechanisms underlying a loss of acuity. (a) larger receptive 
fields, (b) reduced signal-tonoise ratio, (c) reduced apparent contrast.

Supplementary figure 5. No 
changes in receptive field size in 
TrkB.T1-EGFP mice. (a) Exam-
ple spike-triggered average stim-
ulus from extracellular recording. 
(b) Receptive field sizes are similar 
in wild-type and TrkB.T1-EGFP 
mice. (error bars denote SEMS). 

Supplementary figure 
6. No changes in signal-
to-noise ratio in TrkB.
T1-EGFP mice. (a) Peak 
rate of ON-response is 
not significantly reduced 
in transgenic animals. 
(b) Spontaneous rate is 
slightly lower in TrkB.
T1-EGFP mice. (c) Re-
sponse index is identical 
in transgenic and wild-
type animals. (d,e) De-
tectability of a stimulus in 

the receptive field center, d, measured by the area under the receiver operating char-
acteristic (ROC) curve, and variability in responses to repeated presentations of 
drifting grating, e, are identical. (error bars denote SEMS and *: p<0.05, t-test). 
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Supplementary figure 7. Peak 
response latency is longer in 
TrkB.T1-EGFP mice. (a) Ex-
ample response to the onset of 
light patch in the receptive field 
center. (b) Average peak ON-re-
sponse latencies. (error bars de-
note SEMS and **: p<0.01, t-test).

Supplementary figure 8. Imaged C50 values are increased in TrkB.
T1-EGFP mice. (error bars denote SEMS and *: p<0.05, t-test). 

Supplementary figure 9. Loss of high spatial frequency responses with a reduction of con-
trast is also apparent in cat and macaque literature. (a) Spatial frequency tuning curve of 
intrinsic signal responses in cat area 17 is much broader than mouse. Based on averaged data 
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from Mallik et al., 2008. Triangle indicate peak preferences of cells shown in b and c. (b-c)Exam-
ple spatial frequency tuning curves at several contrasts. For each neuron, tuning curve at highest 
contrast, exponent n and half-saturation constant σ are fitted. Population response from a is then 
used to compute the curves at the lower contrasts (Supplementary Eq. 3). Triangles show peak 
positions. Data from Skottun et al. 1986. (a) Neuron preferring intermediate spatial frequencies 
shows no contrast invariant tuning. (b) Neuron preferring high spatial frequency moves towards 
lower spatial frequencies with reducing contrasts. (d) Spatial frequency tuning curve of LFP 
responses in parafoveal macaque V1. Data from Victor et al. 1994. Triangles mark the spatial 
frequencies used in e. (e) Example contrast response curves at two intermediate spatial frequen-
cies are response-scaled version of each other. Fits calculated as in b-c. Data from Carandini et 
al. 1997. (f) Preferred spatial frequency shifts downwards with reducing contrast (from 64−99% 
to 20%) for cells preferring high spatial frequencies in macaque V1. Dots show individual 
neurons from Sceniak et al. 2002. Gray curve is the median of a sliding window 2 cpd wide. 

Carandini, M., Heeger, D.J. & Movshon, J.A. Linearity and normalization in simple cells of the 
macaque primary visual cortex. J. Neurosci. 17, 8621-44 (1997).

Mallik, A.K., Husson, T.R., Zhang, J.X., Rosenberg, A. & Issa, N.P. The organization of spatial 
frequency maps measured by cortical flavoprotein autofluorescence. Vision Res. 48, 1545-53 
(2008).

Sceniak, M.P., Hawken, M.J. & Shapley, R. Contrast-dependent changes in spatial frequency 
tuning of macaque V1 neurons: effects of a changing receptive field size. J. Neurophysiol. 88, 
1363-1373 (2002). 

Skottun, B.C., Bradley, A. & Ramoa, A.S. Effect of contrast on spatial frequency tuning of 
neurones in area 17 of cat’s visual cortex. Exp. Brain Res. 63, 431-435 (1986). 

Victor, J.D., Purpura, K., Katz, E. & Mao, B. Population encoding of spatial frequency, orien-
tation, and color in macaque V1. J. Neurophysiol. 72, 2151-66 (1994). 
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Supplementary Equations 
The normalized population response as a function of contrast c and S(f) is given by 
  
(*)

for some parameters σ and n. From this follows, 

 (1)     
   
At high contrast, the population frequency tuning curve is well fitted by a straight line inter-
secting the x-axis at facuity: P(chigh,f)=(facuity -f)/(facuity-flow). Inserting this into (1) and the result 
in (*) leads (after rescaling of σ by S(flow)) to a population response fully parametrized by the 
semi-saturation constant σ and exponent n for the contrast tuning curve taken at spatial fre-
quency flow and facuity: 

(2)                     

where σ and n are the semi-saturation constant and exponent for the contrast tuning curve 
taken at spatial frequency flow, and facuity is the cut-off spatial frequency of the response at con-
trast chigh. Our data in Figure 7a,b gave σ =26%, n = 2.8 and facuity = 0.54 cpd. 

Individual neuronal response as a function of contrast c and spatial frequency ω 

(3)                             

where σi, ni and Si(f) are the semi-saturation constant, exponent and spatial frequency tuning 
fitted to the data for the individual neuron, while σ, n and S(f) are fitted from the population 
spatial frequency and contrast response curves P(chigh, f) and P(c, flow). 

ormalized population response as a function of contrast c and c S(f)

me parameters σ and n From this follows

y

             

                   

contrast the population
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Abstract
Optimal information processing in the cortex as required for high acuity vision depends 
on its precise synaptic wiring during development. This is achieved through molecular and 
electrical signals and experience-dependent plasticity. β-catenin has been implicated in these 
events through regulating cadherin-mediated cell adhesion and the synaptic recruitment of 
pre- and postsynaptic proteins. 
Interfering with β-catenin function in neuronal cultures and during development has been 
found to affect synaptic transmission and intrinsic excitability. Here we addressed the ques-
tion whether β-catenin is also important for synaptic transmission and cortical function 
during adulthood. We show that ablating β-catenin in excitatory neurons in the adult visual 
cortex does not cause the same deficits observed during development. However, it does cause 
a reduction of NMDA-receptor function and deterioration of visual acuity. Underlying this 
deficit is a reduction in contrast sensitivity while receptive field sizes of neurons in the visual 
cortex remain unchanged. We conclude that β-catenin remains important for adult cortical 
function but uses different mechanisms than observed during development. 



-catenin regulates NMDA-receptor function and visual acuity

107

5

Introduction
Synaptic contacts in the cortex are formed during development and remain highly plastic 
until adolescence.  After that period, most synapses become stable and only a small frac-
tion remains dynamic (Holtmaat et al., 2005;Trachtenberg et al., 2002). Calcium-dependent 
cell adhesion through the N-cadherin-
important factor in synapse formation and -plasticity during forebrain development and in-
terfering with this complex during development has a severe impact on synaptic transmis-
sion (Bamji et al., 2003;Bozdagi et al., 2000;Bozdagi et al., 2004;Goda, 2002;Murase et al., 
2002;Okamura et al., 2004;Okuda et al., 2007;Tai et al., 2007;Tang et al., 1998;Togashi et 
al., 2002;Vitureira et al., 2012). However, because most studies on the role of the N-cadher-
in- -catenin adhesion complex have been performed in the developing brain or by using neu-
ronal cell cultures, little is known about its role in synaptic maintenance and plasticity during 
adulthood. Interestingly, one study has shown that N-cadherin appears not to be essential for 
synapse maintenance in adulthood, as its deletion in adult hippocampus does not alter spine 
morphology or basic synaptic transmission (Bozdagi et al., 2010). This suggests that the role 
of the N-cadherin- -catenin adhesion complex changes with brain maturation.
During synapse formation and plasticity, N-cadherin distribution at the synapse is regulat-
ed by interactions with its major binding partner -catenin. -catenin links N-cadherin to 
the actin cytoskeleton through interactions with alpha-catenin (Drees et al., 2005;Ozawa et 
al., 1989;Yamada et al., 2005) and recruits additional proteins to the synapse (Brigidi and 
Bamji, 2011). The interaction of N-cadherin with -catenin is regulated by synaptic activity 
in a tyrosine phophorylation-dependent fashion (Murase et al., 2002;Schuman and Murase, 
2003;Tai et al., 2007). Presynaptically, dephosphorylation of -catenin and the resulting 
strengthening of its interaction with N-cadherin increases the clustering of synaptic vesicles 
(Bamji et al., 2003;Murase et al., 2002). Postsynaptically, the increased N-cadherin/ -catenin 
interaction is associated with the recruitment of the postsynaptic scaffold protein PSD95 and 
the AMPA receptor (AMPAR) GluA2 subunit to the synapse (Murase et al., 2002;Okuda et 

al., 2007;Vitureira et al., 2012). -catenin also acts as a transcriptional co-factor for TCF/LEF 
family of transcription factors (Barker et al., 2000), and NMDAR activation in hippocampal 
neurons was found to result in nuclear translocation of -catenin and increased target gene 
expression (Abe and Takeichi, 2007). 
In a recent proteomics study aimed at understanding the molecular events regulating ocular 
dominance (OD) plasticity in the primary visual cortex (V1) and its sensitive period it was 
found that -catenin expression is down-regulated with age (Dahlhaus et al., 2011a). This 
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could suggest that its role in cortical synaptic function diminishes with the decrease of syn-
apse formation and plasticity with age.  We therefore studied the unknown role of -catenin 
in adult cortical function and asked whether visual function or -plasticity are affected when 
the -catenin gene is disrupted in adult V1. We provide evidence that in the absence of 
b-catenin AMPAR-mediated synaptic transmission in excitatory cortical neurons in V1 is not 

detrimental to visual acuity, but not adult OD plasticity.

Results
-catenin expression is reduced in G35-3 cre x 

In order to inactivate -catenin in cortical neurons of young adult mice, we crossed mice car-

et al., 2008;Sawtell et al., 2003) in which cre-recombinase is expressed in excitatory neurons 
of the hippocampus and cortex starting in young adult mice.   Immunohistochemistry using 
antibodies to -catenin mice that 
did not carry the G35-3 cre transgene (referred to as control mice) showed that the protein is 
predominantly expressed in the neuropil and seems to be excluded from the nuclei of cortical 
neurons (Fig. 1A). In homozygous -catenin littermates carrying the G35-3 cre transgene 
(referred to as -catenin expression was strongly reduced in V1 
(Fig. 1A, B). Some expression remained, possibly due to -catenin expression in glia, in-
terneurons, and projections from non-cortical brain areas such as the thalamus. 

Changes in -

-
eton through dynamic interaction with -catenin (Drees et al., 2005;Yamada et al., 2005).  
Moreover, it was found that the activity-regulated interaction of -catenin with N-cadherin 
increases the localization of N-cadherin at the synapse by reducing its endocytosis (Tai et 
al., 2007). We therefore analyzed whether the levels of -catenin, N-cadherin and -catenin 
were altered in synaptic membranes prepared from 
analyses showed that as expected, -catenin (100±13%, n=3 vs. 27±17%, n=5; P<0.001) and 

-catenin (100±10% vs. 39±16%; P<0.01) levels were reduced (Fig. 1B). N-cadherin levels 

-catenin has a high homology to -catenin 
and interacts with N-cadherin and -catenin. As -catenin was previously found to partially 
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compensate for the loss of -catenin in hepatocytes (Wickline et al., 2011) we tested whether 
this was also the case in the cortex of 
increase in -catenin levels in synaptic membranes of 

-catenin caused down regulation of -caten-
in while -catenin was strongly upregulated, possibly compensating for the loss of -catenin.

-catenin
We then asked whether synaptic function was altered by the -
pocampal slices of -
serve pool synaptic vesicles was reduced, causing increased synaptic depression during high 
frequency stimuli (Bamji et al., 2003). This was caused by loss of the downstream protein 
scribble, which is important for clustering of synaptic vesicles at developing synapses (Sun 

-

that scribble levels in synaptic membranes of 

Figure 1. Ablation of β-catenin in excitatory neurons changes expression levels of other 
catenins. A) Immunohistochemical staining for β-catenin in layer 2/3 of V1 after epitope re-
trieval, showed a decreased intensity in β-catenin deficient mice. B) Western blotting of syn-
aptic membranes extracted from V1 of β-catenin mice (n=5) and control littermates (n=3) 
showed a significant reduction in β-catenin and α-catenin levels, and a strong increase in β-cat-
enin level in β-catenin deficient mice relative to controls. There was no significant change in 
N-cadherin level. Representative blots of the above-mentioned proteins as well as actin as a 
loading control are shown in the left panel. Error bars denote s.e.m. (**P<0.01, ***P<0.001).
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-
cordings to assess the level of synaptic depression induced in layers 2/3 and 4 of V1 slices 
by continuous high frequency stimulation (80 stimuli at 14Hz) of white matter. We found 
that synaptic depression in -

Figure 2. Ablation of β-catenin 
in excitatory neurons does not 
cause a presynaptic deficit or 
changes in action potential 
generation. A) Synaptic de-
pression induced in layers 2/3 
and 4 of V1 slices by continu-
ous stimulation (80 stimuli at 
14Hz) of white matter was not 
different in β-catenin deficient 
mice (n=9 for layer 2/3, n=10 
for layer 4) compared to their 
control littermates (n=7). Av-
erages of responses to the last 5 
stimuli are normalized to the 
average of responses to the first 
5 stimuli. B) Paired-Pulse Ratios 
measured in both layer 2/3 and 
4 by 40Hz stimulations of white 
matter were also unchanged 
(β-catenin deficient mice, n=10, 
control littermates, n=7). Error 
bars denote s.e.m. C) Number 
of action potentials in response 
to depolarizing current steps 

in layer 2/3 pyramidal neurons of β-catenin deficient mice (n=19) was indistinguishable from 
those of their control littermates (n=8). Right panel: example traces of action potentials of py-
ramidal neurons in response to a depolarizing current injection. Calibration: 30 ms, 20 mV.
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that 
of adult V1.

Experiments in cultured cortical slices also revealed that intrinsic excitability was reduced 
due to changes in the organization of the axon initial segment when -catenin expression was 
knocked-down using shRNA (Tapia et al., 2013). However, current clamp recordings from 
layers 2/3 of V1 pyramidal neurons did not reveal any changes in intrinsic excitability in 
adult visual cortical slices of 1,25

We next analyzed whether the inactivation of -
cits. In hippocampal dissociated cell cultures it has previously been observed that -catenin 

reduced miniature excitatory postsynaptic current (mEPSC) amplitudes(Okuda et al., 2007). 
Increased synaptic localization of 
increased mEPSC frequencies (Murase et al., 2002). In contrast, -catenin overexpression 
during very early development, both in vivo and in cultures, can result in a reduction of 
mEPSC amplitudes without affecting frequencies (Peng et al., 2009). This may involve the 
interaction between -catenin and the PDZ-domain containing scaffolding protein S-SCAM 
which can directly interact with AMPARs and NMDARs.
We thus performed Western blot experiments to assess whether S-SCAM, AMPAR or 
NMDAR levels were reduced in synaptic membrane fractions due to the loss of -catenin. 

-
cant downward trend in V1 of 

in synaptic membranes isolated from V1 of 

end we performed whole-cell patch clamp recordings to record mEPSCs in layer 2/3 pyrami-
dal neurons in V1 slices of 

(Fig. 3B). Miniature EPSC interval times in 
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We next analyzed whether the NMDAR contribution to excitatory synaptic transmission 
was reduced. To this end, we recorded NMDA/AMPA ratios in L2/3 pyramidal neurons in 
V1. EPSCs were evoked by extracellular stimulation next to the recorded neuron while the 

Figure 3. Unaltered mEPSCs but 
attenuated NMDAR currents in 
β-catenin deficient mice. A) West-
ern blotting of synaptic membranes 
extracted from V1 showed a sig-
nificant reduction in S-SCAM and 
NR2A/B levels in β-catenin defi-
cient mice (n=5) relative to controls 
(n=3). There were no significant 
changes in GluA1 and GluA2 levels 
in β-catenin deficient mice. Repre-
sentative blots of the above-men-
tioned proteins are shown in the 
left panel. Loss of β-catenin did not 
cause significant changes in mEPSC 
amplitudes (B) or intervals (C) of 
layer 2/3 pyramidal neurons in V1 
(β-catenin deficient mice, n=28, 
control littermates, n=16). (D) Ra-
tio of NMDA to AMPA current was 
significantly decreased in layer 2/3 
of β-catenin deficient V1 (n=21) 
compared to control littermates 
(n=22). Right: Example traces of 
AMPA receptor-mediated EPSCs 
(downward currents; recorded at 
-80 mV) and NMDA receptor-me-
diated EPSCs (upward currents; 
recorded at +40 mV). Grey bars in-
dicate time-points used for AMPA 
and NMDA current measurement. 
Error bars denote s.e.m. (*P<0.05, 
**P<0.01).
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neuron was held either at -80 mV to determine the AMPAR contribution, or at +40 mV to 

decreased in -catenin 
-

aptic AMPAR properties, did not change, this decrease in NMDA/AMPA ratio most likely 

down-regulation of NMDAR 2A/B subunit levels. Therefore, we conclude that -catenin 

other aspects of synaptic transmission are surprisingly intact. 

-catenin 

Previous work has shown that deletion of NMDARs in adult V1 interferes with adult ocu-
lar dominance (OD) plasticity (Sawtell et al., 2003). Therefore, we addressed whether the 
observed change in the NMDA/AMPA ratio in V1 of adult 
OD plasticity. We used optical imaging of intrinsic signal to determine the amount of OD 
plasticity induced by one week of monocular deprivation (Fig. 4A). The ocular dominance 

-
ues of 

-catenin is not essential for this form of adult 
cortical plasticity .

NMDARs are also directly involved in responses of V1 to visual stimuli and (Fox et al., 
1989;Fox et al., 1990;Miller et al., 1989;Tsumoto et al., 1987) and inhibiting NMDARs alters 
contrast tuning. We therefore assessed whether loss of -catenin in adulthood affected the 
responses of individual neurons to visual stimuli of varying contrasts. Single unit recordings 
showed that stimuli with higher contrast had to be presented to -
der to elicit responses of the same strength as observed in control animals (Fig. 4B). Scaling 

-catenin mice 
with that of the control animals than scaling the response-axis (Fig. 4C, optimal contrast scale 

general reduction in cortical responsiveness. This is also apparent in the increase of C50, the 
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These observations are highly reminiscent of the situation in transgenic mice in which a dom-
inant negative BDNF receptor (TrkB.T1) is expressed in pyramidal neurons of adult cortex 
(Heimel et al., 2010). In those mice we found that a similar decrease in contrast sensitivity was 
responsible for a reduction in visual acuity. Other possible causes of decreased visual acuity 

Figure 4. Ocular dominance plasticity is unaltered, but contrast sensitivity and visual acui-
ty are reduced in V1 of β-catenin deficient mice. (A) Ocular dominance plasticity, induced by 
7 days of monocular deprivation in adult β-catenin deficient mice (non-deprived, n=8, deprived, 
n=5) is not different from that of control littermates (non-deprived=8, deprived, n=7). B) Sin-
gle unit recordings showed that average population responses were lower in β-catenin deficient 
mice. The data are fitted with Naka-Rushton curves. C) Best fit of data from control mice to 
the responses of β-catenin deficient mice was achieved by reducing contrast (gray dashed line), 
and not by reducing response strength (gray dotted line). D) C50, the contrast at which half 
the maximum response is elicited, was higher in β-catenin deficient mice (n=44 units) than in 
controls (n=72 units). E) Decreased visual responses to high-contrast phase-reversing sinusoi-
dal gratings of high spatial frequencies in β-catenin deficient mice (n=9) compared to controls 
(n=9) measured by optical imaging of intrinsic signal. F) Decreased acuity of β-catenin deficient 
mice compared to their littermate controls. Error bars denote s.e.m. (*P < 0.05, **P < 0.01).
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in TrkB.T1 overexpressing mice. To determine whether reduced contrast sensitivity had the 
same effect on visual acuity as observed in TrkB.T1 transgenic mice, we measured visual 
responses to high-contrast phase-reversing sinusoidal gratings of different spatial frequencies 

-catenin 

spatial frequency stimuli were unaffected, high spatial frequency stimuli elicited strongly de-
creased responses in 

-

and 

observed in the 
TrkB.T1 transgenic mice (supplementary Fig. 1E).

Discussion 
Here we show that -catenin in excitatory neurons of the adult neocortex is essential

pre- and postsynaptic synaptic properties of excitatory neurons are unaltered in the absence 
of -catenin.

-catenin is inactivated during development or in neuronal cultures (Bamji et al., 2003;Goda, 
2002;Murase et al., 2002;Okuda et al., 2007;Schuman and Murase, 2003;Tai et al., 2007;Tang 
et al., 1998;Vitureira et al., 2012) and thus support the view that the role of -catenin in cor-
tical synaptic function changes with the maturation of the neocortex. During development, 
the cadherin- -catenin adhesion complex is involved in the regulation of postsynaptic AM-
PARs levels.  This is illustrated by the observation that in dissociated hippocampal cultures, 
deletion of -catenin causes dendritic spines to become thinner and amplitudes of mEPSC 
to become smaller (Okuda et al., 2007). Both -catenin’s cadherin-binding domain and its 
C-terminal PDZ-binding domain, which allows -catenin to associate with synaptic scaf-
fold proteins, are essential for this role of -catenin (Okuda et al., 2007).  The interactions 
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between -catenin and N-cadherin can also directly (Bamji et al., 2003;Sun et al., 2009) or 
indirectly (Murase et al., 2002) affect presynaptic vesicle release resulting in increased syn-
aptic depression or decreased mEPSC frequencies respectively. However, our experiments 
show that in adult V1, inactivating the -

increased synaptic depression upon prolonged high frequency stimulation. These results thus 
suggest that 
in development.
The differential role of -catenin during development and adulthood is reminiscent of a re-
cent study showing that inactivation of N-cadherin in the adult hippocampus does not affect 
spine morphology or basic synaptic transmission, while it does in neuronal cultures or during 
development.  Possibly, the cadherin- -catenin complex is especially important at develop-
mental stages when the dynamics of neurite growth and -retraction and synapse turnover are 

-caten-
in may become more effective in the adult cortex. One compensation mechanism for loss of 

-catenin expression appears to be the upregulation of its homologue -catenin (Wickline et 
al., 2013). We found that -catenin is strongly upregulated in synaptic membranes isolated 
from V1 of -catenin expression in V1 increases with age (not 
shown) and -catenin decreases (Dahlhaus et al., 2011a), it may be more effective in adult-
hood at taking over -catenin’s functions in its absence. Because -catenin lacks a C-terminal 
PDZ-binding domain, its role in compensating for the absence of -catenin will be limited to 
cadherin-mediated adhesion.
While AMPAR mediated synaptic transmission appears unaltered, NMDAR levels are di-
minished upon deletion of -catenin.  At the biochemical level we observed that NMDA-
R2A/B subunit levels are reduced in synaptic membranes isolated from V1 of -catenin 

NMDARs interact with the synaptic scaffolding protein S-SCAM (MAGI-II) which associ-
ates with the PDZ-binding domain of -catenin. This interaction has previously been impli-
cated in the maintenance of synaptic NMDARs (Nishimura et al., 2002).  Since S-SCAM 
levels are reduced in synaptic membranes from 
synaptic NMDARs could be disturbed.  Interestingly, S-SCAM is also known to interact with 

(Kwon et al., 2012). Therefore, this pathway may provide an alternative explanation of the 
observed changes in NMDAR-levels in 
NMDARs play an important role in synaptic plasticity in the cortex (Artola and Singer, 
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1987;Kleinschmidt et al., 1987). They are critical for OD plasticity in the juvenile as well as 
in adult V1 (Sato and Stryker, 2008;Sawtell et al., 2003). However, the observed reduction in 
NMDAR function in adult -
bly due to the modest decrease in synaptic NMDAR levels. As it was previously found that 

-catenin is essential for plasticity in the adult amygdala (Maguschak and Ressler, 2008), our 

Previous studies in which NMDAR function was blocked pharmacologically using APV have 
shown that NMDARs also contribute strongly to visual responses in V1 (Fox et al., 1989;Fox 

line with these earlier observations we found that the reduced functionality of NMDARs ra-
tio in 

reduction in contrast sensitivity in 
have previously observed in transgenic mice expressing the dominant negative BDNF-recep-
tor TrkB.T1 in pyramidal neurons of the adult neocortex (Heimel et al., 2010). In these mice, 
contrast sensitivity was similarly reduced and resulted in a decrease in visual acuity. Inter-
estingly, the spatial frequency tuning in TrkB.T1 transgenic mice was indistinguishable from 

supplementary Fig. 1E for a comparison of spatial frequency tuning). This implied that the 
reduction of contrast sensitivity could fully explain the reduction in visual acuity. We found 
that also in 
levels of V1 neurons in 
tuning curve was similar to that of TrkB.T1 transgenic mice (Fig. 4F) we conclude that the 
visual acuity phenotype in 
sensitivity. The similarity between these two phenotypes suggests that in adult V1, contrast 

size or signal-to-noise ratios.
Interestingly, a previous study found that locally inhibiting NMDAR currents by iontopho-
resis of APV also alters contrast tuning (Fox et al., 1990). However, in this study it was 
found that APV application does not diminish contrast sensitivity, as was observed by us, 
but that it reduces the response strength to visual stimuli of different contrasts. This apparent 
discrepancy may well be due to differences in the effect of global versus local inhibition 

to a small cluster of neurons, or maybe even only the inputs onto a part of the dendritic 
tree of these neurons. In contrast, the global NMDAR reduction observed in -
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cient mice will also affect corticocortical interactions that are NMDAR dependent. Indeed, 
broad inhibition of NMDARs by APV infusion in the cat visual cortex affects visual response 
much more severely than APV iontopheresis (Fox et al., 1989;Fox et al., 1990;Miller et al., 
1989;Tsumoto et al., 1987).  It is thus conceivable that the broad but modest reduction of 
NMDAR function in -catenin mice affects contrast tuning in a different way than observed 
with local but strong NMDAR inactivation. 
How could the modest decrease in NMDAR function observed in 
affect contrast sensitivity and visual acuity so strongly? Recent studies have shown that 
NMDARs are essential for synaptic integration of sensory information because of their role 
in dendritic nonlinear processing (Larkum et al., 2009;Lavzin et al., 2012). Activation of 
NMDARs in basal or tuft dendrites can produce nonlinear events known as NMDA-spikes 
(Schiller et al., 2000). Due to the prolonged and spatially extensive nature of NMDA-spikes 
they show much less attenuation when travelling to the soma, thereby enhancing the depo-
larization caused by sensory inputs. Thus, the reduction of NMDAR function observed in 
the majority of cortical excitatory neurons in 

cadherin- -catenin complex plays a different but crucial role in the functioning of adult V1. 

Materials and Methods

Animals
For this study we made use of homozygous conditional β-catenin deficient mice (Junghans 
et al., 2005) also carrying the G35-3 cre transgene. The G35-3 cre transgene is expressed in 
excitatory neurons of the cortex and hippocampus starting during early adulthood(Sawtell 
et al., 2003). Littermates negative for the G35-3 cre transgene but homozygous for the target-
ed β-catenin locus were used as controls for all experiments. Both the conditional β-catenin 
deficient mouse line and the G35-3 cre line were backcrossed to C57BL/6 background for at 
least 6 generations. To ensure that deletion of the conditional β-catenin locus was complete, 
all the experiments were done in mice which were older than 4 months of age.  Mice were 
housed in 12 hours light-dark conditions and had access to food and water ad libitum. All 
experiments were approved by the institutional animal care and use committee of the Royal 
Netherlands Academy of Arts and Sciences. 
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Tissue Preparation and Synaptic Membrane Isolation
Protein extracts enriched for synaptic membranes were prepared from binocular V1. The 
procedure is explained in detail in (Dahlhaus et al., 2011b). Dissected binocular cortices were 
snap-frozen in liquid nitrogen, and stored at −80 °C. They were homogenized in ice-cold 
homogenization buffer (0.32 M sucrose in 5 mM HEPES and EDTA free protease inhibitor 
(Roche) at pH 7.4), and centrifuged at 1000 × g for 10 min at 4 °C to precipitate cellular debris. 
Supernatant was loaded on a sucrose column consisting of 1.2 M and 0.85 M sucrose. After 
ultracentrifugation at 110000 × g for 2 h at 4 °C, the fraction at the interface of 0.85 M and 1.2 
M sucrose, containing the synaptosomes was collected. An osmotic shock of synaptosomes 
by a hypotonic HEPES solution resulted in their lysis, after which they were run on another 
sucrose column (0.85 and 1.2 M) and ultracentrifugation at 70000 × g for 30 min at 4 °C. 
Synaptic membranes were collected from the phase border of the two sucrose concentrations. 
Protein concentrations were determined using a micro BCA protein assay kit (Thermoscien-
tific).  

Western Blotting
Extracted synaptic membranes were used for western blotting. For every antibody a gradient 

g, was separately examined to achieve an easily 
detectable signal which had a relatively linear relationship to the concentration of loaded pro-
teins. All materials were purchased from Invitrogen. Based on NuPage protocol (Invitrogen) 
proteins were SDS treated and reduced at 700
Bis-Tris gel (Invitrogen). Transfer of proteins was done overnight (14 V, at 40 C) to a PVDF 

-
teins, PVDF papers were dried after being washed and then kept at -20 for storage. Staining 

-

-

-catenin, -catenin, -catenin, and N-cadherin ( -catenin 
-

TBS-T and incubated for 1 h at room temperature with infrared IRDye®800CW-labeled 
secondary antibodies (goat-



Chapter 5

120

washed with TBST and then with TBS, after which they were scanned using the Odyssey® 
Infrared Imager (LI-COR Biosciences). Fluorescence intensities of IR secondary antibodies 

blotting data were compared by Student’s t test (two-tailed, independent samples). 

Slice Electrophysiology
Mice (>4 months old) were anesthetized by i.p. injection of sodium pentobarbital (40 mg/kg) 

2 2) choline 
cloride-based ACSF, containing 110 mM choline chloride, 7 mM MgCl2, 0.5 mM CaCl2, 

-
m coronal slices of 

chambers containing carbogenated normal ACSF comprising 125 mM NaCl, 3 mM KCl, 2 
mM MgSO4, 2 mM CaCl2, 10 mM glucose, 1.20 mM NaH2PO4 3 (305 

0 C and later at room temperature. For miniature 
EPSCs, borosilicate  internal 
solution containing 110 mM K-gluconate, 10 mM KCl, 10 mM Hepes, 4 mM Mg-ATP, 10 
mM K2phosphocreatine, 0.3 mM GTP. PH was set to 7.3 and osmolarity to 290 mOsm. The 

infrared Hoffman modulation contrast optics (Zeiss) and VX 45 infrared camera (Optronis). 
Recordings were done blind to genotype.

Analysis of miniature EPSCs
Mini Analysis (Synaptosoft Inc., Decatur, GA) was used for analyzing mEPSCs. The ampli-
tude threshold was set at 9 pA, which was >3x root-mean-square noise in all recordings. After 
automatic detection of mEPSCs by the software, each mEPSC was visually inspected. Record-
ings with a systematic drift in average mEPSC rise time of >10% were excluded. Miniature 
EPSCs with rise times >3 ms were omitted. Frequencies and amplitude averages of mEPSCs 
in TrkB.T1-expressing neurons versus their controls were compared for statistical significance 
by a Mann-Whitney test. 

AMPAR / NMDAR ratios
For recording AMPAR/NMDAR ratios, L2/3 pyramidal neurons were patched with intra-
cellular solution containing (mM): 120 CsMeSO3, 8 NaCl, 15 CsCl2, 10 TEA-Cl, 10 HEPES, 
2 QX-314, 4 MgATP, 0.3 Na2GTP (pH 7.3). The extracellular solution contained (mM): 125 
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NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 1 MgCl2, 2 CaCl2, and 25 glucose. GABAzine (1 
μM) was added to the extracellular solution to block GABAA receptors, and glycine (10 μM) 
was added to saturate the NMDAR co-agonist binding site. EPSCs were evoked by extracellu-
lar stimulation using a monopolar stimulating pipette positioned 50-100 μm next to the soma 
of the recorded neuron. Stimulation position and strength (~20 μA for 0.2 ms) were adjusted 
to obtain an evoked EPSC with a smooth rise and decay. Then, EPSCs were recorded every 10 
seconds with the neuron alternating between a holding potential of -80 mV and +40 mV. For 
analysis, 10-20 EPSCs at each holding potential were averaged. The size of the AMPA com-
ponent was defined as the peak amplitude of the EPSC recorded at -80 mV, while the NMDA 
component was defined as the response 30 ms later at +40 mV.

White matter stimulation
Input/output (I/O) curves were measured by stimulation of white matter (with a bipolar elec-
trode with the poles 160 μm apart) and recording in both layer 4 and layer 2/3. The recording 
electrodes were placed in a way that a minimum response could be detected by a 15 μA stim-
ulus (20 μs). Stimulus intensity was increased with increments of 30 μA till a max response 
could be reached. For each stimulus intensity six repetitions were done which were averaged 
and analyzed. 

Paired-Pulse Ratio and stimulus trains
Paired pulse ratio was measured when half maximal stimuli (20 μs) were repetitively applied 
(40Hz). The responses were recorded 20 times and averaged for analysis. The size of second 
peak to the first was considered as paired-pulse ratio.  To run down the docked pool of ves-
icles 80 pulses (14 Hz) were applied for 20 times with 30 s intervals. The averages of last 5 
response peaks were compared to the first 5. 

Immunohistochemistry
After anesthesia with i.p. injection of pentobarbital (40 mg/kg weight), mice were perfused 
with 5 ml of 1X phosphate buffered saline (PBS) and then 50 ml of 4% PFA (Sigma) in PBS. 
Brains were post-fixed in 4% PFA for two hours and then transferred to PBS at 4 °C.  50mm 
coronal sections of V1 were made using a Leica VT1000S vibratome (Leica biosystems). 
Epitope retrieval was done by rinsing free floating sections in PBS solution (PH=7.4). Sodium 
citrate buffer (10 mM, PH=8.5) was prepared and heated to 90C.  Sections were placed in the 
buffer for 5 minutes and cooled down at room temperature. Sections were blocked by 5% goat 
serum, and β-catenin was stained by a monoclonal antibody (mouse-anti-β-catenin, 1:500, 
Transduction labs), followed by goat-anti-mouse-Alexa568 (1:500; Invitrogen). Sections were 
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mounted on glass slides and embedded in Mowiol (10% w/v Mowiol 4-88, Calbiochem; 25% 
glycerol; 0.1M Tris HCl; pH 8.5) and stored at 4 C. 

Eye lid suturing 
Right eyelids were sutured under isofluorane anesthesia (www.abbott.com) by cutting the 
edge of every eyelid and joining the eyelids by a few sutures. A week later the eyelids were 
opened right before the beginning of the measurements.

Single unit recordings
Single unit recordings were performed as previously described (Heimel et al., 2010). In short, 
mice were anesthetized by an intraperitoneal injection of urethane (200 mg ml/1 saline, 1.2 
g/ kg, Sigma) and subcutaneous injection of chlorprothixene (4 mg ml/1 distilled water, 8 mg 
per kg, Sigma). Recordings were made in the binocular part of V1, around 2.9 mm lateral 

sizes were measured with glass-coated tungsten 1 M  micro-electrodes (Nano Bio Sen-
sors). Stimuli were projected to a 70 × 50 cm area on a large back-projection screen (Mac-

using reverse correlation, a full-screen 7 × 5 grid of square black and white patches in a 

standard deviations away from the mean intensity in the spike-triggered average. We deter-

analysis software for imaging and electrophysiology (Brainard, 1997) was written in Matlab 
(Mathworks) and made use the Psychophysics Toolbox.

Optical imaging of intrinsic signal
Intrinsic optical signals were recorded from 4-6 months old β-catenin deficient mice and 
their control littermates. The procedure has been described in detail previously (Heimel et 
al., 2007). Mice were anesthetized by an i.p. injection of urethane (Sigma-Aldrich, 200 mg/
ml saline, 2 g per kg of body weight). To reduce mucus excretions atropine sulfate (Teva 
Pharmachemie, 0.05 mg/ml saline, 0.1mg/kg) was injected subcutaneously. The scalp was re-
sected and images were acquired using an Optical Imager 3001 system (Optical Imaging) 
after illumination of the region of interest by far red light (700±30 nm). The stimulus monitor 
covered an area of the mouse visual field which ranged from −15 to 75 degrees horizontally 
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and −45 to 45 degrees vertically. The retinotopic representation of V1 was mapped by drifting 
gratings that were shown in every quarter of the monitor. Full contrast, square wave gratings 
of 0.05 cycles per degree (cpd), moving at 2 Hz and changing direction every 0.6 s were shown 
every 15 s for 6 s in a pseudorandomly chosen quadrant while the rest of the screen was a 
constant grey. Measurements of spatial frequency tuning we made by 90% contrast sinusoidal 
gratings that were presented in the top nasal quadrant for 3 s and changed directions every 
0.75 s. Stimuli were randomly shown in 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 cpd and were followed 
by a 2 s, 50% gray contrast. The measurements were averages of more than 40 rounds of 
stimulations. Cortical acuity was determined by the zero-crossing of a least-squares fit with a 
threshold-linear function.
OD measurements were performed by showing visual stimuli in the upper nasal quadrant of 
the screen alternatively to contralateral and ipsilateral eyes. These stimuli were shown once 
every 17 s for three seconds, while the shutter remained open for 6 s during which imaging 
was performed. The contralateral bias index (CBI) was calculated as (contralateral response − 
ipsilateral response)/(contralateral response + ipsilateral response). Visual stimuli consisted 
of square wave gratings with 90% contrast, 0.05 cpd, and temporal frequency of 2 Hz which 
changed directions every 0.6 s and lasted 3 s. The same procedure was repeated when both eye 
shutters were closed to make sure that vision was blocked in both eyes. 

Statistical analysis and contrast tuning curve fitting 
Two-tailed unpaired Student’s t tests were used for all comparisons unless otherwise stated. 
Contrast-tuning curves were fit with a Naka-Rushton curve by minimizing the least squared 
error using a Nelder-Mead procedure in Matlab. A null-response point at 1% contrast was 
added to constrain the fit. Minimization was initiated with semisaturation constant σ = 0.4 
and exponent n = 2. C50, the contrast at which the response is half its maximum, was deter-
mined from the fit.
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Supplementary information 

Supplementary figure 1. Loss of visual acuity of β-catenin deficient mice was not caused by 
changes in receptive field sizes or signal/noise ratios but by reduced contrast sensitivity. A) 
Receptive field sizes of single units in response to high contrast visual stimuli were not larger in 
β-catenin deficient mice (n=76 units) than in controls (n=90 units). Signal to noise ratio meas-
ured by comparing B) spontaneous (controls, n=118 units, β-catenin deficient n=114 units), C) 
peak rates of ON-response (controls, n=90 units, β-catenin deficient n=76 units),  and  D) area 
under receiver operating characteristic (ROC) curve were similar between β-catenin deficient 
mice (n=76 units) and their littermate controls (n=90 units).  E) At different spatial frequencies, 
responses of V1 neurons in β-catenin deficient and TrkB-T1-EGFP mice to 90% contrast stimuli 
match the responses of control mice to the same stimuli at 60% contrast. Error bars denote s.e.m.
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The visual cortex is probably the most intensively studied area of the neocortex for cortical 
plasticity and function. Its refined network connections and functional properties are con-
stantly regulated by molecular mechanisms and visual experience. In V1, certain features 
of neuronal responses like orientation selectivity and ocular dominance (OD) are distinct-
ly cortical, enabling the researchers to study the underlying mechanisms that govern such 
properties independent from subcortical regions and the retina. During the last stage of V1 
development, called the critical period, visual activation of neurons plays an important role in 
refinement of neuronal connections and enhancement of their function. Wrong visual input, 
for example due to deprivation from patterned vision in one eye results in a reduced acuity 
and a shift in OD, and has been used as a paradigm to induce experience-dependent plas-
ticity. Studying the underlying molecular and synaptic mechanisms of visual function and 
plasticity is particularly important because most scientific findings in V1, related to factors 
affecting neuronal responses to sensory inputs, activity regulation of synapses, and their plas-
ticity, have been proven to be valid in other cortical regions. Our focus has been on TrkB and 
β-catenin, both as molecular players in visual plasticity and function, and at times as tools to 
decrease neuronal responsiveness for studying activity regulation of synaptic stability, gain 
control, and normalization. This has been done by down-regulation of TrkB signaling and 
ablation of β-catenin in excitatory neurons of neocortex and hippocampus. Both of these ge-
netic modifications were started after 5-6 weeks of age, avoiding developmental complications 
in establishing neuronal connections. By expressing TrkB.T1-EGFP in individual excitatory 
neurons, we could study structural modifications which were caused by interfering with TrkB 
signaling. As synaptic partners of transgene-expressing neurons were unaffected, pre- and 
post-synaptic effects of TrkB down-regulation could be distinguished from each other. 
In the following pages, a summary of each chapter’s findings is presented with more emphasis 
on issues that received less attention in previous chapters. In the last three sections we dis-
cuss similarities and differences between the outcomes of TrkB signaling downregulation and 
β-catenin ablation.

Chapter 2 
Postsynaptic TrkB signaling has distinct roles in spine maintenance in adult visual cor-
tex and hippocampus
In chapter 2, we addressed the importance of postsynaptic TrkB signaling for spine main-
tenance in both V1 and hippocampus. We approached the question by overexpression of a 
dominant negative TrkB.T1–EGFP fusion protein (Eide et al., 1996) in sparse pyramidal neu-
rons of the adult neocortex and hippocampus of transgenic mice. Since TrkB.T1 was fused 
to EGFP, its expression allowed us to study morphological changes in TrkB.T1 expressing 
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neurons within an unaffected environment. Only a few weeks of interfering with TrkB signal-
ing caused a significant decrease in the number of mature spines in V1. Dendritic spines are 
the post-synaptic sites of excitatory synapses, and their size correlates with the size of their 
post-synaptic density and the content of their AMPA receptors. In most cases, larger spines 
represent more efficient synapses. Consistent with this, amplitude and frequency of mEPSCs 
were significantly lower in TrkB.T1 expressing neurons, which correlates with the decrease in 
the number of mature spines, namely mushrooms and stubbies. This indicates that reduced 
postsynaptic TrkB signaling results in reduced maintenance of large spines and a concomitant 
reduction in synaptic efficacy. Surprisingly in hippocampus, overexpression of TrkB.T1-EG-
FP did not lead to a decrease in number of mushroom spines and the total number of spines 
remained unchanged. Our finding is in line with another study showing that TrkB signaling 
has no significant effect on synapse maintenance in hippocampus (Luikart et al., 2005). Syn-
apses need a certain level of excitation to prevent experiencing LTD and maintaining their 
structure. In the synapse, this is normally sensed by the extent of Ca2+ entry which is affected 
by the balance between excitation and inhibition, and intrinsic properties of the neuron. It is 
known that AMPA receptors are expressed at much higher levels in hippocampus compared 
to neocortex (Petralia and Wenthold, 1992). This property may make hippocampal neurons 
less sensitive to TrkB-mediated differences in AMPA receptor expression (Brene et al., 2000) 
or trafficking (Jourdi et al., 2003), as well as rendering them the benefit of a higher activation 
level. A lower level of inhibition in hippocampus compared to the neocortex might also help 
hippocampal synapses to be less prone to structural changes due to down-regulation of TrkB 
signaling. Increasing the level of inhibition in hippocampus by infusion of benzodiazepines, 
which leads to a decrease in synaptic activation in TrkB.T1-EGFP expressing mice, can be a 
suitable approach for testing the validity this hypothesis. 
In this chapter we provided evidence that postsynaptic TrkB signaling plays a crucial role in 
spine maintenance in the V1, and surprisingly is not important for maintaining spine stability 
in hippocampus.

Chapter 3 
Prevention of synapse loss through network-based homeostasis in the mouse visual 
cortex 
Having established the crucial role of postsynaptic TrkB signaling in synapse maintenance of 
individual V1 neurons, we asked whether the same modification in the majority of excitatory 
neurons would affect the stability of synapses. We further tried to explain the possible mech-
anisms that could lead to a different outcome compared to downregulation of TrkB signaling 
in individual neurons. This was achieved by crossing TrkB.T1-EGFP transgenic mice to two 
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different Cre lines, with expression in either sparse or most excitatory neurons in the cortex. 
In both cases expression of TrkB.T1-EGFP started exactly at the same time (after 5-6 weeks 
of age). In spite of this, the effects were very different. While expression of TrkB.T1 in sparse 
neurons led to a significant loss of mature synapses and reduction of mEPSCs, expression of 
the same transgene in majority of pyramidal neurons in the cortex did not cause any struc-
tural changes in dendritic spines or change in mEPSCs. More importantly, however, broad 
expression of TrkB.T1 led to a significant reduction of inhibitory innervations of excitatory 
neurons. The loss of inhibitory innervation, shown by decreased numbers of PV positive bou-
tons on the cell bodies of excitatory neurons, was accompanied by a reduction of mIPSCs fre-
quency. It is noteworthy that in mice with sparse expression of TrkB.T1, none of these changes 
in mIPSCs or numbers of PV expressing boutons were observed. This excludes the possibility 
of cell-autonomous regulation of inhibitory synapses in TrkB.T1 expressing neurons or retro-
grade signaling from them. 
We believe that a network-based homeostasis occurs in the form of decreased inhibition of 
excitatory neurons in V1 of broadly expressing Trkb.T1 mice. There are two possibilities for 
the reduced number of inhibitory synapses onto excitatory neurons. The first possibility is 
that broad expression of the transgene in excitatory neurons decreases the excitatory output 
onto inhibitory neurons at the network level, which in long-term could lead to a decrease in 
inhibition. In other words, inhibitory neurons reduce the number of synapses they form onto 
excitatory neurons based on the levels of excitatory input they receive. Loss of inhibitory syn-
apses will therefore occur when the majority of excitatory neurons reduce their output onto 
inhibitory neurons. Especially PV basket cells are in an excellent position to undergo this 
homeostatic regulation since they are driven by the pooled activity of surrounding neurons 
(Hofer et al., 2011;Kerlin et al., 2010) and form powerful inhibitory synapses onto the cell 
bodies and proximal dendrites of their postsynaptic targets. This homeostatic regulation does 
not occur in the case of sparse expression of TrkB.T1, when reduced activity occurred only 
in a small number of excitatory neurons in the network, thus leaving their level of inhibitory 
input unchanged. Recording evoked EPSCs from PV expressing neurons or unitary EPSCs 
from pyramidal to PV neurons could prove this hypothesis. The second possibility could be 
lower overall levels of BDNF available for inhibitory synapses in mice with broad expression 
of TrkB.T1. It is indeed known that down-regulation of TrkB can lead to a decrease in expres-
sion of BDNF (Eide et al., 1996). Also secretion of BDNF is positively correlated to neuronal 
level of activation (Lessmann et al., 1994). As TrkB.T1 expressing neurons have a lower effi-
cacy, their overall activation is less. This could lead to a decrease in BDNF secretion, which in 
turn could negatively affect inhibitory synapses. 
In conclusion, the network-based homeostasis via adjustment of inhibition may represent a 



General discussion

133

6

powerful mechanism that keeps overall neuronal firing rates within an optimal range without 
disturbing the individual gain of neuronal connections. For competition-based plasticity such 
as OD plasticity this may be essential, forcing neurons that receive too little input to rewire 
and search for new inputs instead of adjusting their activity levels. The important role of ma-
ture inhibition in plasticity during the critical period (Fagiolini et al., 1994), may be simply 
due to facilitation of synapse elimination in cases that activity falls below an admissible level. 
Our work in this chapter shows that downregulation of TrkB signaling in most excitatory 
neurons of the V1 does not lead to a reduction in size or numbers of excitatory synapses. In-
stead, it causes a network based decrease in inhibitory input as a homeostatic response, which 
is not observed in individual neurons that suffer from decreased TrkB signaling.

Chapter 4 
Contrast gain control and cortical TrkB signaling shape visual acuity
As in chapter 3, down-regulation of TrkB signaling only in excitatory neurons was used to 
further investigate the role of TrkB signaling in plasticity and acuity of the adult visual cor-
tex. There is evidence of a direct correlation between acuity and expression of BDNF in the 
visual cortex. In situations that acuity is low due to an earlier stage of development (Huang, 
1999), aging (Katoh-Semba et al., 1998;Spear, 1993), monocular deprivation (MD) (Bozzi, 
1995;Rossi et al., 1999), or dark rearing (Gianfranceschi, 2003), expression of BDNF is also 
low. On the other hand, overexpression of BDNF in dark reared mice leads to a faster rise of 
acuity (Gianfranceschi, 2003;Huang et al., 1999). However, in all these cases the connectivity 
of V1 is still developing, which is influenced by BDNF. It is therefore difficult to establish a 
direct causal relationship between BDNF and acuity. In chapter 4 we studied the regulation 
of cortical acuity by TrkB/BDNF signaling during adulthood, when the network was already 
established. We found that down-regulation of TrkB signaling in pyramidal cells in the ma-
ture visual cortex reduced synaptic strength and resulted in a loss of neural responses to high 
spatial-frequency stimuli. In spite of a significant loss of responsiveness in layer II/III pyram-
idal neurons of TrkB.T1-EGFP, the response to strong stimuli, namely low spatial frequency, 
was not decreased.
There are three possibilities for the decreased responsiveness to visual stimuli with a high 
spatial frequency as underlying mechanisms. A decrease in signal to noise ratio, an increase 
in the size of neurons’ receptive fields, and a decrease in perception of contrast could ac-
count for the loss of responsiveness to high spatial frequency stimulations. It is known that 
TrkB signaling is a regulator of synaptic strength in the visual cortex (Bartoletti et al., 2002). 
The decreased synaptic strength of TrkB.T1-EGFP expressing neurons could change signal to 
noise ratio. We examined whether synaptic strengths from layer IV to II/III and intra layer 
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II/III were reduced in TrkB.T1-EGFP mice using local field potential and intracellular re-
cordings, respectively.  Both evoked EPSPs from layer IV to layer II/III and within layer II/III 
evoked EPSCs were lower in mice expressing TrkB.T1-EGFP. Also our morphological studies 
of parvalbumin expressing boutons which are made onto excitatory neurons and whole cell 
recordings of miniature IPSCs from these excitatory neurons showed that perisomatic in-
nervation was decreased in TrkB.T1-EGFP mice.  The homeostatic decrease in inhibition on 
excitatory neurons which was shown in chapter 3 might affect receptive field sizes. Single unit 
recordings indicated that signal to noise ratios and receptive field sizes were not changed after 
interfering with TrkB signaling. The latter finding is consistent with studies in heterozygous 
BDNF-deficient mice (Kaneko et al., 2008). However the average contrast tuning curve in 
TrkB.T1-EGFP mice, obtained by single unit recording or intrinsic optical imaging, could be 
matched to the wild-type curve by scaling only the contrast and not the response. Further-
more, responses of TrkB.T1-EGFP mice to high-spatial frequency with 90% contrast stimuli 
exactly matched those of the same stimuli with 60% contrast in wild-type mice. 
Based on these findings we conclude that reduced perception of contrast is the underlying 
mechanism for reduced activity in TrkB.T1-EGFP mice. Our results also indicate that nor-
malization has a cortical component and is not merely limited to the stage of thalamocortical 
synapses.

Chapter 5 
Loss of acuity after ablation of β-catenin in excitatory neurons of the visual cortex
In this chapter we asked whether β-catenin has a determining role in maintaining the synaptic 
machinery and can affect the acuity and plasticity of the visual cortex in adult mice. We pro-
vide evidence that in V1 of adult mouse, the presence of β-catenin in excitatory neurons reg-
ulates NMDA receptor currents and is essential for optimal processing of visual information. 
We used the cre-lox system to ablate β-catenin. Using the same cre transgenic mouse line that 
we used for overexpression of TrkB.T1, we ablated the β-catenin gene in excitatory neurons 
of the neocortex and hippocampus after development. While ablation of β-catenin did not 
lead to a decrease in synaptic strength, or intrinsic firing properties, it did decrease NMDA 
receptor currents which seemed to be crucial for achieving normal visual acuity. The decrease 
in NMDA/AMPA ratio is in line with a study in hippocampal cultures in which overexpres-
sion of a truncated form of β-catenin led to a similar phenotype (Peng et al., 2009), although 
in contrary to their finding, in our mouse model there was no change in the amplitude of 
miniature EPSCs. The involvement of NMDA receptors in visually evoked neuronal respons-
es of V1 had been suggested earlier (Miller et al., 1989). Our results show that in β-catenin 
deficient mice, the lower synaptic NMDA receptor current is associated with reduced visual 
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acuity. 
A number of studies in hippocampal cultures show that perturbing the cadherin-catenin 
complex reduces the number of mature synapses. The decrease in spine size of is accompa-
nied by a decrease in the size of PSD95-clusters (Arikkath et al., 2009;Okuda et al., 2007), 
which is proportional to the content of AMPA receptors and hence the amplitude of minia-
ture EPSCs. Indeed, ablation of β-catenin in the post-synaptic neuron during synaptogenesis 
leads to a decrease in the amplitude, but not frequency of spontaneous post-synaptic currents 
(Okuda et al., 2007). Contrary to this finding, Murase et al. showed that activity-dependent 
translocation of β-catenin to the synapse increases its interaction with cadherin and leads 
to a higher frequency of miniature post-synaptic currents (mEPSCs) (Murase et al., 2002). 
In our study there was no change in either amplitude or frequency of mEPSCs. This could 
be due to a number of reasons. First, most of the published data have been acquired from 
hippocampal cultures and the apparently contradicting results can be related to a difference 
between hippocampus and cortex. Second, compensation mechanisms may be much more ef-
fective in vivo than in cell culture. For example, the balance between excitation and inhibition 
which we have shown to be important for homeostatic compensation mechanisms in chapter 
3, is very different between dissociated cultures and intact brains. Third, the developmental 
stage during which β-catenin is ablated is quite different. In most culture studies ablation of 
β-catenin is started from less than two weeks of age. In our own mouse model, β-catenin is 
ablated based on cre expression (Sawtell et al., 2003) which starts after 5 weeks of age, thus 
preventing interference with development of cortical networks. Finally, the lack of synaptic 
loss or a decrease in AMPA receptor content in our studies could be due to a similar mecha-
nism we observed when we downregulated TrkB signaling in excitatory neurons (chapter 3). 
A recent vivo study showed that neuroligin-1 (NL1) activity-dependent regulation of synap-
togenesis in pyramidal neurons of cortical layer II/III is not sensitive to absolute NL1 levels 
but instead depends on transcellular differences in the relative amounts of NL1. These results 
were also confirmed in vitro, as cultured GFP-labeled Nlgn1−/− layer 2/3 pyramidal neurons 
only displayed defects in spine density when mixed with Nlgn1+/+ neurons (Kwon et al., 2012). 
There are several lines of evidence supporting the idea that the effects of NL1 deficiency oc-
cur through the same molecular interactors as β-catenin deficiency. For example, NL1 and 
β-catenin both bind to S-SCAM, and S-SCAM in turn binds to NMDA receptors. Moreover, 
Both NL1 and β-catenin deficiency cause a reduction of NMDA/AMPA ratios.  It is thus pos-
sible that spine loss and a decrease in AMPA receptor levels only occur if β-catenin is deleted 
in a small number of neurons. 
In conclusion, our work in chapter 5 clearly demonstrates the importance of β-catenin for 
regulation of NMDA receptors and visually evoked neuronal responses in vivo, as well as 
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achieving an optimal visual acuity. 

Decreased acuity in both TrkB.T1 and β-catenin deficient mice
In chapters 4 and 5 we have focused on the role of TrkB- and β-catenin signaling in visual acu-
ity, as determined by measuring the responses of V1 to low and high spatial frequency stim-
uli. Similar to the effect of TrkB.T1 overexpression in V1, neuronal responses in β-catenin 
deficient mice were decreased only when high spatial frequency stimuli were shown but they 
were not affected when low spatial frequency stimuli were presented. Interestingly, in spite 
of a different synaptic deficit in these two mouse lines, the decrease in acuity was caused by 
an attenuated perception of apparent contrast in β-catenin deficient mice and TrkB.T1 mice 
(Heimel et al., 2010a). In both strains there were no changes in signal to noise ratios and re-
ceptive field sizes. 
Involvement of NMDA receptors in visual responses was first reported when iontophoretic 
application of AP5 caused a strong reduction of visually evoked firing of single units in the 
visual cortex of adult cats (Miller et al., 1989). A correlation between NMDA receptor func-
tion and MD has been previously reported in kittens (Murphy et al., 2004;Sawtell et al., 2003). 
In this study MD caused a decrease in NMDA receptor subunit NR1. Decreased acuity is one 
of the consequences of MD during the critical period. Therefore, MD-induced suboptimal 
acuity could be due to decreased NMDA receptor expression. In line with these studies, our 
results show that reduction of NMDA/AMPA ratio in β-catenin deficient mice leads to re-
duced responsiveness of neurons in V1 to high spatial frequency visual stimuli.

Contribution of β-catenin and TrkB signaling in adult OD plasticity  
In chapters 4 and 5 we studied effects of TrkB signaling down-regulation and β-catenin abla-
tion on adult OD plasticity. To our surprise we did not find any deficit in OD plasticity in both 
TrkB.T1 transgenic and β-catenin deficient mice, although both TrkB signaling and β-catenin 
are good candidates for playing a role in adult OD plasticity. 
The first reason why these molecules appear to be good candidates for regulating OD plastici-
ty is related to the general idea that reduced inhibition is important for adult OD plasticity. 
We showed that expression of TrkB.T1-EGFP in excitatory neurons leads to decreased inhi-
bition in V1 (Heimel et al., 2010b). Our preliminary data also suggested that this was the case 
after ablation of β-catenin in excitatory neurons of the cortex. The second reason is related to 
the role that the activity-state of the postsynaptic neuron plays in regulation of its synapses 
after MD. Both BDNF and β-catenin are activity regulated and can affect maturation and/
or maintenance of synapses (Chakravarthy et al., 2006;Murase et al., 2002). In this way they 
could affect the subtle loss of excitatory synapses that occur around 4 days of MD (Sato and 
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Stryker, 2008), or its recovery after 7 days of MD. In our study we deprived the mice for 7 days 
at the age of nearly 4 months. Using intrinsic optical imaging we found that overexpression 
of TrkB.T1-EGFP or ablation of β-catenin did not affect the OD shift. The results related to 
downregulation of TrkB signaling are in line with another study in which it was found that 
TrkB was not needed for the loss of cortical responses following MD (Kaneko et al., 2008).

Future experiments:
Chapter 3: 
It has been suggested that there is an interaction between TrkB signaling and NMDA recep-
tors. Given the decreased responsiveness of excitatory neurons in broadly expressing TrkB.
T1-EGFP mice, a decrease in NMDA current might underlie the reduced neuronal respon-
siveness. Therefore, in these mice AMPA to NMDA ratio in V1 excitatory neurons will be 
measured. 
We have proposed that loss of inhibitory innervation in broadly expressing TrkB.T1-EGFP 
mice presents a homeostatic mechanism caused by the reduced population activity to main-
tain synaptic drive of excitatory neurons within an optimal range. The decreased activity of 
excitatory neurons might also decrease their output onto inhibitory neurons. This possibility 
will be further investigated by recording spontaneous and miniature excitatory post-synaptic 
currents in inhibitory neurons. 

Chapter 5:
In β-catenin deficient mice we have reported a lower acuity which has been suggested to be 
due to a decrease in NMDA current. To confirm this conclusion, acuity can be measured in 
wild-type mice before and after application of an NMDA receptor antagonist. A decrease in 
NMDA current in wild-type mice is expected to lead to decreased perception of contrast as 
seen in β-catenin deficient mice.
As mentioned earlier, β-catenin has a transcriptional role as well as the adhesion role it plays 
in the synapse. Translocation of β-catenin to the nucleus and its binding to TCF4 is crucial 
for expression of Wnt target genes. As we have not seen nuclear staining of β-catenin in V1 
neurons of adult mice, we are inclined to relate the synaptic role of β-catenin to the loss of 
acuity in β-catenin deficient mice. To rule out the contribution of the transcriptional role of 
β-catenin, quantitative polymerase chain reaction (qPCR) for Wnt target genes will be per-
formed on samples of V1 from both β-catenin deficient mice and their control littermates.
In β-catenin deficient mice ablation of β-catenin has led to a decrease in NMDA receptor 
content of synapses. It is not yet clear which proteins mediate this interaction. S-SCAM is 
one of the PDZ proteins that is recruited to the synapse by β-catenin and is decreased in 
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β-catenin deficient mice. Neuroligin-1 (NL-1), due to its interaction with NMDA receptors 
and S-SCAM, would be a likely candidate to mediate this effect. To test this western blotting 
for NL-1 will be done on synaptic membranes of β-catenin deficient mice and their control 
littermates.

Conclusion
We conclude that TrkB signaling has a key role in maintenance of mature dendritic spines 
when it is modulated in individual excitatory neurons. The same downregulation of TrkB 
signaling in most excitatory neurons does not affect the maintenance of spines, and instead 
initiates a homeostatic regulation of inhibition probably to keep the balance between exci-
tation and inhibition. We further provide evidence that in spite of in vitro/developmental 
work supporting roles of TrkB signaling and β-catenin in synaptic plasticity, they do not play 
any role in adult OD plasticity. Nevertheless, they are both crucial for an optimal processing 
of visual information in the adult brain. Surprisingly, interfering with TrkB signaling and 
β-catenin affects the visual acuity through a shared mechanism of decreased perception of 
apparent contrast. Investigating the role of TrkB signaling in acuity together with detailed 
modeling helped us find out that cortical gain and normalization do occur in V1 and are 
involved in the selective loss of responses to visual stimuli with high spatial frequencies while 
maintaining responses to low spatial frequencies. Overall, we believe that this work has shed 
light on molecular mechanisms that underlie the activity-dependent regulation of synaptic 
strength and consequences for information processing in the visual cortex. More work will be 
needed to investigate if our findings will hold true in other cortical regions and expand our 
understanding of how the brain works.  
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Over decades, the primary visual cortex (V1) has attracted the attention of neuroscientists 
as an ideal model system for studying sensory perception. Despite this attention, the ques-
tion how the intricate pattern of neuronal connections necessary for the processing of visual 
information is formed has not been fully answered. While molecular cues and spontaneous 
neuronal activity determine the establishment of neuronal connections to a certain extent, 
visual experience plays an important role in refining these connections and their functional 
properties. An extreme example of the influence of visual experience can be observed in the 
binocular part of V1. This part contains neurons responsive to visual input to both eyes, with 
the contralateral eye (the eye on the opposite side of the head) being the dominant one. How-
ever, altered visual experience can strongly affect this ocular dominance and other functional 
properties like acuity (the spatial resolution of the visual system).  For example eyelid closure 
in a four week old mouse, for a period of only three days, leads to a dramatically decreased 
responsiveness to the closed eye and a lower acuity of vision in that closed eye. 
In this thesis we have studied experience-dependent plasticity in the mouse primary visual 
cortex. For this we have focused on TrkB signaling and on the protein β-catenin, and studied 
their role as potential molecular players in visual plasticity and function. TrkB is the receptor 
for BDNF, the most important neuronal growth factor in the brain which plays a crucial role 
in the formation and maintenance of synaptic contacts. β-Catenin is a protein which plays a 
role in the functioning of cell adhesion proteins involved in the formation of synapses, as well 
as in gene regulation. To study these proteins we have used transgenic strategies. Down regu-
lation or full knockout of these proteins during early development is known to have profound 
effects on how the brain establishes its neuronal connections. Therefore, to circumvent these 
developmental issues ablation of β-catenin and down-regulation of TrkB signaling were both 
started after 5-6 weeks of age, so that neuronal circuits could be formed normally. 
In chapter 2, the role of TrkB signaling in synapse maintenance was studied by expressing 
the protein TrkB.T1-EGFP in individual (sparse) excitatory neurons in the neocortex and 
hippocampus. This protein is a dominant negative version of TrkB, thereby interfering with 
endogenous TrkB signaling. Because the dominant negative protein was coupled to green flu-
orescent protein (EGFP) this allowed us to study morphological changes in TrkB.T1 express-
ing neurons within an unaffected environment. We focused on dendritic spines, protrusions 
from dendrites that form the post-synaptic sites of excitatory synapses. By imaging dendritic 
spines, we noticed that mature spines underwent a considerable decline after just a few weeks 
of TrkB.T1 expression in the cortex. In line with this, we observed a decreased amplitude 
and frequency of miniature post-synaptic currents that were recorded from TrkB.T1-EGFP 
expressing neurons in V1. Surprisingly, TrkB signaling did not seem to be crucial for main-
taining spine stability in hippocampus, showing a brain region dependent role for TrkB. 
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In chapter 3 we further studied the effect of reduced TrkB signaling by expressing TrkB.
T1-EGFP in most pyramidal neurons of the neocortex (opposed to the sparse expression 
used in chapter 2). Surprisingly, while expression in a sparse population of neurons led to a 
significant loss of mature synapses and reduction of synaptic currents, expression of the same 
transgene in the majority of pyramidal neurons in the cortex did not cause any changes in 
dendritic spines or in miniature post-synaptic currents. However, broad expression of TrkB.
T1-EGFP led to a decrease in the efficacy of excitatory synapses, as well as a significant re-
duction of inhibitory innervations of excitatory neurons. Together, these findings show that 
broad expression of TrkB.T1-EGFP has profoundly different effects when compared to sparse 
expression, pointing towards a complex combination of possibly synaptic competition and 
homeostatic regulation governing the effects of TrkB.T1-EGFP expression.
In chapter 4 we studied the importance of TrkB/BDNF signaling during adulthood, when the 
network was already established, in regulating visual acuity in V1. We found that down-reg-
ulation of TrkB signaling in pyramidal cells in the mature visual cortex reduced synaptic 
strength and resulted in a loss of neuronal responses to high spatial-frequency stimuli. In 
spite of a significant loss of responsiveness in layer II/III pyramidal neurons of TrkB.T1-EGFP 
mice the response to strong stimuli, namely low spatial frequency, was not decreased. This 
change in visual acuity might be explained by a decrease in signal to noise ratio, an increase 
in size of the receptive fields of neurons or a decrease in perception of contrast. Single unit 
recordings indicated that signal to noise ratios and receptive field sizes were not changed after 
interfering with TrkB signaling. However, we found that V1 neurons in these mice were much 
less sensitive to contrast. To evoke the same response size, neurons in these mice had to be 
stimulated with much higher contrast visual stimuli compared to normal mice. We conclude 
that reduced perception of contrast is the underlying mechanism for reduced activity in TrkB.
T1-EGFP mice. Our results also indicate that normalization has a cortical component and is 
not merely limited to earlier stages of visual processing.
Finally, in chapter 5 we focus on the role of another protein, β-catenin. This protein plays 
a role in both transcription and cell adhesion, and is essential for maintaining the synap-
tic machinery. Earlier studies indicated that β-catenin could potentially affect the acuity and 
plasticity of the visual cortex in adult mice. This is because β-catenin has been implicated in 
synaptic function and its activity-dependent plasticity via regulating cadherin-mediated cell 
adhesion and the synaptic recruitment of pre- and post-synaptic proteins. To test whether this 
was the case, we used a cre-lox system to ablate β-catenin in most pyramidal neurons of hip-
pocampus and the neocortex after development. While ablation of β-catenin did not lead to 
a decrease in synaptic strength, or intrinsic firing properties, it did decrease NMDA receptor 
currents which seemed to be crucial for achieving normal visual acuity. Similar to the effect of 
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TrkB.T1 overexpression in V1, neuronal responses in β-catenin deficient mice were decreased 
only when high spatial frequency stimuli were shown but they were not affected when low 
spatial frequency stimuli were presented. 
Interestingly, in spite of a different synaptic deficit in the two mouse lines studied in this 
thesis, the visual consequence of this deficit was very similar: reduced visual acuity through 
an attenuated perception of apparent contrast without changes in signal to noise ratios and 
receptive field sizes. Therefore, the work in this thesis shows that maintenance of synaptic 
function into adulthood is crucial for maintaining high acuity vision.
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De rol van TrkB en β-catenine in de werking en plasticiteit van de visuele cortex

De primaire visuele cortex (V1) wordt al jaren door hersenonderzoekers onderzocht als een 
ideaal modelsysteem voor het bestuderen van de zintuigelijke waarneming. Maar desondanks 
is nog steeds niet duidelijk hoe het complexe patroon van verbindingen tussen hersencellen 
dat nodig is voor het verwerken van visuele informatie tot stand komt. Tot op zekere hoogte 
spelen erfelijke factoren en spontane activiteit een rol in dit proces, maar voor het verfijnen 
van verbindingen is visuele ervaring essentieel. Een extreem voorbeeld van het belang van 
visuele ervaring kan worden gezien in het binoculaire deel van V1. Dit gebied bevat hersen-
cellen die reageren op input afkomstig van beide ogen, maar in knaagdieren met een voorkeur 
voor het contralaterale oog (het oog aan de andere kant van het hoofd). Een verandering in 
visuele ervaring kan deze voorkeur doen verschuiven en andere visuele eigenschappen in de 
visuele cortex zoals scherptewaarneming (de resolutie van het visuele systeem) beïnvloeden. 
Als bijvoorbeeld het oog van een vier weken oude muis voor slechts drie dagen gesloten wordt 
dan zorgt dit voor een dramatische afname in response voor het gesloten oog, en een afname 
van scherptewaarneming van dat oog.
In dit proefschrift hebben we ervarings-afhankelijke plasticiteit in V1 van de muis bestudeerd. 
We hebben ons hierbij gericht op TrkB signaaltransductie en op het eiwit β-catenine, en hun 
rol als moleculaire spelers in de plasticiteit en werking van V1. TrkB is de receptor voor 
BDNF, een essentiële neuronale groeifactor in het brein die van groot belang is voor de aanleg 
en het onderhoud van synaptische contacten. β-Catenine is een eiwit dat zowel van belang is 
voor het functioneren van bepaalde adhesie eiwitten die een rol spelen bij het aanleggen van 
synaptische contacten, als voor genregulatie. Voor het onderzoek hebben we gebruik gemaakt 
van transgene muizen. Het was al bekend dat vermindering van de werkzaamheid of zelfs 
volledige verwijdering van deze eiwitten tijdens de vroege ontwikkeling een groot effect heeft 
op het aanleggen van verbindingen tussen hersencellen. Om de problemen geassocieerd met 
vroege ontwikkeling te ontlopen hebben we ervoor gekozen om pas na normale vorming van 
neuronale circuits (als de muizen 5-6 weken oud zijn) te beginnen met het verwijderen van 
β-catenine of het verminderen van TrkB signaaltransductie.
In hoofdstuk twee bestudeerden we de rol van TrkB signaaltransductie in het in stand houden 
van synapsen. Dit hebben we gedaan door het eiwit TrkB.T1-EGFP in een klein aantal indiv-
iduele excitatoire neuronen in de neocortex en de hippocampus tot expressie te brengen. Dit 
eiwit is een defecte versie van TrkB die interfereert met de werking van de TrkB receptoren die 
in de hersencellen aanwezig zijn. Doordat dit defecte eiwit is gekoppeld aan een groen fluo-
rescent eiwit (EGFP) konden we de morfologie van deze neuronen bestuderen terwijl ze zich 
in een normaal neuronaal netwerk bevonden. We hebben vooral onderzocht wat er gebeurde 
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met de synapsen van hersencellen die TrkB.T1-EGFP produceerden. Deze synapsen bevinden 
zich op dendritische ‘spines’, uitsteekseltjes van neuronale dendrieten, en de hoeveelheid en 
grootte van deze spines is een maat voor de werking en dichtheid van synaptische contacten 
van een hersencel. Door de spines met een microscoop in beeld te brengen zagen we dat de 
hoeveelheid spines en hun grootte op cellen in V1 in aantal afnamen een paar weken nadat 
TrkB.T1-EGFP tot expressie kwam. In overeenstemming met dit resultaat zagen we ook een 
afname in aantal en grootte van synaptische elektrische stromen gemeten van de neuronen 
die TrkB.T1-EGFP maakten. Dit betekent dat de synapsen van deze neuronen minder goed 
functioneerden. Opvallend genoeg zagen we deze effecten niet optreden in de hippocampus, 
wat aangeeft dat de rol van TrkB per hersengebied kan verschillen. 
In hoofdstuk 3 hebben we ons onderzoek naar TrkB signaaltransductie voortgezet. Hier heb-
ben we het TrkB.T1-EGFP gen tot expressie gebracht in de overgrote meerderheid van excita-
toire neuronen in de neocortex (in tegenstelling tot hoofdstuk 2, waar het eiwit in slechts een 
kleine hoeveelheid individuele neuronen tot expressie kwam). Opvallend genoeg bleken de 
effecten op dendritische spines en op actie-potentiaal onafhankelijke synaptische stromen die 
we in hoofdstuk 2 zagen afwezig in het brein van muizen die TrkB.T1-EGFP breed tot expres-
sie brachten. Daarentegen zagen we dat de efficiëntie van excitatoire synaptische transmis-
sie was aangedaan, en dat de hoeveelheid inhibitoire synapsen op excitatoire neuronen was 
afgenomen. Alles bij elkaar laat dit zien dat een brede expressie van TrkB.T1-EGFP een heel 
ander effect heeft vergeleken met expressie in maar een paar neuronen. Dit wijst erop dat het 
effect van TrkB.T1-EGFP wordt beïnvloed door een complexe interactie tussen synaptische 
competitie en homeostatische regulering van activiteit.
In hoofdstuk 4 hebben we gekeken wat het belang van TrkB/BDNF signaaltransductie is in 
het volwassen brein (dus na vroege ontwikkeling) in de regulering van scherptewaarneming 
in V1. Een vermindering van TrkB signaaltransductie in het volwassen brein zorgde voor ver-
mindering van synaptische effectiviteit en een vermindering van neuronale reacties op kleine 
visuele stimuli. Ondanks de sterke afname in synaptische effectiviteit was de reactie op grote 
stimuli niet afgenomen. Een mogelijke verklaring voor deze afgenomen scherptewaarneming 
kan liggen in een vermindering van de signaal/ruis verhouding, een vergroting van de re-
ceptieve velden van neuronen of een afname in contrastwaarneming. Door de activiteit van 
neuronen tijdens visuele waarneming te meten hebben we ontdekt dat zowel signaal/ruis ver-
houding als vergroting van receptieve velden onveranderd waren na vermindering van TrkB 
signaaltransductie. Maar we vonden wel dat de neuronen in V1 van deze muizen veel minder 
gevoelig waren voor contrastverschillen. Om ze even sterk te laten reageren als neuronen in 
gewone muizen moesten de neuronen van de TrkB-EGFP transgene muizen visuele stimuli 
van veel hoger contrast aangeboden krijgen. Hieruit concluderen we dat een verminderde 
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contrastwaarneming de oorzaak is van de verminderde activiteit in TrkB.T1-EGFP muizen. 
Bovendien laten onze resultaten zien dat normalisatie niet alleen in vroege stadia van infor-
matie verwerking optreedt, maar ook in de visuele cortex.
In het laatste experimentele hoofdstuk (hoofdstuk 5) richtten we ons op de rol van een ander 
eiwit, β-catenine. Dit eiwit speelt een rol in transcriptie en in cel adhesie, en is belangrijk voor 
het in stand houden van de synaptische machinerie. Op basis van eerdere studies die lieten 
zien dat β-catenine van belang is voor synaptische transmissie en plasticiteit via cadherin-af-
hankelijke cel adhesie en rekrutering van pre- en postsynaptische eiwitten kon worden verwa-
cht dat β-catenine wellicht een rol speelt bij scherptewaarneming en plasticiteit van de visuele 
cortex in volwassen muizen. Om dit te testen hebben wij gebruik gemaakt van het cre-lox 
systeem om β-catenine te verwijderen uit de meeste excitatoire neuronen in de hippocampus 
en de neocortex na de ontwikkeling van het brein. Hoewel het verwijderen van β-catenine 
tot onze verrassing geen effect had op plasticiteit, synaptische sterkte of op de intrinsieke el-
ektrische eigenschappen van neuronen zorgde het wel voor een vermindering in synaptische 
NMDA receptor stromen. NMDA receptoren lijken essentieel te zijn voor scherptewaarne-
ming, aangezien muizen zonder β-catenine problemen hadden met scherptewaarneming. 
Het effect op scherptewaarneming had dezelfde oorzaak als bij muizen met verminderde 
TrkB signaaltransductie, namelijk een afgenomen contrastwaarneming.
Een interessante uitkomst van het onderzoek beschreven in dit proefschrift is dat hoewel de 
synaptische problemen in de twee verschillende muislijnen die we hebben onderzocht erg 
verschillen, de visuele uitkomst hetzelfde is: een verminderde scherptewaarneming door een 
verlaging van waargenomen contrast, zonder veranderingen in signaal/ruis verhouding of de 
grootte van receptieve velden. We laten zien dat het in stand houden van synaptische functie 
in volwassenheid cruciaal is voor het behouden van scherpe visuele waarneming.
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