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Chapter 7

Chapter 7 - Summary and general discussion

The main objective of this thesis was to assess the role of the cingulate cortex in
learning and memory functions. The different methods used aimed to analyse the role of
individual cingulate regions as well as to assess their integration in anatomical and
functional networks involved in learning and memory processes. In this final chapter a
brief summary of the results of the individual studies will be given, followed by a
discussion of methodological issues related to the research in this thesis. Subsequently
the significance of the present results will be discussed in relation to current views about
the organisational principles of cognitive processes in the brain. Some suggestions for
future research will also be presented.

7.1. - Summary of the results

The studies in chapters 2 and 3 are based on visualization of anterogradely transported
substances that were injected into the brain of the rat. Chapter 2 describes associational
connections between different regions of the cingulate cortex. The main findings are that
rostral cingulate areas (infralimbic and prelimbic cortices and the rostral one third of the
dorsal anterior cingulate cortex) are primarily interconnected with each other and not
with other cingulate areas. Dense reciprocal connections exist between the remaining,
i.e. the supracallosal parts of the anterior cingulate and retrosplenial cortices with a
general rostro-caudal topography, in the sense that the rostral part of the anterior
cingulate cortex and caudal part of the retrosplenial cortex are interconnected and the
same holds true for the caudal part of the anterior cingulate cortex and rostral part of the
retrosplenial cortex. This topographical pattern of intracingulate connections relates to
the results of several functional studies and suggests that specific cingulate functions
depend on a number of interconnected cingulate subregions. Through their intricate
associational connections, the specific sets of subregions appear to form functionally
segregated networks.
In Chapter 3 the efferent projections of the cingulate cortex to the (para)hippocampal
region are described. This study shows that all areas of the cingulate cortex project
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extensively to the parahippocampal region. Rostral cingulate areas (infralimbic-,
prelimbic- and rostral 1/3 of the dorsal anterior cingulate cortices) primarily project to
the perirhinal and lateral entorhinal cortices. Projections from the remaining cingulate
regions preferentially target the postrhinal and medial entorhinal cortices as well as the
presubiculum and parasubiculum. At a more detailed level, the projections show
differences in topographical specificities according to their site of origin within the
cingulate cortex. These findings, taken together with those of chapter 2 thus suggest that
specific cingulate areas have unique, though strongly related and interacting functional
roles.
We found no direct projections to the hippocampal formation indicating that cingulate
information entering the

hippocampal

formation

is

first

processed in

the

parahippocampal cortex. The relay of cortical input from the parahippocampal cortex to
the hippocampal formation has been shown to take place via a highly organized
principle, involving two parallel, but anatomically largely segregated pathways. When
the organization of intrinsic cingulate connections demonstrated in chapter 2 is
integrated with this parahippocampal-hippocampal circuitry it appears that the
segregation of information is maintained throughout the entire cingulate-hippocampal
communication. This thus suggests that the specialization in the parahippocampalhippocampal network has to be interpreted at a network level, including different
components of the cingulate cortex. We further observed that the mid-rostrocaudal part
of the ACd is fully integrated with both networks, projecting to the lateral entorhinal as
well as to the postrhinal cortex, the presubiculum and parasubiculum and being
intimately connected to rostral and caudal parts of the cingulate cortex. This region may
therefore be responsible for the integration of information across these two parallel
networks.

In Chapter 4, MRI-based volumetric measurements were used to assess regional
cingulate atrophy occurring in Alzheimer’s disease. We first developed and validated a
manual segmentation protocol in order to measure volumes of four cingulate regions of
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interest on MRI-scans in vivo: the rostral anterior cingulate, caudal anterior cingulate,
posterior cingulate and retrosplenial regions. These regions were selected on the basis of
cytoarchitectonic, connectional, and functional differences. The main purpose of this
analysis was to assess whether the segmentation protocol would consistently be able to
measure volume loss of these four regions and subsequently to assess differences in
regional cingulate involvement in AD. We showed that all four cingulate regions were
significantly smaller in AD cases compared with controls. In addition, the atrophy in the
posterior cingulate region was significantly greater than that in other cingulate regions,
suggesting a higher vulnerability for this region in familial AD. Considering the
functional and connectional differences of these four cingulate regions, detection and
monitoring of their atrophy may provide insights in the natural history of AD and might
ultimately be used to improve the diagnostic accuracy in very early stages of the disease.

Chapter 5 investigated whether resting state functional brain networks are abnormally
organized in Alzheimer’s disease. To this end, graph theoretical analysis was applied to
synchronisation likelihood matrices of beta band filtered EEG channels in Alzheimer
patients and control subjects. The main purpose of this analysis was to characterize the
whole network in terms of local (cluster-coefficient) and global (path length)
integration, and to determine which aspect might be affected most in AD. We showed
that for a wide range of thresholds the characteristic path length L was significantly
longer in the Alzheimer patients, whereas the cluster coefficient C showed no significant
change. A longer path length with a relatively preserved cluster coefficient suggests a
loss of effective interactions between and across cortical regions. A direct comparison of
the graphs in the control and AD group showed that long distance functional
connections between central, temporal and frontal regions were particularly effected.
The present study provides further support for the presence of ‘small-world’ features in
functional networks in the brain. Furthermore, this study shows for the first time that
pathological networks in Alzheimer’s disease may be less ‘small-world’ like than
normal brain networks and provides further support for the concept that AD can be
viewed as a disconnection syndrome.
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Chapter 6 is a case study describing the symptoms following an infarction in the
supragenual part of the left anterior cingulate cortex (ACC) and corpus callosum. The
lesion was located rostral to the anterior commisure and did not appear to involve the
cingulum bundle. In the literature this specific part of the cingulate cortex is known as
the cognitive division of the ACC. The patient presented with transient signs of absent
spontaneous speech, almost complete lack of voluntary movement, contralateral
hemiparesis, impaired focussed attention and concentration and a general emotional
apathy pertaining to his situation. Although he was able to vocalise normally when
repeating words and sentences, he was not able to speak spontaneously. On the other
hand, the meaningful output of language through writing seemed relatively spared.
The present case demonstrates that unilateral lesions of the left cognitive division of the
ACC are associated with impairment in a wide range of functions including the
voluntary initiation of speech and movement, attention and motivation. These symptoms
are in line with the integrative role of the ACC in cognition, motivation and motor
behaviour, whereas the discrepancy between meaningful communication via speech and
writing supports a further functional specialization within this region.

7.2. - Methodological issues

No technique is perfect and even if it was, it would be virtually impossible to capture the
enormous complexity of the human brain. In this manner, every thesis -and in fact all
research- may be considered to be a mere grain of sand in the vastness of the dessert of
undiscovered knowledge leading to scientific progress. In this section I discuss will
some methodological issues related to the research in this thesis and the way in which
we tried to overcome some of the problems encountered.

Anatomical studies
When analysing the results of tracing experiments the availability of an accurate
cytoarchitectonic map is a prerequisite for comparing the resulting projection patterns
between existing studies and for properly determining the localisation of injections.
With respect to the cingulate cortex it is important to consider that this region arches
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around the corpus callosum rostrally and caudally and that coronal sections of those
levels provide rather distorted images. In order to overcome these problems we first
constructed a cytoarchitectonic map of the rat cingulate cortex using coronal, sagittal, as
well as horizontal sections, and analysed all tracing experiments likewise.
A major issue in the use of animal models is the attainability of extrapolating the results
to the more complex brains of humans. Previous research has dealt with these issues and
demonstrated that the cingulate regions in rodents and primates have a number of
cytoarchitectonic, connectional and functional characteristics in common which warrant
a comparison up to a certain degree. In both species, rostroventral cingulate regions are
directly involved in visceral autonomic functions (Groenewegen and Uylings
2000;Heidbreder and Groenewegen 2003;Uylings et al. 2003;Vogt et al. 1992). In
addition, the remaining anterior cingulate regions have also been implicated in similar
functions including attention, working memory, motivation, instrumental and classical
conditioning and assessment of the cognitive component of pain (Bush et al.
2000;Constantinidis and Procyk 2004;Dalley et al. 2004;Groenewegen and Uylings
2000;Uylings et al. 2003;Vogt et al. 1992). Finally, posterior cingulate regions play an
important role in spatial memory functions in both species (Aggleton et al.
2000;Cammalleri et al. 1996;Cooper and Mizumori 1999;Cooper et al. 2001;Maguire
2001;Takahashi et al. 1997;Vann and Aggleton 2002;Vogt et al. 1992). Area 23 on the
other hand does not seem to have an equivalent region in rodents. Furthermore, many
‘human functions’ will not have a representative in the rat cingulate cortex: rats do no
write messages (chapter 6). Nonetheless, homologous regions appear to exist which
justify an extrapolation, if not at least at a larger network level.

Volumetric imaging studies
A potential source of variability in region-based manual outlining, results from difficulty
in accurately correlating cytoarchitectonic borders in histological sections with gross
anatomical landmarks on MR-scans in vivo. Often the macroscopic sulci do not coincide
with borders of microscopically defined cytoarchitectonic cortical areas (Uylings et al.
2005). A high degree of inter-individual variability in sulcal patterns, as is the case with
the cingulate gyrus, further adds to this problem (Paus et al. 1996;Vogt et al. 1995).
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Although manual demarcation of brain regions is time consuming it is still the gold
standard of region-of-interest measurements on MRI (Crum et al. 2003;Tisserand et al.
2002). Our manual demarcation protocol was standardised as much as possible and the
landmarks selected to define the borders of the cingulate gyrus and its subdivisions in
chapter 4 were based on extensive examination of morphological and cytoarchitectonic
studies.

EEG studies
Neurophysiological investigations, such as EEG, are easy to perform -even in severely
demented patients- and have a high temporal resolution, making them eminently suitable
for assessing functional network interactions in healthy as well as in diseased subjects
(Stam et al. 2003). However, scalp electrodes used in standard EEG studies do not have
a very high spatial resolution and several cm2 of cortex must be activated simultaneously
for a potential to be recorded at the scalp. In addition, scalp electrodes are not able to
record electrical activity of deep nuclei. Interpretation of the localisation of activity in
EEG recordings must therefore be done with caution. Whereas the volumetric study
described in chapter 4 used healthy subjects as control subjects, the EEG study
described in chapter 5 used people with subjective memory complaints as controls to the
Alzheimer population. These were all subjects referred to an outpatient clinic for
memory disorders and may thus have had cerebral abnormalities, such as periventricular
vascular changes, which may cause EEG changes not seen in healthy subjects. Thus,
although comparisons between diseased and healthy subjects will provide invaluable
knowledge about a disease process, differences found between patients with
Alzheimer’s disease and those with subjective memory complaints will give a more
accurate view of daily practice and may therefore be of more direct value in the daily
practice of memory clinics.

Lesion studies
Lesions in humans are coincidental, usually caused by stroke, tumour or trauma. As a
result, these lesions often do not adhere to cytoarchitectonic boundaries and often
involve neocortex as well as fibre tracts. Isolated infarctions of the cerebral area
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supplied by the anterior cerebral artery –including the cingulate cortex- are relatively
rare, with an estimated incidence of 0.6-3.0% of all ischaemic strokes (Bogousslavsky
and Regli 1990). Lesion studies in humans will therefore suffer from small sample size.
In addition, lesion location varies between patients and there is increasing evidence that
the functional divisions of the anterior cingulate cortex are relatively fine-grained (Bush
et al. 2000;Paus et al. 1993;Paus 2001). Nonetheless, when meticulously documented,
single case studies -more in particular when assessed shortly after the incident- may
provide invaluable information about the role of cingulate regions in cognitive
processes. An important factor to consider when interpreting the symptoms caused by
cingulate strokes is whether the underlying cingulum bundle is involved. Lesions to the
cingulum bundle, which disrupt the afferent and efferent cingulate connections, give rise
to very different cognitive impairment than lesions localised to cingulate cortex itself as
has been proven in animal studies (Aggleton et al. 1995). Furthermore, many of the
symptoms caused by cingulate strokes usually improve to a large extent within a few
days. The accurate definition of the affected cortical area at the time of the symptoms,
such as with diffusion weighted MRI techniques as we did in the case described in
chapter 6, may provide a more accurate correlation between anatomy and function.

7.3. - General discussion

7.3.1. – The cingulate cortex and organisational principles of cognitive functions

Today, complex cognitive functions are considered to be the result of interactions
between large-scale interconnected networks of cortical areas. In this model, complex
functions are divisible into elementary processes that are distributed among cortical
regions. The expression of a particular cognitive function is caused by the functional
interactions between specific subsets of cortical areas. The organisation of these
functional interactions will be defined by the topographical anatomical connectivity
patterns of individual regions, with different functions depending on the specific subset
of regions that co-operate. In turn, the individual roles of the different cortical areas will
be defined by their anatomical connections. By being incorporated into different
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networks, a single region may be involved in different cognitive functions (Bressler
1995;Bressler and Tognoli 2006;Friston 2002;Fuster 1997;Pastor et al. 2000).

Neuroimaging and lesion studies in humans have demonstrated that distinct regions of
the cingulate cortex - such as a specific area known as the cognitive division of the
anterior cingulate cortex- are involved in numerous cognitive processes (chapter 6,
Bush et al. 2000;Paus 2001). Whereas neuroimaging studies in healthy subjects
consistently show activation of the anterior cingulate cortex in tasks involving attention
or conflict monitoring (Bush et al. 2000), neuropsychological investigation in patients
with cingulate lesions often fail to demonstrate any impairment on such tasks (Fellows
and Farah 2005, chapter 6). A possible explanation for this discrepancy is the fact that
neuroimaging studies cannot provide evidence that a brain area is necessary for
performing a cognitive operation. Correlated activation on fMRI in healthy subjects may
reflect brain activity that is non-essential or even epiphenomenal with respect to the
function of interest (Fellows and Farah 2005). Anterior cingulate involvement may thus
not be essential in attention processes. However, another explanation may be that
attention deficits following anterior cingulate lesions (as subjectively experienced in the
early stages by our patient in chapter 6) rapidly improve, such that by the time patient is
tested the psychometry tests are not subtle enough to detect any such impairment (Ahola
et al. 1996). This rapid improvement of complex functions may be related to another
organisational principle of the brain known as parallel processing (Bressler
1995;Bressler and Tognoli 2006). Elementary processes of mental functions are
subserved by more than one neural network, which are organised in parallel. When one
region or pathway is damaged others often are able to compensate partially for the loss.
This principle may also form an explanation for the fact that lesion studies in animals
often fail to produce any significant impairment of the cognitive function under review
(Aggleton et al. 2000).
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7.3.2. - Memory is the result of interactions between different areas of the brain: the
cingulo-hippocampal axis –1

Memory is a complex process which depends heavily on interactions within and
between distributed neuronal networks (Fuster 1997;Steckler et al. 1998). The
hippocampal formation and the cingulate cortex have both been implicated in various
aspects of learning and memory and previous reports have pointed out the importance of
interactions between these regions for a normal course of these processes (Degenetais et
al. 2003;Floresco et al. 1997;Gabriel 1993;Hannesson et al. 2004;Simons and Spiers
2003). The charting of the anatomical connections underlying such interactions will help
to clarify the anatomical networks underlying memory functions, may elucidate the role
individual regions play in these networks and also form an important starting point for
the design of functional studies.

A large body of evidence suggests that the hippocampal formation plays a critical role in
the encoding and storage of new episodic memories (Eichenbaum 2000;Kandel
2001;Squire 1992). To this end the hippocampus is provided with highly integrated
information about a particular event through a hierarchical organisation of associational
networks (Fig.7.1A).

Information about an event is initially processed in the neocortical association areas and
subsequently transmitted to the parahippocampal region, comprising the perirhinal
cortex, postrhinal cortex (termed parahippocampal cortex in primates), presubiculum,
parasubiculum and entorhinal cortex (Burwell 2000;Lavenex and Amaral 2000;Witter et
al. 2000b). At each subsequent stage of the neocortical-hippocampal input trajectory,
information about an event is further processed and integrated before it is finally
transmitted to the hippocampal formation. Although direct routes between the
hippocampal formation and other parahippocampal regions exist the main in- and output
route runs via the entorhinal cortex (Witter et al. 2000b).
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Figure 7.1A: Schematic diagram, illustrating the flow of neocortical input to the
hippocampal formation. Neocortical input reaches the hippocampal formation via a
hierarchical organisation of associational networks running via the parahippocampal
cortices (presubiculum, parasubiculum, peri-, post- and entorhinal cortices). Reciprocal
connections are present at each stage of the network. Thicker arrows represent the
main anatomical routes.

Neuroanatomical studies have shown that the individual areas of the parahippocampal
region differ in their structural and connectional organization, suggesting that they have
different, yet complementary, functions with regard to memory (Burwell et al.
1995;Burwell 2000;Lavenex and Amaral 2000;Witter et al. 2000b). Indeed, the
experiments reported in chapter 3 show that cingulate cortex projections to the
parahippocampal region are highly specific depending on their site of origin within the
cingulate cortex, suggesting a high degree of functional specialisation within both
regions (Fig.7.1B). The possible functional relevance of these specific projections has
been described in chapter 3.
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Figure 7.1.B: Cingulate flatmaps of the ratbrain illustrating the differences in regional
cingulate input into the different schematically displayed areas of the parahippocampal
cortices. These projections are highly specific depending on their site of origin within the
cingulate cortex and their termination within the parahippocampal cortices. This
suggests a high degree of functional specialisation, both within the cingulate cortex as
well as in the different areas of the parahippocampal cortices. Inset: cingulate flatmap
showing the different cingulate areas. Abbreviations: ACv/ACd, ventral and dorsal
anterior cingulate cortex; CE, caudal entorhinal area; DIE, dorsal intermediate entorhinal
area; DLE dorsolateral entorhinal area; ME, medial entorhinal area; RSd, dorsal
retrosplenial cortex; RSv a/b, ventral retrosplenial cortex parts a and b; VIE, ventral
intermediate entorhinal area.

Previous neuroanatomical studies have also shown that, although direct projections from
the neocortical association areas to the entorhinal cortex exist, its major source of input
originates in the perirhinal and postrhinal cortices (Burwell and Amaral 1998b).
Interestingly, cingulate projections to the parahippocampal region are quite dense to the
entorhinal cortices and -in contrast to the projections from other cortical areas- are
primarily directed at the deep entorhinal layers (chapter 3, Witter et al. 2000b;Witter et
al. 2000a). The deep entorhinal cell layers are the recipients of hippocampal output and
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are the source of fibres that project to the neocortex (Witter and Amaral 2004). In this
manner the cingulate cortex may be in a unique position to: 1/. Influence re-entry of
information into the hippocampal formation through the entorhinal cortex via the known
trajectory:

deep

entorhinal

layerssuperficial

entorhinal

layershippocampal

formationdeep entorhinal layers. This route is thought to contribute to memory
processes by holding information and selectively gating the entry of information into the
hippocampus (Iijima et al. 1996;Kloosterman et al. 2003a); 2/. Influence hippocampal
output to the neocortical regions. Hippocampal projections to the neocortex are thought
to play a role in the consolidation of long-term memories, which over time become
independent of the medial temporal lobe and are thought to be stored in neocortical
areas such as the cingulate cortex (Frankland et al. 2004;Iijima et al. 1996;Maviel et al.
2004).

7.3.3. - Cortical interactions involved in learning and memory take the form of
distributed parallel networks: the cingulo-hippocampal axis – 2

The relay of cortical input from the parahippocampal region to the hippocampal
formation has been shown to take place via two parallel segregated pathways largely
depending on whether the information enters the parahippocampal network via the
medial or the lateral entorhinal cortices (Fig.7.2A) (Burwell 2000;Witter et al.
2000b;Witter et al. 2000a). In a review, Burwell suggested that neocortical input to the
LEA appears similar to that of PER input, whereas MEA input appears to originate in
the same cortical regions as the cortical efferents to POR (Burwell 2000) indicating that
the flow of cortical input to the parahippocampal region further contributes to the
segregation of information into parallel pathways (Fig.7.2A).
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Figure 7.2A: Schematic diagram of cortico-hippocampal circuitry showing the two
parallel pathways through which cortical information is processed in the
parahippocampal-hippocampal circuitry. Information appears to be segregated into a
PER-LEA-distal CA1/proximal subiculum pathway and a POR-MEA-proximal CA1/distal
subiculum pathway. Abbreviations: PER, perirhinal cortex; POR, postrhinal cortex.

The results from the experiments in this thesis demonstrate that interactions between the
cingulate cortex and the hippocampal region are integrated into the two recognised
parahippocampal-hippocampal parallel processing streams. These results relate to the
pattern of intracingulate connections described in chapter 2 and shows that the
segregation of information is maintained throughout the entire cingulate-hippocampal
communication, suggesting a further specialisation at a network level (Fig.7.2B,

chapter 3).
Figure 7.2B: Schematic representation illustrating topographical and laminar
specificities of connections, between the cingulate cortex and the (para)hippocampal
region, as well as intrinsic parahippocampal-hippocampal circuitry. The flow of
information between different areas appears to be segregated consisting of a rostral
cingulate-PER-LEA-distal CA1/proximal subiculum pathway (light grey) and an AC/RSPOR-MEA-PRE-PARA-proximal CA1/distal subiculum pathway (dark grey). At several
levels, information between the two pathways converges: at the level of the cingulate
cortex, mid rostro-caudal ACd projects to both LEA and PRE, PARA and POR, whereas
PL sends a projection to the MEA; at the level of the parahippocampal cortex, distal
parasubiculum sends a projection to layer II of LEA and POR sends a projection to PER
(which is not so heavily reciprocated). Abbreviations the same as in figure 7.1B and
7.2A.
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At a smaller scale, the results described in chapter 2 demonstrate that the closed
anatomical network principle seemingly also applies to the intracingulate connections
themselves (Fig.7.2B, chapter 2). In addition, intra-parahippocampal and intrahippocampal CA1/subiculum connections also adhere to this principle (Fig.7.2B)
(Burwell and Amaral 1998b;Funahashi and Stewart 1997;Kloosterman et al.
2003b;Naber et al. 2001;van Groen and Wyss 1990c;Witter et al. 1990). Figure 7.3 is a
simplified view of this concept illustrating that cingulate-hippocampal anatomical
networks exist at multiple levels, which are subsequently integrated into larger
networks. At the highest anatomical level, described in this thesis, the information being
processed in the two parallel cingulo-parahippocampal-hippocampal networks may
subsequently be integrated by a number of regions. Within the cingulate cortex these are
the prelimbic cortex and the mid-rostro-caudal part of the anterior cingulate cortex
(Figs.7.2B, 7.3).

Figure 7.3: Schematic drawing illustrating that cingulate-hippocampal anatomical
networks exist at multiple levels. Within the cingulate cortex, parahippocampal cortex
and hippocampal formation (white blocks and ellipses), between these areas (grey
ellipses) and between these networks. Within the cingulate cortex the PL and midrostro-caudal ACd are the regions connecting the two parallel networks at the highest
level. Abbreviations: Cing, cingulate cortex; HF, hippocampal formation, PHR,
parahippicampal region.
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7.3.4. - Interactions between parallel networks are necessary for complex mental
functions

The integration of information between successively larger networks allows for a
synthesis of complementary processes taking place in parallel networks, which seems a
prerequisite for truly intelligent and adaptive behaviour. As mentioned above, in the rat
the mid- rostro-caudal part of the dorsal anterior cingulate cortex seems one of the
regions capable of integrating information across medial temporal lobe processing
streams involved in learning and memory processes. Apart from an integration between
networks specifically involved in learning and memory functions, a normal course of
these processes also requires the integration with networks dealing with other functions
such as attention and motivation. The case report illustrated in chapter 6 illustrates that
the anterior cingulate cortex is also involved in this type of function and that a
disruption of this region may have devastating consequences. Although it is not possible
to simply equate the rat mid-rostro-caudal anterior cingulate cortex with the cognitive
division of the cingulate cortex in humans on the basis of the present research, these
concepts illustrate the integrative role of the anterior cingulate cortex in cognition,
motivation and motor behaviour (Allman et al. 2001;Paus 2001).

7.3.5. - Disruption of cerebral networks leads to cognitive impairment: the cingulate
cortex and Alzheimer’s disease

From the perspective of the network theory of cognitive functioning, disconnections
between different cerebral areas will lead to cognitive impairment. In line with this
concept, cognitive deficits in Alzheimer’s disease are thought to be caused by a
disruption of the structural and functional integrity of long cortico-cortical tracts, caused
by neuronal loss (Delbeuck et al. 2003;Leuchter et al. 1992).
Disruption of the structural integrity of these connections in AD may be caused by
pathological involvement of individual cortical regions. The resulting cognitive deficit
will reflect the individual contribution of a particular area within all the functional
networks in which it is involved. In Alzheimer’s disease, the cingulate cortex is one of
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the earliest regions to be pathologically involved outside the medial temporal lobe, with
the general progression of neurofibrillary tangle pathology starting in the
transentorhinal/entorhinal area and then spreading to the hippocampus and subsequently
to the limbic domains such as the cingulate cortex before reaching other neocortical
association areas (Braak and Braak 1991;Braak and Braak 1993;Delacourte et al. 1999).
Pathological involvement of anterior cingulate regions has been shown to correlate with
the impaired processing of famous faces as well as with agitation (Giannakopoulos et al.
2000;Tekin et al. 2001). A method to assess pathological involvement of individual
cingulate regions in AD in vivo is by measuring cortical atrophy, which is a direct result
of the underlying pathological involvement (chapter 4). In chapter 4 we found that all
4 cingulate regions examined (roughly corresponding to Brodmann’s areas 24, 24’, 23
and 29/30) show atrophy in AD patients compared to control subjects. Not only will
involvement of these cingulate regions disrupt cingulate-hippocampal networks
involved in learning in memory functions (Insausti et al. 1987;Kobayashi and Amaral
2003;Lavenex et al. 2002;Suzuki and Amaral 1994a, chapter 3), but may also cause
symptoms by disrupting connections between the hippocampus and other cortical areas
involved in learning and memory such as the dorsolateral prefrontal cortex (Morris et al.
1999). The distinction made between areas 29/30 and 23 may be particularly relevant in
this respect since in non-human primates, rostral area 24 and the RS have dense
reciprocal connections with the entorhinal and (para)hippocampal cortex, whereas
caudal area 24 and area 23 do not (Insausti et al. 1987;Kobayashi and Amaral
2003;Lavenex et al. 2002;Suzuki and Amaral 1994a). Compared to other cingulate
regions, area 23 is more densely connected with the visual cortex (visual association
area 19) and is also reciprocally connected with the posterior parietal region Opt
(involved in the processing of visual information) (Morris et al. 1999;Rozzi et al.
2006;Vogt and Pandya 1987). It is interesting that area 23 showed the greatest
volumetric loss in the volumetric study in chapter 4. These patients all had familial AD
and were relatively young with an average age of 51.8 years. Young onset AD patients
often present with predominant signs of biparietal dysfunction (with visuoperceptual and
visuospatial impairment) with relative preservation of memory. Whereas memory loss in
these patients may be due to involvement of the retrosplenial and anterior cingulate
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cortex, the symptoms reflecting parietal involvement may thus be caused by a disruption
of networks involving area 23.

A structural disruption of the connections between the cingulate cortex and the medial
temporal lobe in AD will impair functional interactions normally taking place between
these regions, as demonstrated by functional neuroimaging studies (Grady et al.
2001;Greicius et al. 2004;Hirao et al. 2006;Wang et al. 2006). Functional correlations
between cerebral regions are dynamic processes, which rapidly organise and reorganize
in different patterns of coordination (Bressler and Tognoli 2006). A major candidate
mechanism for integrating and representing information in the brain are synchronous
oscillations in neural networks (Varela et al. 2001). Such synchronous oscillations arise
when large groups of neurons fire in synchrony. The high temporal resolution of
neurophysiological techniques such as MEG and EEG makes these methods eminently
suitable to study rapidly changing neuroscillatory mechanisms (Breakspear et al. 2004).
Using the synchronization likelihood, a recently introduced method of statistical
interdependencies within a dynamical systems framework (Stam and van Dijk 2002),
several studies have demonstrated a loss of upper alpha, beta and gamma band
synchronization in AD, both during a no-task state as well as during a working memory
task (Pijnenburg et al. 2004;Stam et al. 2002, 2003, 2006, chapter 5). Although there
seems to be growing consensus with respect to the loss of functional connectivity in AD,
these studies cannot ascertain whether a decrease in the mean level of coupling in AD is
also associated with a change in the global organization of functional networks. An
alternative approach to the characterization of complex networks is the use of Graph
theory (Sporns et al. 2004;Strogatz 2001). Using the graph theoretical approach, we
demonstrated that the beta band synchronisation matrices of resting state EEG
recordings in AD subjects are characterised by a longer characteristic path length L
compared to control subjects (chapter 5). Short path lengths are believed to promote
effective interactions between neuronal elements within and across regions, which are
essential for functional integration. The significant correlation between path length and
cognitive functioning (as measured with MMSE) in chapter 5 is consistent with the
notion that long distance interactions between interconnected areas of the brain form the
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basis of cognitive processes. During the conscious resting state a default mode brain
network is active, involving the posterior and anterior cingulate gyrus, medial and lateral
prefrontal cortex and the temporal lobe (Greicius et al. 2003, 2004;Gusnard et al. 2001).
Taking into account the somewhat low spatial resolution of EEG recordings, the
findings of a decreased functional connectivity between the central, temporal and frontal
regions in chapter 5 appear to be in line with these results. Previous research has
similarly demonstrated altered resting state activity of these regions in AD (Hirao et al.
2006;Mosconi et al. 2003).

7.4. - Recommendations for further research

The work described in this thesis has provided a large amount of material suitable for
utilising in further research involving the cingulate cortex. The anatomical chapters 2
and 3 have provided a much needed cytoarchitectonic anatomical map that can be used
for the planning of further electrophysiological and lesion studies in rats. With this map,
cingulate lesions can be strategically placed in order to assess the effects of disruptions
at a network level. An interesting way to analyse the anatomical maps of chapters 2 and
3 would be to assess the small-world characteristics of these connections. Small world
networks are not unique to neurophysiological cortical interactions. In fact, nearly all
complex systems occurring in nature show small world network characteristics,
including cortical connections (Sporns et al. 2004;Watts and Strogatz 1998). Careful
examination of the topography of the anatomical networks presented in chapter 3 shows
that many local connections between the closed loops exist whereas only a few
strategically placed connections appear necessary to integrate the information flow
across networks (Figs. 7.2B, 7.3), indicating that these connections may show smallworld network characteristics. The concept of weighted graphs allows for the possibility
to assess the differential involvement of strong versus week connections in a system
(Latora and Marchiori 2001).
The volumetric work has established that all cingulate regions show atrophy in AD
patients and has provided a delineation protocol that can be used in future studies of
cingulate atrophy in AD. The next stage is a volumetric study to assess correlations
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between atrophy and disease severity and between atrophy and psychometric measures
in order to determine the functional consequences of cingulate atrophy in AD. The
neurophysiological study described in chapter 5 has shown for the first time that
functional networks in Alzheimer’s disease show a loss of small-world characteristics in
the beta-band. Other bands have not yet been examined. Examination of other frequency
bands may be relevant since oscillations in different frequency bands subserve different
functions and may operate at different spatial scales (Basar et al. 2001;von Stein and
Sarnthein 2000). Both clinical studies in this thesis were cross-sectional. Such studies
have inherent problems that are related to the considerable overlap between patients
with AD and controls, because of large inter-individual variability in brain volumes and
synchronization levels. Longitudinal studies, using subjects as their own controls reduce
problems caused by inter-individual variability. Longitudinal studies using the methods
described in this thesis are a logical next step to examine cingulate involvement in
Alzheimer’s disease.
Since no single biological marker exists for AD, the diagnosis is usually based on
multiple sources of information that are considered simultaneously. Combined indices
of different investigations may thus improve diagnostic accuracy. Magnetic resonance
imaging, EEG and neuropsychological investigation have both been shown to be
predictive markers of the disease (Fox et al. 1998;Fox et al. 2001;Jonkman 1997;Nestor
et al. 2004). Assessment of correlates between EEG, MRI and neuropsychological
measures could be used to improve diagnostic accuracy. This is particularly relevant
considering the fact that potential disease modifying strategies aimed at delaying the
onset or slowing the progression of AD are currently under development (Fox et al.
2005;Gilman et al. 2005).
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7.5. - Concluding remarks

Considering the organisational nature of the cerebral cortex, the investigation of the
involvement of a particular region in learning and memory functions is best understood
through the study of neural networks, which may be pursued through the joint
consideration of neuroanatomical structure and neurophysiological function. This thesis
has demonstrated that the cingulate cortex is a complex heterogeneous structure, which
is intimately connected with the hippocampus and parahippocampal region, forming
closed anatomical networks, each of which may underlie specific components of
learning and memory functions. All regions of the cingulate cortex show atrophy in
Alzheimer’s disease, potentially resulting in a disruption of anatomical networks
subserving learning and memory functions. Furthermore, in Alzheimer’s disease the
functional connectivity patterns of the conscious resting state are characterised by a loss
of long-distance interactions, which is directly related to the severity of cognitive
impairment. The human cingulate cortex studies described in this thesis support the
theory that the symptomatology in Alzheimer’s disease is caused by an interregional
disconnection of networks due to neural degeneration, rather than the disruption of a
single isolated region. These and further studies using the methods described in this
work may lead to a more fine-grained insight into the complex interactions at a network
level and as such will be relevant for improving the diagnostic accuracy of Alzheimer’s
disease in its early stages.
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Abbreviations

ac:
AC/ACC:
ACd:
AChE:
ACv:
AD:
AE:
BDA:
cas:
cc:
CG:
cs:
DG:
DIE:
DLE:
EEG:
Fr2:
fx:
HF:
IL:
MC:
ME:
MEG:
MO:
MR:
MRI:
OC2-mm:
PARA:
PHA-L:
pc:
PC/PCC:
PCG:
PER:
PHR:
PL:
POR:
PRE:
ROI:
RS:
RSd:
RSv:
RSv-a:

anterior commisure
anterior cingulate cortex
dorsal anterior cingulate cortex
acetylcholinesterase
ventral anterior cingulate cortex
Alzheimer’s disease
amygdaloentorhinal transition field
Biotinylated Dextran Amine
callosal sulcus
corpus callosum
cingulate gyrus
cingulate sulcus
dentate gyrus
dorsal intermediate entorhinal area
dorsolateral entorhinal area
electroencephalograpgy
frontal cortex, area 2
fornix
hippocampal formation
infralimbic cortex
motor cortex
medial entorhinal area
magnetoencephalography
medial orbital cortex
marginal ramus
magnetic resonance imaging
occipital cortex, area 2, mediomedial part
parasubiculum
Phaseolus vulgaris-leucoagglutinin
posterior commisure
posterior cingulate
paracingulate gyrus
perirhinal cortex
parahippocampal region
prelimbic cortex
postrhinal cortex
presubiculum
region of interest
retrosplenial cortex
dorsal retrosplenial cortex
ventral retrosplenial cortex
ventral retrosplenial cortex, ventral part
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RSv-b:
SMA:
sps:
SUB:
TIV:
VIE:

ventral retrosplenial cortex, dorsal part
supplementary motor area
splenial sulcus
subiculum
total intracranial volume
ventral intermediate entorhinal area
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