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Chapter 1 – General introduction and aim of this thesis 

 

 

Ever since the time human beings developed a capacity for higher cognitive reasoning a 

sense of fascination for their own complex behaviour has been an unlimited source of 

inspiration, not only for artists and politicians, but equally so for neuroscientists. The 

downside is that the associated complexity of our brains renders us vulnerable to a 

specific subset of diseases affecting higher cognitive functions, such as schizophrenia, 

depression and dementia. Alzheimer’s disease is the most common form of dementia 

worldwide, affecting over 20% of the population over 80 years of age. It presents a 

heavy psychological and social burden on patients and their families and -in our aging 

population- will place increasing demands on society in terms of social and financial 

consequences. Scientific research into the mechanisms of cognitive (dys)functioning is 

thus not only an interesting challenge in itself but also provides a starting point for the 

development of therapeutic interventions for such diseases.  

Alzheimer’s disease mostly starts with a progressive and insidious onset of memory 

impairment. The neural correlate for memory impairment in early Alzheimer’s disease is 

located in the medial temporal lobe. Previous studies have demonstrated that complex 

functions, such as learning and memory, are not unitary processes but are divisible into 

sub-processes, which are localised in different areas of the brain. In order to fully 

understand the symptomatology of memory impairment in Alzheimer’s disease, it is 

therefore crucial to know which other areas of the brain are affected and how they 

interact with the medial temporal lobe during both normal as well as pathological 

learning and memory processes. This thesis examines the role of the cingulate cortex in 

learning and memory processes by analysing its relation to the medial temporal lobe and 

pathological changes occurring in Alzheimer’s disease. In the following paragraph I will 

give an overview of the organisational principles of cognitive processes in the brain and 

memory in particular. Next I will provide a synopsis of available methods to examine 

memory functions in relation to these organisational principles. This will be followed by 

a basic overview of cingulate cortex anatomy and functions. Subsequently, an overview 

of previous research and issues that must be taken into account when analysing the role  
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of the cingulate cortex in relation to the organisational principles of cognitive functions 

will be presented. The chapter concludes with an outline of the problems to be addressed 

and the aims of this thesis. 

 

1.1. - Organisational principles of cognitive processes in the brain 

 

Historically, our notion of the organisational principles underlying cognitive functions 

has been subject to debate and opposing views. In the late 18th century, Franz Josef Gall 

argued that the cerebral cortex is a mosaic of specific functions and that even abstract 

mental attributes are localised to a single, functionally specific cortical area. The best-

known critic of Gall, Marie-Jean-Pierre Flourens introduced an opposing view that later 

came to be known as the aggregate field view of the brain. Based on a number of lesion 

experiments in a variety of animal species he argued that mental functions are 

distributed homogeneously throughout the cerebral cortex and that all regions of the 

brain are able to support all functions of the hemisphere. In the latter half of the 19th 

century a number of important developments took place, which were very important to 

our current understanding of the way the brain works. Based on his own discoveries and 

those of Paul Broca, the German neurologist Carl Wernicke formulated a theory of 

language that attempted to reconcile and extend these two opposing theories of brain 

function. Wernicke proposed that only the most basic mental functions, those concerned 

with simple perceptual and motor activities, are localised to a single cortical area and 

that interconnections between these functional sites make more complex intellectual 

functions possible (Feinberg and Farah 1996;Kandel 1991). Only during the last decade 

with the convergence of modern cognitive psychology and the brain sciences have we 

begun to appreciate that cognitive processes cannot be localized to one structure but 

rather depend on interactions between interconnected areas of the brain. Interactions 

between these areas take the form of serial and parallel distributed networks in which 

the elementary functional contribution of each region differs. Complex cognitive 
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functions are possible through interactions within and between these dynamic networks 

(Bressler 1995;Bressler and Tognoli 2006;Friston 2002;Horwitz 2003;Pastor et al. 

2000). 

Many studies focussing on memory have underlined these organisational principles. 

Patients with early Alzheimer’s disease (AD) -in which memory impairment is a 

prominent feature- have typically lost the ability to encode and recall events related to 

personal experiences, such as how they got to the clinic (termed episodic memory). On 

the other hand they are still capable of recalling non-personal facts, such as the capital of 

Scotland (termed semantic memory), which illustrates that memory is composed of 

separate components, which may be affected differentially. The medial temporal lobe is 

thought to be amongst the earliest sites of pathological involvement in AD (Braak and 

Braak 1991). Lesion studies in both humans and animals have demonstrated that 

episodic memory is crucially dependant on the integrity of the medial temporal lobe 

(Aggleton and Brown 1999;Squire and Zola-Morgan 1991;Scoville and Milner 1957). 

This dependency is however time limited, illustrated by the fat that memory loss in 

patients with medial temporal lobe damage -including AD- is temporally graded. These 

patients have trouble encoding new memories and are impaired on the recall of recent 

episodic memories but are unimpaired in recalling events from the remote past. The 

observation of temporally graded amnesia after damage to the medial temporal lobe has 

lead to the suggestion that this area supports a process of consolidation of memories that 

are eventually stored elsewhere in the brain, presumably the neocortex (Milner et al. 

1998;Squire 1992). Neocortical regions are also important for another type of memory 

called working memory. This type of memory refers to the capacity to temporarily 

maintain relevant information ‘on-line’ for further processing and provides an interface 

between perception, long-term memory and behavioural responses which are relevant 

during learning and memory processes dependant on the medial temporal lobe 

(Baddeley 2003;Goldman-Rakic 1988). Both memory consolidation as well the process 

of learning new information requires an intimate functional relationship between the 

medial temporal lobe (i.e. hippocampus and parahippocampal cortex) and the neocortex. 

Previous research in humans and animals has indeed demonstrated that the actual 

interactions between medial temporal lobe structures and neocortical regions are 
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important for a normal course of learning and memory processes (Degenetais et al. 

2003;Hannesson et al. 2004;Laroche et al. 2000;Simons and Spiers 2003). In 

Alzheimer’s disease, these interactions are impaired (Grady et al. 2001;Greicius et al. 

2004;Wang et al. 2006) and it has been suggested that this disease is a disconnection 

syndrome in which cognitive impairment is caused by a disruption of the structural and 

functional integrity of long cortico-cortical tracts (Delbeuck et al. 2003;Leuchter et al. 

1992). 

A final issue that must be taken into consideration is that learning and memory 

processes do not take place in isolation. A normal course of these processes require the 

integration of learning and memory networks with those responsible for other functions 

such as motivation, the ability to create associative links between occurrences, and 

flexible cognitive behaviour in order to let go of inappropriate strategies and focus 

attention on relevant information. 

In light of the above, the cingulate cortex forms a challenging region to examine in 

relation to learning and memory processes, as it is not only directly involved in different 

aspects of learning and memory itself but is also involved in functions which may 

facilitate learning and memory processes such as attention, motivation and emotion 

(Paus 2001;Vogt et al. 1992). 

 

1.2. -  Methods for assessing the role of a specific brain region in relation to the 

organizational principles of cognitive processes in the brain 

 

From the previous paragraph it will be clear that research pertaining to the role of a 

specific brain region in learning and memory processes can focus on two principles in 

both normal as well as under pathological conditions: 1) the functional contribution of 

that specific region within a network and 2) its interactions with other brain regions 

involved in similar processes. This paragraph provides a synopsis of methods available 

to analyse such a role in relation to this thesis. Other methods are also available but will 

not be discussed, or only briefly touched upon. 



Chapter 1 

 6 

1.2.1. - Lesion studies 

 

Lesion studies are a classic method to assess functional roles of individual regions or 

anatomical connections. In animals these lesions can be selectively positioned using 

methods directed specifically at the cortex or at fibre bundles and have proved 

invaluable in assessing learning and memory functions (Aggleton and Pearce 2001). 

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. Nonetheless, when meticulously documented 

these cases provide invaluable information about the role of an individual region or its 

anatomical connections in cognitive processes (Van der Werf et al. 2003). An additional 

advantage of human lesions is the possibility to review functions that are not assessable 

in animals such as abstract reasoning. 

 

1.2.2. - Volumetric imaging studies 

 

Magnetic resonance imaging (MRI) based volumetric measurements have proved useful 

for quantifying regional cerebral atrophy occurring in Alzheimer’s disease (Fox et al. 

2001). Post-mortem studies have demonstrated that the atrophy in Alzheimer’s disease 

is associated with its defining histopathological changes, i.e. the accumulation of 

neurofibrillary tangles and amyloid plaques, accompanied by widespread neuronal and 

synaptic loss (Braak and Braak 1991;Rohn et al. 2001;Uylings and de Brabander 2002). 

The implication therefore is, that the macroscopic changes of progressive regional and 

global atrophy are a closely linked consequence of the underlying pathological 

processes in AD. Correlations between regional atrophy and cognitive impairment in 

Alzheimer’s disease may therefore provide insight into the role of specific regions in 

learning and memory processes. In addition, assessment of regional atrophy might 

ultimately be used to improve the diagnostic accuracy in very early stages of the disease 

(Fox et al. 2001).   
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1.2.3. – Connectivity 

 

Connectivity is a frequently used term in neuroscience, which relates to the concept that 

cognitive functions are considered to be the offspring of the activity of large-scale 

networks of interconnected cerebral regions. These interconnections usually refer to 

principles involving anatomical connectivity or functional connectivity.  

 

Anatomical connectivity 

The topographical analysis of anatomical connections between brain regions involved in 

learning and memory may provide an understanding of anatomical networks underlying 

these functions. Such connections are most effectively studied by injecting 

anterogradely and retrogradely transported tracers, i.e. chemical substances taken up by 

the cell body or the axon terminals respectively and subsequently transported in the 

direction of the axon terminals or the cell soma. As the nature of these methods excludes 

their use in humans, animal models are used to study these connections. These studies 

also provide an important anatomical map for the design of neurophysiological and 

lesion studies in animals. The importance of anatomical connections underlying 

cognitive activities was emphasised by Pastor who introduced the term causal 

connectivity in relation to anatomical connectivity. Causal connectivity is based on the 

anatomical connection pattern, the information processing within cerebral regions and 

the causal influences that connected regions exert over each other. He stated that only 

causal connectivity can offer a real understanding of links between brain and mind 

(Pastor et al. 2000). 

 

Functional connectivity 

Functional measures, such as electroencephalography (EEG), magnetoencephalography 

(MEG) and functional MRI (fMRI) create the possibility to study correlations between 

signals of brain activity recorded from different areas. The underlying assumption is that 

such correlations reflect functional interactions between different brain regions. The 

concept of statistical interdependencies between signals of brain activity as a tentative 
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index of functional interactions is referred to as functional connectivity (Friston 

2002;Lee et al. 2003). 

In EEG and MEG studies the interactions or correlations between brain regions can be 

determined by calculating the synchronization between different channels, with each 

channel representing an electrode signal placed over a predefined area of the brain. 

Interactions between channels are usually analysed using linear methods such as 

coherence analysis (Nunez et al. 1997). However, it has now been proven that 

physiological interactions between brain regions also have non-linear characteristics 

(Stam et al. 2003). Therefore, measures enabling us to assess both linear as well as non-

linear dynamics may prove more useful in analysing interactions during healthy and 

pathological processes. A recently developed measure sensitive to linear as well as non-

linear characteristics is the synchronization likelihood (Stam and van Dijk 2002).  

An alternative approach to the characterization of complex networks is the use of Graph 

theory (Sporns et al. 2004;Strogatz 2001). In graph theoretical analysis, networks are 

converted to a graph and analysed by their presence of local and long distance 

interactions. Watts and Strogatz (1998) have shown that graphs (i.e. networks) with 

many local connections and a few random long distance connections are near optimal 

and are designated ‘small-world’ networks. Many types of real networks (such as social 

interactions and the world wide web) have now been shown to have small-world 

features (Strogatz 2001). 

 

1.3. - Anatomy and functions of the cingulate cortex 

 

The cingulate cortex is a structurally and functionally heterogeneous region, which 

arches around the corpus callosum on the medial surface of the brain. It has two major 

subdivisions: the rostrally located anterior cingulate cortex (AC) and the caudally 

positioned posterior cingulate (PC) and retrosplenial cortices (RS) (Fig. 1.1).  

In both rodents and primates, the anterior cingulate cortex comprises Brodmann’s area 

24, whereas the retrosplenial cortex consists of area 29 in rodents and areas 29 and 30 in 

primates. In primates the retrosplenial cortex is located in the depth of the callosal 

sulcus and does not appear on the medial surface of the brain. The posterior cingulate 
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Figure 1.1. Midsagittal view demonstrating the localisation of the anterior (AC), posterior 
(PC) and retrosplenial (RS) cingulate cortices on a photographed rat brain (A) and a 
human MRI-scan (B). The approximate location of Brodmann’s areas 25, 32, 24, 23, 29 
and 30 have also been indicated. A: In the rat brain the cingulate cortex takes up the 
larger part of the medial surface extending onto its dorsal and ventral surface posteriorly 
(the grey line indicates the midsagittal border of the brain). B: In human brains the 
cingulate cortex is largely located on the cingulate gyrus (CG) extending into the callosal 
and cingulate sulcus. Other abbreviations: ac, anterior commissure; cc, corpus 
callosum; fx, fornix; hipp, hippocampus; pc, posterior commissure. 
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cortex is not present in rodents and comprises Brodmann’s area 23. Brodmann’s areas 

25 and 32 are variably included in the cingulate cortex by different researchers (Paus 

2001;Vogt and Peters 1981;Vogt et al. 1986). 

 

Functionally, anterior cingulate regions (including 25 and 32) have been implicated in a 

variety of cognitive functions such as working memory, attention processes, the 

suppression of ineffective behavioural responses, cognitive flexibility, the inhibition of 

conditioned fear, associative avoidance learning, autonomic- and skeletomotor functions 

and the affective component of pain (Allman et al. 2001;Bush et al. 2000;Devinsky et al. 

1995;Groenewegen and Uylings 2000;Paus 2001;Vogt et al. 1992). In addition, several 

studies have demonstrated that anterior cingulate regions are involved in the long-term 

storage of memories (Bontempi et al. 1999;Frankland et al. 2004;Wiltgen et al. 2004). 

At a first glance these functions seem to be highly diverse. However there is a unifying 

theme to nearly all functional observations that have been made of this region, which is 

to integrate information from different external and internal sensory modalities and 

subsequently provide a co-ordinated output to brain structures involved in motor, 

cognitive and autonomic functions. The integrative function of this region is reflected by 

its extensive connections with cortical and subcortical areas throughout the brain 

including somatosensory, motor and visual cortex, midbrain and pontine reticular 

formation, superior colliculus, periaqueductal grey, spinal cord, amygdala, hippocampus 

and parahippocampal cortex, midline and intralaminar thalamic nuclei and the 

monoaminergic, serotonergic and cholinergic centra of the brain (Groenewegen and 

Uylings 2000;Uylings and Van Eden 1990;Vogt et al. 1992;Vogt et al. 2004). 

Many functional studies in both rodents and primates have demonstrated that the 

posterior cingulate and retrosplenial cortices are involved in spatial working memory 

and retrieval tasks (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). In addition, these areas also appear to be involved in the 

retrieval and acquisition stages of episodic memory tasks without a spatial component 

(Maddock et al. 2001;Shah et al. 2001;Shallice et al. 1994;Yasuda et al. 1997). To this 

end, these regions are heavily connected to cerebral structures involved in visuospatial 
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processing and memory functions such as the parietal and visual cortex, the anterior and 

laterodorsal thalamic nuclei, the dorsolateral prefrontal cortex (in primates), as well as 

the hippocampus and parahippocampal cortex (Kobayashi and Amaral 2003;Shibata 

1998;van Groen and Wyss 1990b;Vogt and Miller 1983;Vogt and Pandya 1987;Vogt et 

al. 1992;Wyss and van Groen 1992). 

Pathological and imaging studies have demonstrated that both anterior and 

posterior/retrosplenial regions of the cingulate cortex are affected in Alzheimer’s disease 

(Braak and Braak 1993;Scahill et al. 2002). Furthermore, cingulate cortex dysfunctions 

demonstrated in other imaging studies 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 (Grady et al. 

2001;Salmon et al. 2000;Wang et al. 2006). 

 

1.4. - Assessing the role of the cingulate cortex in learning and memory in relation 

to the organizational principles of cognitive processes in the brain 

 

1.4.1. - Lesion studies in humans 

 

The most consistent pattern emerging from lesions located in the posterior cingulate and 

retrosplenial cortices is a topographical disorientation following right sided lesions and a 

more general episodic memory disturbance following left sided or bilateral lesions 

(Cammalleri et al. 1996;Maguire 2001;Takahashi et al. 1997;Valenstein et al. 1987). 

Lesions of the medial part of the frontal lobe involving the anterior cingulate cortex give 

rise to a number of symptoms such as akinetic mutism, transcortical motor aphasia, 

hemiparesis, apraxia, incontinence, disorders of attention and various executive and 

behavioural abnormalities (Bogousslavsky and Regli 1990;Kumral et al. 2002). 

Defining the contribution of the cingulate cortex in the symptomatology of such lesions 

is particularly difficult as they nearly always involve surrounding cortical areas that are 

involved in similar functions such as the supplementary and pre-motor cortex. In 

addition, many lesions involve the underlying cingulum bundle, which forms the major 

route of the many afferent and efferent projections of cingulate cortex. Lesions to the 
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cingulum bundle, which disrupt these 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). Infarctions of the cingulate cortex in humans are rare, but 

when they do occur a thorough analysis of the symptomatology and exact localisation of 

the lesion may further elucidate the role of individual cingulate regions in cognitive 

processes. 

 

1.4.2. - Volumetric imaging studies in Alzheimer’s disease 

 

Cingulate cortex atrophy has been demonstrated in AD using region-based manual 

outlining (Callen et al. 2001;Killiany et al. 2000) and semi-automated techniques such 

as voxel-based morphometry (Baron et al. 2001;Fox et al. 2001;Frisoni et al. 

2002;Scahill et al. 2002). In voxel-based morphometry studies the atrophy appears to 

predominate around the splenial sulcus, including the dorsal part of the posterior 

cingulate gyrus and does not seem to involve more ventrally located retrosplenial areas. 

Atrophy of the rostral (but not the caudal) anterior cingulate cortex has been 

demonstrated in later stages of the disease (Frisoni et al. 2002;Scahill et al. 2002). A 

region of interest study based on manual outlining has shown significant atrophy of the 

caudal anterior cingulate and the posterior cingulate cortices but did not find any 

significant atrophy in the rostral anterior cingulate cortex (Callen et al. 2001). This study 

included the paracingulate gyrus in the anterior cingulate cortex and did not subdivide 

the posterior cingulate and the retrosplenial cortices. 

Certain features inherent to cingulate cortex anatomy are important to consider when 

analysing the atrophy of individual cingulate areas in Alzheimer’s disease. Firstly, there 

is a high degree of inter-individual variability in cingulate sulcal patterns in humans 

(Paus et al. 1996;Vogt et al. 1995). As a consequence, automated methods such as 

voxel-based morphometry, which require spatial normalization and smoothing 

techniques, are probably less suitable for analysing highly variable cortical regions such 

as the cingulate cortex (Ashburner and Friston 2000;Crum et al. 2003). Secondly, a 

potential source of variability in region of interest (ROI) based manual outlining is 

caused by the difficulty of accurately correlating cytoarchitectonic borders in 



Introduction 

 13 

histological sections with gross anatomical landmarks on MRI-scans in vivo. 

Nonetheless, manual demarcation of brain regions is still the gold standard for region of 

interest measurement on MRI (Crum et al. 2003;Tisserand et al. 2002). A proper 

analysis of regional cingulate atrophy in AD would thus require a ROI-based analysis 

with a definition of regional cingulate borders based on extensive examination of 

morphological and cytoarchitectonic studies. 

 

1.4.3. - Connectivity 

 

Anatomical connectivity in rats 

The hippocampal formation and the different subdivisions of the cingulate cortex have 

been implicated in various aspects of learning and memory functions and previous 

reports have pointed out the importance of interactions between these regions for a 

normal course of these processes (Bussey et al. 1996;Degenetais et al. 2003;Floresco et 

al. 1997;Gabriel 1993;Hannesson et al. 2004;Simons and Spiers 2003). Anatomical 

connections between these regions in rodents have been described previously (Vogt and 

Miller 1983;Burwell and Amaral 1998a;Vertes 2004;Wyss and van Groen 1992). 

However, a difficulty in comparing the results of previous studies is that they often use 

different cytoarchitectonic maps of the cingulate cortex and/or focus on a single 

cingulate region. Two functionally specialized processing streams exist within the 

parahippocampal-hippocampal network that are organised in parallel maintaining a 

certain level of functional segregation (Burwell 2000;Witter et al. 2000b). To date it is 

not clear whether this level of functional segregation is also maintained in the 

communication between the hippocampus and cingulate cortex. The demonstration of 

segregated networks may help clarify the way in which functions common to both these 

regions are mediated in the brain. Analysis of the projections of the entire cingulate 

cortex using a proper cytoarchitectonic map seems relevant in order to integrate these 

connections into the known parallel networks in the parahippocampal-hippocampal 

region. 
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Functional connectivity in neurophysiological studies 

Using synchronisation likelihood as a measure of linear and non-linear correlation 

between EEG channels, a loss of upper alpha, beta and gamma band synchronization has 

been demonstrated 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). Using graph theoretical 

analysis, Stam demonstrated that resting state networks in healthy adults display small-

world network characteristics (Stam 2004).  Analysis of ‘small-world’ characteristics of 

functional connectivity between EEG and MEG channels may provide an interesting 

insight into the pattern of network disruption underlying cognitive impairment in AD. 

 

1.5. - Aims and outline of this thesis 

 

The main objective of this thesis is to analyse the role of the cingulate cortex in learning 

and memory functions by assessing its anatomical relations with the medial temporal 

lobe structures and by analysing anatomical and functional changes occurring in 

Alzheimer’s disease. By sheer coincidence we encountered a patient with an infarction 

of the anterior cerebral artery and used this case history as an illustrative example. 

Chapters 2 and 3 describe anatomical connections of the cingulate cortex in the rat 

using anterograde tracer techniques. In chapter 2 anatomical connections between the 

different regions of the cingulate cortex are described whereas chapter 3 deals with the 

efferent projections from the cingulate cortex to the (para)hippocampal region. 

Following the construction of a cytoarchitectonic map in order to compare the results 

between rats we investigated whether these projections form part of distributed 

anatomical networks which may underlie learning and memory functions. Chapter 4 

describes a ROI based delineation protocol for assessing cingulate atrophy in 

Alzheimer’s disease on MRI scans in vivo. Using this protocol we analysed regional 

atrophy of the cingulate cortex in patients with Alzheimer’s disease compared to healthy 

controls. In chapter 5 the disruption of functional networks in Alzheimer’s disease is 

investigated. Using Graph theoretical analysis of resting state EEGs of AD patients and 

healthy controls we examined the nature and gross localisation of the disruption of 

functional networks in AD patients.  
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Chapter 6 describes the invalidating but largely transient psychological and 

neurological consequences of a relatively small infarction of the left anterior cingulate 

cortex in a young patient. By carefully assessing the cortical and subcortical localisation 

of the lesion we sought to analyse the contribution of the cingulate cortex in these 

symptoms. 
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CHAPTER 2 

 

Intrinsic connections of the cingulate cortex in the rat suggest the existence 

of multiple functionally segregated networks
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Chapter 2 -  Intrinsic connections of the cingulate cortex in the rat suggest the 

  existence of multiple functionally segregated networks 

 

2.1. - Abstract 

 

The cingulate cortex is a functionally and morphologically heterogeneous cortical area 

comprising a number of interconnected subregions. To date, the exact anatomy of 

intracingulate connections has not been studied in detail. In the present study we aimed 

to determine the topographical and laminar characteristics of intrinsic cingulate 

connections in the rat, using the anterograde tracers Phaseolus vulgaris-leucoagglutinin 

and biotinylated dextranamine. For assessment of these data we further refined and 

compared the existing cytoarchitectonic descriptions of the two major cingulate 

constituents, the anterior cingulate and retrosplenial cortices. The results of this study 

demonstrate that rostral areas, i.e. the 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. The caudal two thirds of the dorsal anterior 

cingulate cortex project to the caudal part of the ventral anterior cingulate cortex, 

whereas the entire ventral anterior cingulate cortex projects to only the mid-rostro-

caudal part of the dorsal anterior cingulate cortex. 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, suggesting that specific cingulate functions depend on a number of 

interconnected cingulate subregions. Through their intricate associational connections, 

these subregions form functionally segregated networks. 
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2.2. - Introduction 

 

The cingulate cortex is a structurally and functionally heterogeneous region, which 

arches around the corpus callosum on the medial surface of the brain. Its major 

subdivision is between a rostrally located anterior cingulate cortex (AC) and a caudally 

positioned retrosplenial cortex (RS) (Baleydier and Mauguiere 1980;Vogt et al. 1992). 

Functional studies examining the cingulate cortex provide support for the increasing 

recognition that cognitive processes cannot be localized to one structure but rather 

depend on interactions between interconnected areas of the brain, forming dynamic 

networks (Friston 2002;Horwitz 2003;Pastor et al. 2000). Thus, rather than being 

involved in one function, the two cingulate regions are involved in many different 

cognitive processes. For example, AC is involved in working memory, attention, 

maternal behaviour, visceromotor and skeletomotor control and in processing affective 

components of pain, whereas RS plays a role in episodic memory and in the monitoring 

of visual events and eye movements (for reviews see: Desgranges et al. 1998;Devinsky 

et al. 1995;Maddock 1999;Maguire 2001;Paus 2001;Vogt et al. 1992;Whishaw and 

Wallace 2003). In addition, these complex cognitive functions themselves are not solely 

localized in the cingulate cortex but appear to be subserved by distributed networks of 

the brain that include the cingulate cortex (Aggleton et al. 2000;Desgranges et al. 

1998;Sewards and Sewards 2002;Vann et al. 2000a;Whishaw and Wallace 2003). The 

importance of interactions between the different subregions of the cingulate cortex for 

normal cognitive functioning has also been demonstrated. For example, functional 

studies in rodents have shown that AC and RS are involved in different stages of 

discriminative approach and avoidance learning and that communication between these 

two regions is necessary for a normal course of these processes (Bussey et al. 

1996;Freeman, Jr. et al. 1996;Gabriel and Sparenborg 1987;Gabriel et al. 

1991;Takenouchi et al. 1999). 

From the perspective of the network theory of cognitive functioning, cognitive deficits 

should not only be attributed to a dysfunction in one brain region, but may also result 

from disconnections between different cerebral areas (Delbeuck et al. 2003). This notion 

is supported by lesion studies examining spatial learning and memory processes in rats, 
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in which both AC and RS cortices are involved (Vann et al. 2000a, 2003;Warburton et 

al. 1998). Disruption of the communication between these two regions, through 

lesioning of the cingulum bundle, leads to a severe impairment in spatial learning and 

memory tasks (Aggleton et al. 1995;Markowska et al. 1989;Warburton et al. 1998). It 

seems somewhat contradictory that disruption of the network through combined lesions 

of the anterior cingulate and retrosplenial cortices, which spare the underlying white 

matter, only lead to a slight impairment on such tasks (Aggleton et al. 1995;Neave et al. 

1994;Warburton et al. 1998). However, these studies have very rarely lesioned the entire 

cingulate cortex and generally spared either the midcingulate regions or the rostral and 

caudal extremes of the cingulate cortex. A possibility exists that the spared cingulate 

regions in those studies are themselves interconnected, forming functional networks that 

are each capable of subserving spatial learning and memory processes. 

However, the detailed organization of intracingulate connections has not been studied in 

a single comprehensive study. To date, most studies have focussed on a single cingulate 

region, or employed older tracing techniques that lack currently available anatomical 

specificity (Bassett and Berger 1982;Beckstead 1979;van Groen and Wyss 1990a,1992, 

2003;Vogt and Miller 1983;Fisk and Wyss 1999). Moreover, the cytoarchitectonic maps 

used in these studies reveal a number of discrepancies, which complicates a comparison 

between them (Brodmann 1909;Caviness, Jr. 1975; Krettek and Price 1977; Krieg 1946; 

Rose 1931;Rose and Woolsey 1948;Vogt and Peters 1981;Zilles et al. 1980) 

In the present study, we examined the organization of intracingulate connections in rats 

using sensitive anterograde tracers, deployed in both the anterior cingulate and 

retrosplenial cortices. We sought to ascertain in particular the topographical and laminar 

characteristics of intracingulate networks. In view of the discrepancies between 

previously proposed cingulate maps, the subdivision of the cingulate cortex was 

examined first with the use of different staining methods in coronal, sagittal as well as 

horizontal sections.  
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2.3. - Experimental procedures 

 

Fifty-five female Wistar rats (weight: 180-220g; Harlan Central Proefdier Bedrijf, Zeist, 

the Netherlands) were used in this study. All experiments were approved by the Animal 

Ethical Committee of the Vrije Universiteit concerned with ethical aspects of 

experiments and care for laboratory animals and were in accordance with national and 

EC guidelines. 

 

2.3.1 - Cytoarchitectonic evaluation and flat map construction 

 

Five animals were anaesthetised with sodium pentobarbital (Nembutal 0.1ml/100g body 

weight intraperitoneally; Ceva, Paris, France) and transcardially perfused with 400cc 4% 

formaline solution. The brains were removed from the skull and stored overnight in a 

mixture of 20% glycerol and 2% dimethyl sulfoxide in distilled water. One brain was 

photographed in all directions and served as a standard brain surface map for the 

cingulate cortex. Three other brains were sectioned on a freezing microtome (30µm), 

one in the coronal, one in the sagittal and one in the horizontal plane. Sections from each 

brain were collected as six equally spaced series in separate vials and stored for further 

processing. One series of each of the three brains was stained with Cresyl Violet (Nissl-

stain), one with an antibody against parvalbumin (protocol as described by Wouterlood 

et al. 1995) and one series was histochemically reacted for the presence of 

acetylcholinesterase (AchE), (protocol as described by Tago et al. 1986). The fifth brain 

was a coronally cut brain (30µm) from laboratory stock, with one in six sections stained 

for myelinated fibers (Loyez iron-heamatoxylin method). 

The sections were examined with a light microscope and analysed with the use of 

Neurolucida imaging software (MicroBrightfield, Inc., Colchester, USA). This program 

enables the visual image under the microscope to be directly drawn into the computer, 

maintaining proportions between adjoining sections in each axis. Cingulate cortex 

outlines and (sub)divisions were drawn separately for each staining of the coronally 

(n=2), sagittally (n=1) and horizontally (n=1) cut brains. Subsequently, all drawings 

were exported to the Neuro-explorer program (MicroBrightfield, Inc., Colchester, USA), 
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which enables 3D-rotation of the stack of sections. The midline view of each stack of 

sections was exported to Corel Draw and projected onto the photograph of the standard 

brain. The rostral and caudal tip of the corpus callosum, the anterior commissure and the 

rostral tip of the hippocampus were used as markers to correct for size differences 

between brains. Once fitted onto the standard brain all the lines indicating cingulate 

subdivisions were visually averaged and used as a standard map of the cingulate cortex. 

A two-dimensional unfolded map of the cingulate cortex was constructed using an 

adaptation of the method used by Suzuki and Amaral (1994b). The outlines of the 

Neurolucida drawings of the coronally cut Nissl, AChE and parvalbumin stained coronal 

sections were straightened and then plotted onto the standard map of the cingulate 

cortex in an Excel spreadsheet. Points indicating the cingulate subdivisions were 

connected and the resulting lines were smoothed. 

 

2.3.2. - Anterograde tracing experiments 

 

Fifty animals received injections with the anterograde tracers Phaseolus vulgaris-

leucoagglutinin (2.5% PHA-L, Vector, Burlingame, CA, 25 mg/ml in 0.05M Tris-

buffered saline, pH 7.4) and/or Biotinylated Dextran Amine (BDA, Molecular probes, 

USA, 5% solution in 0.01M phosphate buffer) to study the intracingulate projection 

patterns. Twenty-one animals had been used in previous studies (Berendse et al. 

1992;Wright and Groenewegen 1995) and using a protocol similar to that in the earlier 

studies, new injections were placed in 29 animals. Rats were anaesthetised with an intra-

muscular injection of a mixture of Aescoket (Ketamine 100mg/ml, Boxtel, the 

Netherlands, 9 mg/100g body weight) and Rompun (xylazine 2mg/ml, Bayer, Brussels, 

Belgium, 1.3 mg/100mg body weight) and subsequently mounted in a stereotactic 

frame. A midline incision of the skin was made, and following additional local 

anaesthesia with xylocaine (lidocaine 10%) spray the periost was cleaved and moved 

aside. Burholes were made with a dental drill above cingulate areas to be injected. A 

glass micropipette (7-13 µm inner diameter) filled with either PHA-L or BDA was 

lowered into the cingulate cortex, using co-ordinates derived from the atlas of Paxinos & 

Watson (1998). For the sake of reduction in the number of animals, most animals 
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received one injection in the cingulate cortex and one injection with another tracer into 

other areas of the brain, in order to study afferent connections (not described in this 

study). Some animals received bilateral injections with BDA and PHA-L in the 

cingulate cortex. The tracers were iontophoretically injected by applying a positive, 

pulsed DC current (7 s on/ 7 s off, 7.5 mA for PHA-L, 6.5 mA for BDA) for 10-30 

minutes. Injections were aimed such, that each of the subareas along the entire rostro-

caudal and ventro-dorsal extent of the cingulate cortex received at least one injection. 

After a survival period of 8-14 days, the animals were anaesthetised with sodium 

pentobarbital (Nembutal intraperitoneally 60 mg/kg body weight; Ceva, Paris, France) 

and transcardially perfused with 750 ml 0.9% NaCl followed by 1 litre of 4% 

paraformaldehyde, 0.1% glutaraldehyde and 0.2% picric acid in 125 mM phosphate 

buffer, pH 7.4. The brains were removed from the skull, postfixed for 2 hours in the 

same fixative and stored overnight in a mixture of 20% glycerol and 2% dimethyl 

sulfoxide in distilled water. The brains were cut on a freezing microtome in the coronal 

or horizontal plane (30, 35 or 40 µm) and collected in phosphate buffer (100mM, pH 

7.4). One-in-three series of sections were stained for PHA-L or BDA. For visualisation 

of PHA-L, following three pre-rinses (3x10 min) in 0.05M Tris-buffered saline (pH 8.6) 

with 0.5% Triton X-100 (TBS-Tx), sections were incubated overnight (4 oC) in rabbit 

anti-PHA-L antibody (1:2000; Vector, Burlingame, CA, USA). Sections were 

subsequently rinsed (3x10 min) in TBS-Tx and incubated for 1 hour at room 

temperature in swine anti-rabbit antibody in TBS-Tx (1:50; Nordic Immunochemicals, 

Tilburg, the Netherlands). Following subsequent rinsing in TBS-Tx (3x 10 min), they 

were incubated in rabbit peroxidase- antiperoxidase (PAP) in TBS-Tx (1:800; Nordic 

immunochemicals, Tilburg, the Netherlands) for 1 hour at room temperature. Sections 

were then incubated for 20 min at room temperature in a solution containing 5 mg 

diaminobenzine (DAB) and 3.3 ml H2O2 in 10 ml Tris/HCL (pH 7.6), preceded and 

followed by three rinses (3x10 min) in Tris/HCL. Finally, the sections were mounted on 

glass slides from a 0.2% gelatine solution in Tris/HCL. Before being coverslipped, one 

series of sections of each animal was counterstained with Cresyl Violet. For 

visualisation of BDA, sections were rinsed three times in TBS-Tx and incubated with 
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the ABC-kit, according to the prescriptions provided by the manufacturer. Subsequently, 

sections were incubated in DAB and mounted as described above. 

  

2.3.3. - Analysis and representation of intracingulate projections 

 

The cingulate cortex flat map was presented in an Excel spreadsheet, whereby row 

height and column width were varied according to the size of the brain and the 

orientation in which it was cut. For each coronally cut brain, row height was kept 

constant and column width was varied to represent the distance between sections. For 

horizontally cut brains this was the other way round.  

PHA-L- and BDA-stained sections were analysed using a light microscope with the aid 

of the Neurolucida program (MicroBrightfield, Inc., Colchester, USA). A visual grid 

was placed over the sections such that the grid matched the Excel spreadsheet row 

height for coronally and column width for horizontally cut brains. For each part of the 

grid, the PHA-L or BDA labelling pattern was assigned a density, which was then 

indicated in the spreadsheet in a grey scale. A semi-quantitative method of 

representation of densities was chosen using four gey scales. The black colour 

represents labelling which is very dense and is only seen directly around the injection 

site. Dark grey indicates a densely labelled plexus whereby individual fibres are difficult 

to distinguish. The lightest grey scale indicates sparse labelling representing only a few 

fibres. Intermediate grey represents labelling intermediate to dense and sparse labelling. 

 

2.4. - Results 

 

2.4.1. - Cytoarchitectonics and flat map 

 

Both the anterior cingulate and retrosplenial cortices can be divided into a ventral 

(ACv/RSv) and a dorsal (ACd/RSd) area. The ventral retrosplenial cortex can be further 

subdivided into a ventral and dorsal part, RSv-a and RSv-b, respectively. The 

infralimbic (IL), prelimbic (PL) and anterior cingulate cortices lack a granular layer IV 

and are therefore referred to as agranular cortex (Uylings and Van Eden 1990). The 
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present description of cytoarchitectonic criteria of the cingulate cortex focusses on 

characteristic differences between the different subregions that were used for the 

construction of the cytoarchitectonic map. For detailed information pertaining to the 

cyto- and chemoarchitecture of the cingulate cortex we refer to Vogt and Peters (1981). 

 

Infralimbic area (IL): The ventrally located infralimbic area is the least differentiated of 

all cingulate areas. It consists of an outer (layer II/III) and two inner cell layers (layer V 

and VI). A characteristic feature of this area is its rather irregular border between layer I 

and II in Nissl stained sections (Fig. 2.1A). Compared to the ventrally abutting dorsal 

peduncular cortex (DP) and the more dorsally situated prelimbic area, the infralimbic 

cortex is much lighter stained with parvalbumin and AChE (Figs. 2.1B, C). 

 

Prelimbic area (PL): In Nissl stained sections layer III is broader than layer II and is 

composed of lightly stained cells, whereas layer V consists of characteristic large darkly 

stained round cells (Fig. 2.1A). In the abutting dorsal anterior cingulate cortex the 

deeper cell layers are more obviously arranged along the fibres radiating from the 

underlying white matter (Fig. 2.1A). The prelimbic cortex is characterised by a dense 

staining of the superficial cell layers with AChE (Fig. 2.1C). 

 

Ventral anterior cingulate cortex (ACv): In Nissl stained sections (Fig. 2.1A) layers II 

and III are characterised by homogeneously distributed large round cells, which in layer 

II show a slightly more dense packing. Compared to the superficial layers, layer V 

contains predominantly larger, less densely stained, round cells, intermingled with some 

pyramidal cells. Layer VI cells are homogeneously distributed. 

 

Dorsal anterior cingulate cortex (ACd): Compared to ACv, in Nissl stained sections, 

ACd layer II cells are more darkly stained and layer III is narrower, making these layers 

more easily distinguishable from each other (Fig. 2.1A). Furthermore, compared to 

ACv, layer V is broader and appears to contain slightly more pyramidal neurons, 

whereas layer VI is bilaminar (Fig. 2.1A, B), a feature that is more easily appreciated in 

horizontal sections. 
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In contrast to ACd, frontal cortex, area 2 (Fr2), which dorsally abuts the ACd, is 

practically devoid of parvalbumin cells (but still stains heavily for parvalbumin fibres) 

(visible in larger magnifications than shown in fig. 2.1) and is characterised by awide 

layer VIb in Nissl stained sections. 

More caudally, the superficial layers of the anterior cingulate cortex become more 

condensed and start to resemble those of the retrosplenial cortex. Whereas in Nissl 

stained coronal sections the transition from AC into RS takes place within a few 

sections, in AChE and myelin stained sections this transition is very abrupt and is 

characterised by the appearance of a darkly stained layer IV in RS. This transition 

coincides with the appearance of the hippocampus in coronally stained sections. 

 

 

 

 

 

Figure 2.1: Photomicrographs of coronal sections of the rat brain at different rostro-
caudal levels illustrating the cytoarchitecture of the anterior cingulate (A-C) and 
retrosplenial (D-G) cortex. In this figure and in following figures the cell layers are 
indicated by roman numbers.. Sections are stained for Nissl (A, D), parvalbumin (B,G), 
AChE (C, F) and myelin (E).   A: In IL, the border between the molecular layer (layer I) 
and the outer cell layer (layer II) is irregular. The large round layer V neurons 
characteristic of PL are indicated by an asterisk. In ACd the deeper cell layers are more 
obviously arranged along the radiating fibre bundles from the underlying cingulum 
bundle compared to ACv and Layer VI is bilaminar. B: Parvalbumin staining. ACd is 
more densely stained compared to PL and layer VI is bilaminar. C: AChE staining, 
demonstrating the densely stained superficial cell layers of PL, making this region 
clearly distinguishable from the adjoining cingulate regions. In both parvalbumin and 
AChE stained sections, IL stains lighter compared to the adjoining prelimbic and dorsal 
peduncular cortex. D: High power photomicrographs, illustrating the differences in layer 
V of RSv which contains round, swollen like cells and RSd, which contains mainly 
pyramidal and elongated cells. The superficial cell layers of RSd are wider and are less 
densely packed compared to RSv-a and -b and layer VI is bilaminar. In both myelin (E) 
and AChE (F) staining, layer IV is more densely stained in RSv-b than in RSv-a, 
whereas in RSv-a parvalbumin stained cells are more evenly distributed across its cell 
layers compared to RSv-b (G). The occipital cortex (OC2mm) abutting RSd is 
characterised by a marked drop in myelin content (E) and a less dense staining with 
parvalbumin (G). The border between RSv-a, presubiculum (presub) and subiculum 
(sub) is also clearly distinguishable.  Abbreviations: ACv, ventral anterior cingulate 
cortex; ACd, dorsal anterior cingulate cortex; DP, dorsal peduncular cortex; Fr2, frontal 
cortex, area 2; IL, infralimbic cortex; PL, prelimbic cortex; RSv, ventral retrosplenial 
cortex; RSd, dorsal retrosplenial cortex. Bar in A-D = 250 µm. Bar in E-G = 500 µm. 
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Ventral retrosplenial cortex (RSv): In Nissl stained sections the RSv is characterised by 

a dense packing of the darkly stained layer II-III cells and typical large, swollen-like 

cells in layer V, that are intermingled with pyramidal neurons (Fig. 2.1D). Layer IV is 

densely stained with myelin and AChE (Fig. 2.1E, F). Based on differences in staining 

patterns the RSv can be further subdivided into a ventral (RSv-a) and a dorsal region 

(RSv-b). In Nissl stained sections RSv-b layer II cells are more densely packed 

compared to RSv-a, layer V has many more pyramidal cells and the undifferentiated 

layer VI becomes wider (Fig. 2.1D). Both in AChE as well as in myelin stained sections 

layer IV is more densely stained in the RSv-b cortex (Fig. 2.1E, F). Compared to RSv-b, 

the RSv-a cortex contains many parvalbumin stained cells, located in layers II, V and VI 

(Fig. 2G). In RSv-b the sparsely stained layer IV is more easily distinguishable from its 

abutting layers than in RSv-a cortex (Fig. 2.1G). 

 

Dorsal retrosplenial cortex (RSd): The border between RSv and RSd in Nissl staining 

(Fig. 2.1D) is characterised by a widening and a less dense packing of layers II/III in 

RSd. Layer V does not contain any large swollen-like cells characteristic for RSv but is 

mainly composed of pyramidal and elongated cells (Fig. 2.1D). The bilaminar layer VI 

is wide with small elongated cells in VIa and more densely stained, larger elongated 

cells in VIb. RSd layer IV stains less dense compared to RSv-b layer IV with AChE and 

Loyez (Fig. 2.1E, F). 

The retrosplenial cortex is ventrally abutted by the subiculum or the presubiculum and 

by the occipital cortex, area 2, mediomedial part (OC2-mm) laterally. The subiculum 

and presubiculum display entirely different staining patterns compared to the 

retrosplenial cortex (Fig. 1.1E-G). Compared to the RSd, the visual cortex is less 

densely stained with parvalbumin and there is a marked drop in myelin content (Fig. 

2.1E, G). 

When the borders, as derived from material stained for Nissl, parvalbumin, AChE and 

fibres in the coronal, sagittal and horizontal sections, established on the basis of the 

criteria described above are mapped onto the medial surface of the rat brain they all 

coincide. The reconstruction of the borders established on the basis of these data is 

projected onto the photographed reference brain shown in figure 2.2. 
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2.4.2. - Injection sites 

 

Fifty animals with unilateral or bilateral iontophoretic injections of PHA-L and/or BDA 

into the IL (n=4), the PL (n=9), the ACv (n=10), the ACd (n=11), the RSv (n=12) and 

the RSd (n=7) were used for evaluation of the intracingulate projections. Injections 

invading the underlying cingulum or corpus callosum were excluded from further 

evaluation. Figure 2.2C illustrates the location of the injection sites relative to the 

cytoarchitectonic borders of cingulate subregions. These injection sites are represented 

in the flatmap, resulting from the unfolding of the coronal sections. The size of the 

injection is defined by the area of tracer deposit together with the surrounding cells 

showing uptake of the tracer. 

 

2.4.3. - Intracingulate fibre labelling 

 

From the site of injection, stained fibres reach other parts of the cingulate cortex via the 

underlying bundle (cingulum) or directly through the cortex itself for nearby sites. Two 

different types of fibres are recognised. Thick, smooth fibres that are classified as fibres 

of passage, not terminating in that specific region. The second type of fibre is thinner, 

branches frequently and has many en passant varicosities. In accordance with previous 

studies, the latter are classified as terminating fibres. Since passing fibres do not 

contribute to the projection in a given area, these fibres were ignored when rating the 

labelling pattern in the Neurolucida grid. The grey scales indicated in the Excel 

spreadsheet therefore only represent fibres classified as terminating fibres. 

Contralateral labelling mirrors ipsilateral labelling with respect to its topographical 

pattern and layer of termination although, in general, contralateral labelling is less dense 

and less widespread (see for example Fig. 2.6F-I). Deviations of this general pattern will 

be explicitly mentioned. 
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Figure 2.2: A, B: Reconstruction of the cingulate cortex on photographs of the right 
hemisphere of the rat, represented in a dorsal (A) and a midsagittal view (B). The grey 
line indicates the border of the medial cortical surface with the convexity of the 
hemisphere. The cerebellum and brain stem have been removed in order to show the 
ventro-caudal margins of the cingulate cortex. C: Cingulate cortex flat map illustrating 
the distribution of BDA and PHA-L injection sites relative to the cytoarchitectonic 
boundaries of cingulate areas. Numbers represent individual animals and the addition b 
or p means BDA or PHA-L injection respectively.  Abbreviations: ac, anterior 
commissure; fx, fornix; hipp, hippocampus; remainder of abbreviations the same as in 
fig. 2.1. Bar = 1mm, applies to A, B. 
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INFRALIMBIC PROJECTIONS 

 

Labelling patterns of an illustrative case of injections in the infralimbic cortex (n=4) are 

shown in figure 2.3A. All injections include both the superficial and deep layers (Fig. 

2.3B) and result in dense terminal labelling in layers I-VI of IL itself and in all layers of 

the ventral parts of the PL, with a preference for I and V.  

Layer III of more rostral parts of the ventral PL also contains varicose fibres (Fig. 2.3C). 

Additional labelling is present in the dorsal parts of the PL (moderate to slight) and 

rostral parts of the ACv+d (slight). Other areas of the cingulate cortex are practically 

devoid of fibres. The specific laminar distributions of the terminating fibres are 

summarised in table I. 

 

 

Table I. Laminar specificities of terminal labelling in the cingulate cortex following tracer 
deposit into those areas printed in the left-hand side of the table.  
 
Labelling ���� 

���� Injection site  

IL PL ACv ACd RSv RSd 

IL I-VI I-VI I, III, V (II, VI) (I-III, V) (V, VI) - - 

PL II-III I-VI I, III (II,V) I, III (V) I, III (II, V) - - 

PL V-VI V, VI I, V, VI  (II,III) I, V, VI 

 (II,III) 

I, V, VI 

(II, III) 

(I, V, VI) (I, V) 

ACv II-III - (I-III, V) I, III (V) I, III (V) I, V  I (V) 

ACv V-VI (I, V, VI) I, V  (II, III, VI) I, III, V, VI 

(II) 

I, V 

(II, III, VI) 

I, V, VI  

(III) 

V 

(I) 

ACd II-III - (I-III) I-III 

(V, VI) 

I-III 

(V, VI) 

I, V  I, V 

(II-IV, VI) 

ACd V-VI (I) I, V (II, III, VI) I, V 

(II, III, VI) 

I, III, V 

(VI) 

I, V 

(III, VI) 

V 

(I-IV, VI) 

RSv I-VI - - I ,III, V 

(II, VI) 

I, III, V I, III, V 

(I, VI) 

I, V 

(VI) 

RSd I-VI - - I, III 

(II,V,VI) 

I, III 

(II, V, VI) 

I, IV, V 

(II, III, VI) 

I, II, V 

(III, IV, VI) 

aThe main site of projection is indicated in bold numbers, those printed between 
brackets do show terminal fibres but do not represent the major layer of termination. 
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Figure 2.3 

A: Representative labelling pattern 
following injections into the 
infralimbic area. For this and figures 
2.4-8A-C, injection sites are 
indicated by white ellipses. Case 
numbers are followed by the tracer 
and subsequently by the layers 
involved in the injection. 
Arrowheads with corresponding 
numbers refer to the figure numbers 
of photographed sections. 
Terminating fibres following IL 
injections are mainly seen in IL itself 
and in the ventral parts of PL and 
not in other areas of the cingulate 
cortex. B-C: Photomicrographs of 
coronal sections in case 93272b, 
with PHA-L deposit into layers II-VI 
of the infralimbic cortex. B: Injection 
site and the resulting terminal 
labelling in contraleral IL. Within PL 
most fibres are located in layers I 
and V. C: A section through more 
rostral parts of PL where additional 
dense labelling is present in layer III. 
Abbreviations: MO= medial orbital 
cortex; remainder of abbreviations 
the same as in figs. 2.1, 2.2. Bar in 
B = 500µm, bar in C = 250µm. 
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PRELIMBIC PROJECTIONS 

 

Nine animals had injections confined to the PL cortex, with two representative cases 

shown in fig. 2.4A, B. Comparable to the results seen following IL injections, PL 

injections result in preferential labelling in the rostral regions of the cingulate cortex.  

However, following PL injections terminal labelling is more widespread, localised in the 

PL, IL and ACv+d rostral to the crossing of the anterior commissure. Sparse labelling is 

also present in the caudal regions of ACv+d and in the retrosplenial cortex. Following 

injections into the superficial layers (I-III) of PL, terminal labelling is predominantly 

located in layers I and III of the target areas, whereas injections that mainly involve the 

deep layers (V-VI) preferentially give rise to terminal labelling in layers I, V and VI (see 

table I). 
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Injections into dorsal parts of PL (Figs. 2.4A, C) result in moderate to dense labelling in 

ACd and slight to moderate labelling in IL. In contrast, injections into ventral PL (Figs. 

2.4B, D, E) result in slight to moderate labelling in ACd and dense labelling in IL. 

Following caudal PL injections a dense plexus of terminating fibres is present in ACv, 

whereas rostral PL injections give rise to sparse labelling this area (compare figs. 2.4A 

with 2.4B). Furthermore, caudal PL injections sparsely but consistently lead to terminal 

labelling in RSv-a, whereas rostral PL injections do not (compare figs. 2.4A with 2.4B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.4: A-B: Labelling patterns following injections into the prelimbic area. Following 
dorsal PL injections, the major contingent of terminating fibres is present in PL and 
rostral ACd (A). Ventral PL injections  preferentially give rise to labelling in IL (B). 
Injections placed in caudal parts of PL result in dense labelling in the rostral ACv (B), 
whereas rostral injections do not (A).  
C-E: Darkfield photomicrographs of coronal sections; Case 89502p with tracer deposit 
into layer V of the dorsal parts of PL and the resulting PHA-L labelled fibres in the deep 
layers of ACd (C). Case 89509p with tracer deposit into layer VI of more ventral parts of 
the PL (D) and the resulting dense plexus of fibres in IL (E). Abbreviations the same as 
in figs. 2.1, 2.2. Bar = 250 µm, applies to C-E. 
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ACv PROJECTIONS 

 

A total of ten cases with injections in the ACv were examined, with two representative 

cases shown in figure 2.5A, B. Contrary to the patterns following IL and PL injections, 

all cases result in dense labelling in the retrosplenial cortices (Fig. 2.5D).  

A dense terminating fibre plexus is present in ACv, ACd and RSv-a, sparse labelling is 

present in PL, RSv-b and RSd cortices, whereas IL is practically devoid of terminating 

fibres. Superficially placed injections predominantly result in labelling in layers I and III 

 
 
Figure 2.5: A-B: Labelling patterns following injections into the ventral anterior cingulate 
cortex. Following injections into ACv, a dense fibre plexus is present in ACd at the level 
of the genu of the corpus callosum. Rostral (A) injections give rise to dense labelling in 
caudal parts of RSv-a, whereas caudal injections (B) result in labelling in supracallosal 
parts of RSv-a. C-D: Coronal sections of labelling patterns in the retrosplenial cortex 
following injections in ACv; Case 96298b with tracer deposit in all layers of ACv located 
caudal to the crossing of the anterior commissure (C) and the resulting terminal labelling 
in layers I and V of the supracallosal part of RSv-a shown in a darkfield 
photomicrograph (D). Abbreviations the same as in figs. 2.1, 2.2. Bar = 125 µm. 
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of PL, ACv and ACd, whereas injections into the deeper layers preferentially result in 

tracer deposit in layers I and V of these regions (table 1). In contrast, terminating fibres 

in RS are, in all cases, located in layers I and V, irrespective of the layer of origin, and 

also include RSv layer VI following deep injections (Fig. 2.5D). Injections along the 

entire rostro-caudal extent of the ACv give rise to a dense plexus in the ACd 

approximately at the level of the genu of the corpus callosum in coronal sections, 

(Fig.2.5A, B). 

No consistent differences are present when comparing projection patterns following 

injections in more ventral or more dorsal parts of ACv. However, the rostral (Fig. 2.5A) 

and caudal (Fig. 2.5B) injections show distinct topographical differences. Within the 

ACv itself, rostrally placed injections result in a dense plexus within those areas of ACv 

rostral to the anterior commissure with only slight labelling in caudal ACv, whereas 

caudally placed injections show the reverse pattern. Moreover, following rostral ACv 

injections, a dense plexus of terminating fibres is present in caudal RSv-a, behind the 

splenium of the corpus callosum (Figs. 2.5A). As injections shift caudally, RSv-a 

labelling shifts rostrally rather abruptly and is located above the corpus callosum (Figs. 

2.5A vs 2.5B, D). Within the RSv-b and RSd a comparable topography is present 

although in general, labelling in these areas tends to be sparse.  

 

ACd PROJECTIONS 

 

Eleven animals had injections confined to the ACd, three representative cases of which 

are shown in figure 2.6A-C. In general, following injections in ACd dense labelling is 

present in ACv, ACd, RSv and RSd, slight to moderate labelling is present in PL and no 

labelling is seen in IL. Superficially placed injections preferentially label fibres in layers 

I and III of ACv+d and layers I and V of the retrosplenial cortex (Figs. 2.6D-G), 

whereas injections in the deep layers result in labelled fibres in layers I, III and V of 

ACd, layers I and V of PL, ACv and RSv and layer V of RSd ((Fig. 2.6H, I, table 1).  
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A comparison of more ventrally or more dorsally placed injections does not give rise to 

consistent differences in topographical labelling patterns. In contrast, a topography in 

labelling patterns is present related to the rostro-caudal axis of origin in ACd. Apart 

from slight terminal labelling in the dorsal PL, injections into the rostral extremes of 

ACd do not give rise to any labelling in the rest of the cingulate cortex (Fig. 2.6A). 

Injections into the remaining areas of ACd result in dense labelling in caudal ACv but 

hardly any labelling in rostral ACv. Mid rostro-caudal ACd injections give rise to slight 

terminal labelling in RSv-b and RSd (Figs. 2.6B), whereas more caudally placed 

injections result in a dense plexus of terminal fibres in RSv-b and RSd (Figs. 2.6C-E). 

As injections shift caudally, RS labelling tends to shift rostrally (compare fig. 2.6B to 

2.6C). 

 

 

 

 
 
 
Figure 2.6: A-C: Labelling patterns following injections into the dorsal anterior cingulate 
cortex. Rostral ACd injections do not give rise to any significant labelling in the rest of 
the cingulate cortex (A). A dense plexus is seen in caudal but not rostral ACv following 
injections into other parts of ACd (B-C). Dense labelling in RSv-b and RSd is only seen 
following caudal ACd injections (C). D, E: Coronal sections of labelling patterns in the 
RS following injections in the ACd; Case 96284b with tracer deposit in the superficial 
layers of ACd (D) and a darkfieldphotomicrograph showing the resulting labelling in the 
retrosplenial cortex (E). Labelling in retrosplenial cortex is located more dorsally in the 
RSv-b and RSd cortex compared to fig. 5D. This more superficially placed injection still 
gives rise to labelling in layer I and V of the retrosplenial cortex. Note that the labelling in 
layer I of RSv is predominantly located in its deep part, whereas labelling in layer I of 
RSd is more diffuse. F-I: Photomicrographs of coronal sections with tracer deposits in 
different layers of the dorsal anterior cingulate cortex and their resulting labelled fibres in 
rostral parts of the cingulate cortex. Note that contralateral labelling in all cases mirrors 
ipsilateral labelling but is less dense; Case 96236p, illustrating that an injection into layer 
III and superficial layer V of the ACd (F) leads to ipsilateral and contralateral labelling in 
the same layers of ACd itself (G). Case 96242p,illustrating that injections into the deep 
layer V and layer VI of the ACd (H) predominantly result in terminal labelling in the ipsi- 
and contralateral deep layers of these areas (I). A similar pattern of lamination is seen 
following ACv injections. Abbreviations the same as in figs. 2.1, 2.2. Bar in D = 125 µm, 
bars in E-I =  250 µm. 
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RSv PROJECTIONS 

 

Two representative cases of a total of twelve injections confined to the RSv are depicted 

in figure 2.7A, B. In all cases, dense labelling of terminating fibres is seen in layers I, III 

and V of ACv, ACd and RSv itself, and in layers I and V of RSd (table I, Fig. 2.7A-F). 

No terminating fibres are seen in IL and only in cases where rostral ACv labelling is 

dense, the abutting region of the prelimbic area shows some labelling. A number of 

retrogradely labelled cells are present both ipsilaterally as well as contralaterally in 

layers II and III of RSv (Fig. 2.7C, D). Although most of the injections examined 

involve both the superficial and deep layers, one injection predominantly located in the 

superficial layers exclusively results in labelling in layers I-III of ACv and ACd (case 

95127-BDA) and one injection confined to layer VI predominantly labels fibres in the 

deep layers of these regions (case 99100-BDA). 

Within RSv itself, labelled terminal fibres are most consistently present at the same 

rostro-caudal level as the injection site, as is the moderate to dense labelling in the RSd. 

RSv-a injections give rise to labelled fibres in RSv-b cortex and vice versa. RSd 

labelling is densest following injections in the RSv-b. Terminal labelling in ACv 

originates from both RSv-a and RSv-b, whereas ACd labelling predominantly appears to 

originate from RSv-b.  

In this study, dense labelling in the ACd was never located rostral to the genu of the 

corpus callosum. 

 

Figure 2.7: A-B: Labelling patterns following injections into the ventral retrosplenial 
cortex. Following RSv injections, the most rostral regions of the cingulate cortex do not 
show any labelling. RSd labelling is densest following injections in the RSv-b (A). 
Rostral injections (A) give rise to labelling in the caudal ACv and ACd, whereas caudal 
injections (B) preferentially result in rostral ACv labelling. C-F: Photomicrographs of 
coronal sections following injections into RSv; Case 00050b with tracer deposit into 
layers III-V of the RSv-b (C). Note the contralaterally retrogradely labelled cells in layers 
II and III. A high power photomicrograph of a caudal ipsilateral section demonstrates 
that terminal fibres in RSv-b are predominantly located in layers I, III and V (D). Note the 
retrogradely labelled cells in layer III but also in layer II, although this layer does not 
contain very many labelled fibres. This injection results in labelling in all layers of ACv 
(E) and ACd (F) with a preference for layers I, III and V (layer VI contains mainly fibres 
of passage). Abbreviations the same as in figs. 1, 2. Bar in C = 250 µm, bars in D-F =  
125 µm. 
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A rostro-caudal topography is recognisable in the pattern of terminal fibres in AC, with 

rostral RSv injections leading to labelling in caudal AC regions and caudal RSv 

injections primarily leading to labelling in rostral AC regions (compare figs. 2.7A with 

2.7B).



Chapter 2 

 42 

RSd PROJECTIONS 

 

Seven animals with injections confined to the RSd were examined with two 

representative cases shown in figure 2.8A, B. Following such injections, dense labelling 

is present in all layers of RSv (predominantly in I, IV, V), RSd (predominantly in I, II, 

V), ACv and ACd (predominantly in I and III) (table 1, fig. 2.8C). Sparse labelling is 

seen in PL and no labelled fibres are present in IL. Since none of the injections are 

confined to the superficial or deep layers and only one injection involves all layers 

including layer VI, no observations can be made about laminar specificities pretaining to 

the layer of the injection. A large number of retrogradely labelled cells in layers II and 

III are present both ipsilaterally as well as contralaterally in the RSd and some 

retrogradely labelled cells are present in the RSv-b (Fig. 2.8C). 

 

Within RSd itself, terminating fibres are seen in an extensive area around the injection 

site. A dense plexus of terminating fibres is located in RSv-b at the same rostro-caudal 

level as the injection. Only caudal injections result in dense labelling in the RSv-a (Fig. 

2.8B). The dense terminating fibre patterns in ACv and ACd show a comparable 

topography as those following RSv injections, i.e. rostral RSd injections result in 

labelling in caudal AC regions and caudal injections lead to labelling in rostral AC 

regions. However, the dense to moderate labelling in the ACd is confined to that part 

caudal to the genu of the corpus callosum. Although RSd injections result in dense 

ipsilateral labelling in AC, contralateral labelling in this region is virtually absent (Fig 

2.8D, E), which contrasts with the general pattern of contralateral labelling seen in other 

anterior and retrosplenial cingulate regions. 

 

 

 

 

 

 

 



Intracingulate connections 

 43 

 

 

 

 

 

 
Figure 2.8: A-B: Labelling patterns following injections into the dorsal retrosplenial 
cortex. The RSv-b shows a dense plexus of terminal fibres following RSd injections (A-
B), whereas in RSv-a this is only seen following more caudal injections (B). Rostral 
injections lead to labelling in the ACv caudal to the crossing of the anterior commissure 
(A), whereas caudal injections lead to preferential moderate-dense labelling in rostral 
ACv (B). In ACd dense labelling is located around or caudal to the anterior commissure, 
whereas dense labelling is never seen rostral to the genu of the corpus callosum. 
C-E: Photomicrographs of coronal sections following injections into RSd; Case 98289b 
with tracer deposits in layers II-VI (C). Note the dense labelling in layer I, IV and V of the 
RSv. Contralaterally a dense plexus present in layers I, II and V of RSd. This injection 
results in dense labelling in layers I and III of ACv (D) ACd (E). Layer V shows mainly 
passing fibres. Note the virtual absence of contralaterally labelled terminating fibres in D 
and E. Abbreviations the same as in figs. 2.1, 2.2. Bar in A = 250 µm, applies to C-E. 
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2.5. - Discussion 

 

2.5.1. - Cytoarchitectonic map 

 

A considerable variation appears to exist in the nomenclature for equivalent areas of the 

rodent cingulate cortex. The anterior cingulate cortex in the present study is equivalent 

to Brodmann’s area 24, whereas the retrosplenial cortex can be equated with his area 29 

(Brodmann 1909). The retrosplenial cortex is often referred to as the posterior cingulate 

cortex. In order to provide more clarity, a comparison between the nomenclature in this 

study with that of other major cytoarchitectonic studies in rodents is provided in table II 

(Brodmann 1909;Krettek and Price 1977;Krieg 1946;Rose 1931;van Groen et al. 

1999;Vogt and Peters 1981;Zilles and Wree 1995). 

 

Table II: Comparison of the cingulate and regional nomenclature in different studies. 

Jones 

et al 

this study 

Brodman 

(1909) 

(rabbit) 

Rose 

(1931) 

(rabbit) 

Krieg 

(1946) 

(rat) 

Krettek & 

Price (1977) 

(rat) 

Vogt  & Peters 

(1981) 

(rat) 

Zilles & 

Wree (1995) 

(rat) 

v Groen 

et al 1999 

(rat) 

IL 25 (much of) Iraα 25 IL (+DP) 25 IL 

PL 32 IRbα + Ircα 
32 

(small region ) 
PL 32 Cg3 

ACd 
rostral 

IRcα 

caudal 

IR bα 
ACd 

rostral 

24b 

caudal 

24b’ 
Cg1 

ACv 

24 
rest 

IRabα 

rest 

IRabβ 

24 + rest of 32 

ACv 24a 24a’ Cg2 

- (incl. In 

AC) 
23 

Caudal IR abc 

β 
23 - (Incl in RS) - (= 24a’, 24b’) - 

see Rose 

29a RSGγ 29a 
RSv-a 

29b 

Included in 

presubiculum 29b 
RGa 

RSv-b 29c 
RSGα 

29b 

RsG 

29c 

RSG 

RGb 

RSd 29d RSGβ 29c RsAg 29d RSA Rdg 

 30    not in rat not in rat  

 29e (pre?)sub 1 presubiculum  postsubiculum   

OC2MM  part RsAg med part 18 part RsAg Med part 18 Oc2MM 18b 

Fr2  praecagr 4 PrCm 4 Fr2 preag 
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A cytoarchitectonic map is required for proper analysis of sites of injection in different 

animals and to compare the resulting projection patterns. A number of factors inherent 

to the cingulate cortex make the definition of its borders rather difficult. Firstly, the 

cingulate cortex arches around the rostral and caudal parts of the corpus callosum and 

coronal sections taken at those levels provide rather distorted images of the regions 

under discussion. Secondly, the borders between cingulate subareas are not abrupt and 

show a gradient in the rostro-caudal and ventro-dorsal direction. These factors have 

most likely lead to a number of discrepancies between the existing maps, that were 

mostly constructed from coronally cut sections (Brodmann 1909;Caviness, Jr. 

1975;Krettek and Price 1977;Krieg 1946;Rose 1931;Rose and Woolsey 1948;Vogt and 

Peters 1981;Zilles et al. 1980). The cytoarchitectonic map constructed in the present 

study is based on the analysis of coronally, sagittally as well as horizontally cut sections 

in order to overcome the problem of distortion. Multiple staining techniques were 

deployed in order to facilitate the definition of cingulate borders. Although our map 

largely resembles those used by Vogt and Peters (1981), Zilles and Wree (1995) and 

Krettek and Price (1977), a number of differences are present that may be of importance 

in the interpretation of connectional studies. Area 24 of Vogt and Peters (1981) 

continues rostral to the genu of the corpus callosum, which was not seen in this study. 

The caudal extreme of the cingulate cortex is formed by the RSd, a feature that is easily 

recognised in sagittal and horizontal sections in the present study (see also Paxinos and 

Watson, 1998). Contrarily, in the maps used by Vogt and Peters (1981) and by Van 

Groen and colleagues (who use an adaptation of Rose’s map, see e.g. Fisk and Wyss, 

1999) the caudal border is formed by the equivalent of RSv-a. 

Finally, although the border between AC and RS is fairly easy to distinguish, there still 

may be a few transitional sections in a coronally cut Nissl stained series. The border 

between AC and RS is very abrupt in myelin and AChE stained sections and coincides 

consistently with the appearance of the hippocampus in the coronal plane. Therefore, the 

appearance of the rostral tip of the hippocampus in coronal sections appears to be an 

objective definition of the border between the AC and RS. 
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2.5.2. - Summary of connections and comparison with other studies 

 

The present study has demonstrated that the rat cingulate cortices can be subdivided into 

at least thirteen regions on the basis of the combination of cytoarchitectonic 

characteristics and the pattern of the intrinsic projections. Although the topography of 

intracingulate connections is intricate (Fig. 2.9), two general patterns seem to exist. 

First, there is a most rostral group of three regions (IL, PL and the pregenual part of 

ACd) that do not seem to be heavily connected with other cingulate regions. Second, 

dense connections exist between the remaining parts of the anterior cingulate and 

retrosplenial cortices with a general rostro-caudal topograph.y, in the sense that rostral 

AC and caudal RS are preferentially interconnected as well as caudal AC and rostral RS.  

Although many studies have reported connections between different regions of the 

cingulate cortex, to the best of our knowledge this is the first detailed description of 

intracingulate connections in the rat using sensitive anterograde tracers in the anterior 

cingulate as well as the retrosplenial cortices, in a single study. Our results confirm 

previously published observations that the PL predominantly projects to the IL and the 

rostral AC, with additional weak projections to the RSv, and that the IL mainly projects 

to PL (Beckstead 1979;Fisk and Wyss 1999;Hurley et al. 1991;Sesack et al. 

1989;Takagishi and Chiba 1991). The difference in connections between the ventral and 

dorsal PL (respectively with the IL and the rostral one third of ACd) has not been 

reported previously. In addition, this study clearly shows that the rostral part of the ACd, 

located above the PL, primarily receives a projection from the dorsal part of PL and 

does not have many connections with other areas of the cingulate cortex. The presently 

observed paucity of projections from the IL and PL to the retrosplenial cortex has been 

reported previously by Fisk and Wyss (1999), and our study demonstrates that 

retrosplenial cortex does not send projections to these rostral regions either. Based on 

the results of the present study, we suggest that the IL, PL and rostral one-third of the 

ACd form an interconnected region within the rat cingulate cortex, which is rather 

isolated from the remaining cingulate areas. 

The ventro-dorsal topography with ACv projecting to RSv-a and ACd projecting to 
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Figure 2.9: Summary of intracingulate connections presented in the cingulate cortex 
flatmap. In general, the rostral interconnected cingulate areas (IL/PL rostral ACd) are 
not heavily connected with other cingulate regions and dense connections exist between 
the remaining parts of the anterior cingulate and retrosplenial cortices (rostral AC and 
caudal RS are preferentially interconnected as well as caudal AC and rostral RS). See 
text for further details. Arrows indicate projections and dots indicate the origin of the 
projection. Abbreviations the same as in figs. 2.1, 2.2. 
 

RSv-b and RSd is in line with results described by other authors (Fisk and Wyss 1999). 

Vogt and Miller (1983) also noted the projections from RSv to ACv but they did not 

mention a projection from RSd to ACv as demonstrated here. The rostro-caudal 

topography of connections between the AC and RS has not been reported previously. 

This rostro-caudal connection pattern subdivides the ACv and the different areas of the 

RS into a rostral and caudal division. For the ACd this pattern is somewhat more 

complicated. ACd can be subdivided into three, partially overlapping regions. As 

mentioned above, the rostral one-third primarily receives a projection from PL and is 

otherwise not heavily interconnected with the cingulate cortex. The second, mid rostro-

caudal ACd region is located slightly rostral and caudal to the genu of the corpus 

callosum and is represented by the shaded area in fig. 2.9. This region is primarily 

characterized by a dense input from the entire ACv and returns this projection only to 

caudal ACv. It also receives a weak projection from the RSd but does not heavily 
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reciprocate this projection. The third, caudal ACd region also projects to caudal ACv 

and its characteristic feature is the dense reciprocal connection with the RSd (and to a 

slightly lesser extent with the RSv-b).  

Although the topographic pattern of projections does not differ for superficial or deep 

layers they do differ with respect to their layer of termination. Within the anterior 

cingulate cortex there is a preference for superficial layers to project to superficial layers 

and for deep layers to project to deep layers and, in addition, to layer I. Such a 

differentiation has not been reported previously. The projections from AC to RS are 

directed at layers I and V (in agreement with Fisk and Wyss, 1999). RSv inputs to AC 

terminate in layers I,III,V (in agreement with van Groen and Wyss, 2003), whereas RSd 

inputs terminate only in layers I and III of AC.  

A potential drawback of anterograde tracers such as PHA-L and BDA is the fact that, in 

some instances, they are also transported retrogradely. Although retrogradely labelled 

neurons were seen in this study in some animals, their number was limited and they 

were only present in areas with a dense projection pattern. Therefore it seems unlikely 

that retrograde transport of the tracers influenced the results to any major extent. 

 

2.5.3. - Functional implications 

 

The relevance of intact anatomical connections between the AC and RS has been 

demonstrated for both discriminative avoidance learning, as well as spatial learning and 

memory processes (Aggleton et al. 1995; Bussey et al. 1996; Freeman, Jr. et al. 1996a; 

Gabriel and Sparenborg 1987;Gabriel et al. 1991;Markowska et al. 1989;Takenouchi et 

al. 1999;Warburton et al. 1998). 

During discriminative approach and avoidance learning, associational connections 

between the pregenual part of the ACd and RSv-b cortex are thought to be necessary for 

the normal development of training induced electrophysiological activity in these 

regions (Gabriel and Sparenborg 1987;Gabriel et al. 1991). However, the present study 

demonstrated that such associational connections do not exist and that not the rostral but 

the more caudal parts of the ACd are interconnected with the RSv-b cortex (Fig. 2.9). 

Possibly, the flow of information between cingulate areas involved in discriminative 
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approach and avoidance learning is not a direct one and may be relayed through other 

areas, such as more caudal parts of the ACd. 

During spatial learning and memory tasks, in the Morris water-maze, rats with AC 

lesions are impaired during the acquisition phase, whereas RS lesioned rats show an 

impairment on the reference memory task (Vann et al. 2003;Warburton et al. 1998). In 

line with the network theory of cognitive functioning (Delbeuck et al. 2003;Friston 

2002;Horwitz 2003;Pastor et al. 2000), disruption of communication between AC and 

RS, through lesions to the cingulum bundle, leads to a severe impairment in these tasks 

(Aggleton et al. 1995;Neave et al. 1994;Warburton et al. 1998). Much confusion has 

arisen from the fact, that rats with extensive combined cortical AC and RS lesions, that 

spare the underlying cingulum bundle, are only slightly impaired on such tasks 

(Aggleton et al. 1995;Markowska et al. 1989;Neave et al. 1994;Sutherland et al. 

1988;Warburton et al. 1998). However, the cortical lesions made in these studies were 

often not complete and spared the midcingulate regions or the more rostral and caudal 

extremes of AC and RS. The present study has demonstrated that the spared cingulate 

regions in those studies are interconnected and therefore it is likely that not all cingulate 

networks were disrupted. Thus, the possibility exists that the different AC-RS networks 

are capable of independently supporting spatial learning and memory functions.  

Although the rostral-caudal and ventro-dorsal interconnected parts of the AC and RS 

(and thus the different AC-RS networks) share many extracingulate connections, there 

are subtle differences (Berendse and Groenewegen 1991; Insausti et al. 1997; Shibata 

1994; van Groen and Wyss 1990a; 1992, 2003; van Groen et al. 1999; Vogt and Miller 

1983) and it seems likely that the functional differentiation between these networks is 

defined by their differences in extrinsic connections (cf. Friston, 2002) 

In conclusion, the results of this study show that the intracingulate circuitry in the rat is 

very intricate with many direct and indirect routes in the ventro-dorsal and rostro-caudal 

direction, connecting at least 13 different subregions. We argue that this topographical 

organization may have important implications for the design and interpretation of future 

functional studies. Moreover, the topographical pattern of intracingulate connections in 

relation to the results of functional studies to date, provide support for the notion that 
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specific cingulate functions depend on a number of cingulate subareas which, through 

their intricate associational connections form functionally segregated networks. 
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CHAPTER 3 

 

Cingulate cortex projections to the (para)hippocampal region in the rat  
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Chapter 3 - Cingulate cortex projections to the (para)hippocampal region in the rat 

 

 

3.1. - Abstract 

 

In the present study we aimed to determine the topographical and laminar characteristics 

of cingulate projections to the (para)hippocampal region in the rat, using the anterograde 

tracers Phaseolus vulgaris-leucoagglutinin and biotinylated dextranamine. The results 

show that all areas of the cingulate cortex project extensively to the parahippocampal 

region but not to the hippocampal formation. Rostral cingulate areas (infralimbic-, 

prelimbic cortices, rostral 1/3 of the dorsal anterior cingulate cortex) primarily project to 

the perirhinal and lateral entorhinal cortices. Projections from the remaining cingulate 

regions preferenctially 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 suggesting the functional contribution of cingulate areas may differ at 

an individual level. This organization of the cingulate-parahippocampal projections thus 

relates to the overall organization of postulated parallel parahippocampal-hippocampal 

processing streams mediated through the lateral and medial entorhinal cortex 

respectively. The mid-rostrocaudal part of the ACd appears to be connected to both 

networks as well as to rostral and caudal parts of the cingulate cortex. This region may 

therefore be responsible for integrating information across these specific networks.  

 

3.2. - Introduction 

 

In recent years there has been increasing recognition that higher cognitive processes, 

such as learning and memory functions, cannot be localized to one cerebral structure, 

but rather depend on interactions between interconnected areas of the brain, forming 

dynamic networks (Friston 2002;Horwitz 2003;Pastor et al. 2000). The hippocampal 

formation and the cingulate cortex have been implicated in various aspects of learning 

and memory and previous reports have pointed out the importance of interactions  
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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). 

Interactions between the hippocampal formation and cortical areas take place through a 

complex set of connections in which the parahippocampal region has a pivotal role 

(Burwell 2000;Witter et al. 2000a). In the rodent, the parahippocampal region comprises 

the presubiculum, parasubiculum and the entorhinal-, perirhinal-, and postrhinal 

cortices. The entorhinal cortex is one of its main constituents and forms both the major 

source of cortical information entering the hippocampal formation as well as the main 

destination of processed hippocampal output (Witter et al. 2000b). According to the 

classical view, information from the neocortex reaches the superficial layers of the ER, 

either directly or after being processed in other parahippocampal regions, before 

subsequently being relayed to the hippocampal formation. In turn, the deep layers of the 

entorhinal cortex are the main recipients of hippocampal output and are the source of 

output fibres that project to the neocortex (Kloosterman et al. 2003a;Witter et al. 2000b). 

Current views indicate that the parahippocampal-hippocampal network is highly 

organized and comprises functionally different parallel input and output pathways, 

which are in part defined on whether information is relayed through the medial (MEA) 

or lateral (LEA) entorhinal area (Burwell 2000;Fyhn et al. 2004;Hargreaves et al. 

2005;Witter et al. 2000a, 2000b). 

In order to understand the cingulate-hippocampal communication it is necessary to have 

detailed knowledge of the topographical and laminar specificities of cingulate inputs 

into the parahippocampal region. On the basis of morphological and functional studies, 

the cingulate cortex is generally subdivided into rostral parts, comprising the infralimbic 

(IL), prelimbic (PL) and anterior cingulate cortices (AC) and the more caudally 

positioned retrosplenial cortex (RS). In rodents, the IL/PL cortices have been shown to 

project to the perirhinal and lateral entorhinal cortices (Beckstead 1979; Burwell and 

Amaral 1998a; Hurley et al. 1991; Markowitsch and Guldin 1983; Sesack et al. 1989; 

Takagishi and Chiba 1991;Vertes 2004). Furthermore, efferent projections from the 
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posterior cingulate cortex have been described to the presubiculum, parasubiculum, 

entorhinal, perirhinal and postrhinal cortices (Beckstead 1979;Burwell and Amaral 

1998a;Shibata 1994;van Groen and Wyss 1990a, 1990c, 1992, 2003; Vogt and Miller 

1983; Wyss and van Groen 1992). Projections from the anterior cingulate cortex to the 

parahippocampal region have been very rarely described and appear to contribute, at 

most, a minor contingent to this projection. (Burwell and Amaral 1998a;van Groen and 

Wyss 1990d;Vogt and Miller 1983). However, our own preliminary study indicated this 

to be otherwise (Jones and Witter 1999). The laminar termination of cingulate fibres in 

the entorhinal cortex has only been sparsely mentioned and seems to be primarily 

directed at its deep layers following injections into the RS (Shibata 1994) and IL 

(Hurley et al. 1991), which does not seem to fit the classical view of cortical areas 

projecting to the superficial layers of the entorhinal cortex. Finally, several authors have 

mentioned a direct cingulate projection to the hippocampal areas CA1 or subiculum 

(Hurley et al. 1991;Shibata 1994), which does not seem in line with the general notion 

of cortical inputs to the hippocampal formation being relayed through the 

parahippocampal region. 

The aim of the present study is to provide a comprehensive anatomical assessment of the 

topographical and laminar organization of cingulate inputs to the hippocampal formation 

and parahippocampal region. Cingulate projections to these areas were analysed in the 

rat using sensitive anterograde tracers deployed in all areas of the cingulate cortex.  

 

3.3. - Materials and methods 

 

Sixty-four female Wistar rats (weight: 180-220g; Harlan Central Proefdier Bedrijf, 

Zeist, the Netherlands) were used in this study. All experiments were approved by the 

Animal Ethical Committee of the Vrije Universiteit concerned with ethical aspects of 

experiments and care for laboratory animals and were in accordance with national and 

EC guidelines. Data from all experiments have been analysed to assess intrinsic 

connectivity of the cingulate cortex as reported in a previously published paper (Jones et 

al. 2005). Detailed descriptions of experimental protocols have also been provided in 

that paper. A total of 64 animals received injections with the anterograde tracers 
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Phaseolus vulgaris-leucoagglutinin (2.5% PHA-L, Vector, Burlingame, CA, 25 mg/ml 

in 0.05M Tris-buffered saline, pH 7.4) and/or Biotinylated Dextran Amine (BDA, 

Molecular probes, USA, 5% solution in 0.01M phosphate buffer). The rats were deeply 

anaesthetised with an intra-muscular injection of a mixture of Aescoket (Ketamine 

100mg/ml, Boxtel, the Netherlands, 9 mg/100g body weight) and Rompun (Xylazine 

2mg/ml, Bayer, Brussels, Belgium, 1.3 mg/100mg body weight) and subsequently 

mounted in a stereotactic frame. A midline incision of the skin was made, and following 

additional local anaesthesia with Xylocaine (lidocaine 10%) spray, the periost was 

cleaved and moved aside. Burholes were made with a dental drill above cingulate areas 

to be injected. A glass micropipette (7-13 µm inner diameter) filled with either PHA-L 

or BDA was lowered into the cingulate cortex, using co-ordinates derived from the atlas 

of Paxinos & Watson (1998). For the sake of reduction in the number of animals, most 

animals received one injection in the cingulate cortex and one injection with another 

tracer into other areas of the brain (not described in this study). Some animals received 

bilateral injections with BDA and PHA-L in the cingulate cortex. The tracers were 

iontophoretically injected by applying a positive, pulsed DC current (7 s on/ 7 s off, 7.5 

mA for PHA-L, 6.5 mA for BDA) for 10-30 minutes. Injections were aimed such, that 

each of the subareas along the entire rostro-caudal and ventro-dorsal extent of the 

cingulate cortex received at least one injection. After a survival period of 8-14 days, the 

animals were intraperitoneally anaesthetised with sodium pentobarbital (Nembutal 

intraperitoneally 60 mg/kg body weight; Ceva, Paris, France) and transcardially 

perfused with 750ml 0.9% NaCl followed by 1 litre of 4% paraformaldehyde, 0.1% 

glutaraldehyde and 0.2% picric acid in 125 mM phosphate buffer, pH 7.4. The brains 

were removed from the skull, postfixed for 2 hours in the same fixative and stored 

overnight in a mixture of 20% glycerol and 2% dimethyl sulfoxide in distilled water. 

Frozen coronal or horizontal sections (35 mm) were collected in phosphate buffer 

(0.1M, pH 7.4), and subsequently stained for PHA-L or BDA (Jones et al. 2005). The 

distribution of the PHA-L and BDA labelled fibres was examined with a light 

microscope and representative experiments for each area were drawn with the aid of the 

neurolucida program (MicroBrightfield, Inc., Colchester, USA). In order to be able to 

compare the positions of the different injection sites, outlines of all the coronal sections 
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of each brain were drawn with the use of the neurolucida program. The medial 

representation of each brain was projected onto a standard reference brain (for 

construction of this brain see Jones et al. 2005). The rostral and caudal tip of the corpus 

callosum, the anterior commissure and the rostral tip of the hippocampus were used as 

markers to correct for size differences between the different brains. 

 

3.4. - Results 

 

3.4.1 – Nomenclature 

 
The cingulate cortex is located on the medial surface of the brain and is subdivided into 

the infralimbic (IL), prelimbic (PL), ventral and dorsal anterior cingulate (ACv and 

ACd) and ventral and dorsal retrosplenial cortices (RSv and RSd). The ventral 

retrosplenial cortex is further subdivided into areas RSv-a and RSv-b. For the 

cytoarchitectonic criteria used to subdivide the cingulate cortex in the present study the 

reader is referred to Jones et al (Jones et al. 2005). 

The hippocampal formation is defined as the dentate gyrus (DG), CA1-3 (hippocampus 

proper) and subiculum, whereas the parahippocampal region comprises the entorhinal 

cortex, presubiculum, parasubiculum and the peri- and postrhinal cortices (Witter and 

Amaral 2004). For the subdivision of the entorhinal cortex we used the delineation as 

suggested by Insausti and colleagues (Insausti et al. 1997): they subdivide the entorhinal 

cortex into six regions: 1/. dorsal lateral (DLE), 2/. dorsal intermediate (DIE), 3/. ventral 

intermediate (VIE) 4/. amygdalo-entorhinal transition field (AE), 5/. caudal (CE) and 

6/.medial (ME) entorhinal field. Together, areas 1-4 correspond to the frequently used 

term lateral entorhinal cortex (LEA) and areas 5-6 correspond to the medial entorhinal 

cortex (MEA). The criteria for the cytoarchitectonic borders of the peri (PER)-and 

postrhinal (POR) cortices were derived from the account of Burwell (Burwell 2001). 



Cingulate-parahippocampal connections 

 57 

3.4.2 - Injection sites 

 
Sections from sixty-four animals with a total of seventy-three iontophoretic injections of 

BDA or PHA-L in IL (n=6), PL (n=14), ACv (n=13), ACd (n=16), RSv (n=14) and RSd 

(n=10) were analyzed. In none if the cases the injection invaded the underlying corpus 

callosum. The positions of the injection sites relative to cytoarchitectonic borders on the 

medial surface of the brain are illustrated in figure 3.1. The size of the injection is 

defined by the area of tracer deposit and surrounding cells showing tracer uptake.  

 

Figure 3.1: Cingulate cortex flat map illustrating the distribution of BDA and PHA-L 
injection sites relative to the cytoarchitectonic boundaries of cingulate areas. Numbers 
represent case numbers and the addition b or p means BDA or PHA-L injection 
respectively. Shaded injections are illustrated in other figures. Inset: Flatmap of the 
cingulate cortex illustrating its cytoarchitectonic subdivisions. Grey lines within the 
retrosplenial cortex indicate the borders of the medial cortical surface with the convexity 
of the hemisphere. Abbreviations: ac, anterior commissure; ACv, ventral anterior 
cingulate cortex; ACd, dorsal anterior cingulate cortex; fx, fornix; hipp, hippocampus; IL, 
infralimbic cortex; PL, prelimbic cortex; RSv, ventral retrosplenial cortex (RSv-a, RSv-b: 
parts a and b respectively); RSd, dorsal retrosplenial cortex. 



Chapter 3 

 58 

3.4.3. - Axonal trajectories 
 
Fibres reach the (para)hippocampal cortex through a number of different routes. Upon 

leaving the injection site a contingent of fibres crosses via the corpus callosum to reach 

the contralateral cingulate area. From thence, ipsi- and contralateral fibres continue 

caudalwards in the cingulum bundle and subsequently in the forceps major and the 

dorsal hippocampal commissure. Caudal to the splenium of the corpus callosum, the 

largest contingent of fibres penetrates the presubiculum and travels ventralwards to 

reach medially located areas of the (para)hippocampal cortex. A smaller contingent of 

fibres takes a lateral route in the deep cerebral white matter around the lateral ventricle 

before ventrally invading the deep layers of the parahippocampal cortices. Fibres from 

injections placed caudal to the corpus callosum directly take these two routes and do not 

invade the corpus callosum. In addition, upon leaving the injection site a very small 

contingent of fibres from rostral injections joins the fasciculus located deep to the rhinal 

sulcus. Upon traveling caudalwards in this fasciculus, most fibres innervate structures en 

route, though several continue caudalwards and reach the white matter underlying the 

deep layers of the peri- and entorhinal cortex, from whence they innervate these 

structures. Two major types of fibres are observed in the parahippocampal cortex: a 

smooth, non-branching type representing fibres of passage, and tortuous and highly 

varicose fibres with numerous collateral branches and disk-like swellings representing 

terminating fibres. Since passing fibres do not contribute to the projection in a given 

area, these fibres were ignored when assessing the labelling patterns. 

 

3.4.4. - Fibre labelling in the (para)hippocampal cortex 

 
In all cases examined, PHA-L or BDA labelled fibres can be traced from the injection 

site to the parahippocampal cortex. The topographical patterns and densities of labelled 

fibres in the parahippocampal cortex show marked differences for the individual 

cingulate areas, which will be described in more detail below. However a number of 

general patterns can be discerned. In all cases that had labeling in the presubiculum, we 

noticed a marked laminar shift of labeling along the dorso-ventral axis of the 

presubiculum. Labelling in the intermediate and ventral parts is preferentially located in  
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Figure 3.2: Laminar pattern of terminal labelling in the presubiculum following injections 
into the cingulate cortex. A Photomicrograph of a coronal section in case 96229p (tracer 
deposit in layers II-V of the ACv) and enlarged darkfield photomicrograph of the boxed 
area, illustrating the resulting terminal labelling in layers I and V of ventral parts of the 
presubiculum. At the borderzone between layers I and II/III the differentiation between 
the presubiculum and subiculum may be difficult (curved arrow). B Darkfield 
photomicrograph of a horizontal section in case 95359b (tracer deposit in layers I-VI of 
RSv) and enlarged darkfield photomicrograph of the boxed area illustrating the resulting 
terminal labelling in layers I and III of dorsal parts of the presubiculum. This horizontal 
section also illustrates that the varicose fibres are located in proximal parts of the 
presubiculum adjacent to the subiculum. Apart from an incidental fibre (curved arrow) no 
labelling is present in the subiculum. The double arrow in A indicates the approximate 
orientation of the section in B and vice versa. Abbreviations: PARA, parasubiculum; 
PRE, presubiculum; SUB, subiculum. Bar = 100µm. 
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 layers I and V (Fig. 3.2A, case 96229b), whereas labelling in more dorsal parts shows a 

preference for layers I and III (Fig. 3.2B, case 95359p). Along the proximal-distal axis 

of the presubiculum, labelling shows a preference for the proximal region (Fig. 3.2B), 

i.e. that part abutting the subiculum (distal part of the presubiculum abuts the 

parasubiculum). Within the parasubiculum labelling is preferentially located in layers I 

and V of the more distal part, abutting the medial entorhinal cortex (proximal part of the 

parasubiculum abuts the presubiculum). Apart from a few fibres in the subiculum, no 

labelling is present in the hippocampal formation (Fig. 3.2B). This lack of clear labeling 

in the hippocampal formation and in the subiculum more in particular is at odds with 

some previous reports (Hurley et al. 1991;Shibata 1994). To our view this apparent 

discrepancy may be caused by the orientation of the sections with respect to the 

longitudinal axis of the hippocampus. In coronal sections,  the border between the 

subiculum and presubiculum is often difficult to distinguish, which sometimes gives the 

appearance of fibres being located in the subiculum (Fig. 3.2A). However, in horizontal 

sections, this border is much easier to ascertain (Fig. 3.2B) and apart from a few 

incidental fibres, no labelling is present in the subiculum in any of the horizontal 

sections. 

 

All animals show ipsilateral as well as contralateral labeling in the parahippocampal 

region. Contralateral labelling mirrors ipsilateral labelling with respect to its pattern of 

topographical and laminar distribution. The density of contralateral labelling is less 

compared to ipsilateral labelling for the entorhinal and perirhinal cortices and is limited 

to a few fibres in the presubiculum, parasubiculum and postrhinal cortex. Projection 

patterns in terms of topography and layer of termination are similar following injections 

in the deep (IV-VI) or in the superficial layers (I-III) of the cingulate cortex, although 

labelling is less dense following injections in the superficial layers (table I). There are a 

few exceptions to these general contralateral and laminar patterns that will be explicitly 

mentioned in the following account. 
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Table I. Laminar specificities of projection patterns from the cingulate cortex to the 
parahippocampal region. Representations of moderate or dense labelling patterns are 
printed in bold, a slight amount of labelling is printed in normal print, whereas the 
quantity of varicose fibres in layers printed in brackets is limited to a few fibres 
 

origin�   proj� PRE PARA MEA LEA PER POR 

IL deep+sup   deep deep (sup) sup (deep)  

PL sup   deep deep deep (sup)  

PL deep   deep deep deep (sup)  

ACv sup I, III, (deep) I, deep Deep (sup) deep (deep) deep (sup) 

ACv deep I, III, deep I, deep Deep (sup) deep deep deep 

ACd sup I, III, (deep) I, deep sup all (deep) all 

ACd deep I, III, deep I, deep all deep (sup) deep deep 

RSv deep I, III, deep I, deep deep (sup) deep (sup)  (deep) deep (sup) 

RSv deep+sup I, III, deep I, deep deep (sup) deep (sup)  (deep) deep (sup) 

RSd deep I, III, deep I, deep deep (sup) (deep) (deep) deep (sup) 

RSd deep+sup I, III, deep I, deep deep (sup) (deep) (deep) deep (sup) 
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INFRALIMBIC AREA 

 

In case 93269b a fairly large PHA-L tracer deposit is centred in the infralimbic area, 

involving layers II-VI. This injection predominantly gives rise to labelling in the 

entorhinal and perirhinal cortices (Fig. 3.3).  

Within the entorhinal cortex a dense plexus of labelled fibres is present in the deep 

layers of VIE at the border with DIE (Fig. 3.3A-D), with some additional labelling in 

layers II-III of VIE and ME and in the deep layers of DIE, CE and ME (Fig. 3.3C-E). 

The moderate to dense terminal labelling in the perirhinal cortex shows a strong 

preference for the superficial layers (I-III) of area 35 (Fig. 3.3A-D), with weaker 

labelling in layer I of area 36. Few fibres are present in layer I of the postrhinal cortex 

(Fig. 3.3E) and the deep layers of the pre-and parasubiculum (Fig. 3.3D). 

Other tracer injections in the infralimbic cortex display the same pattern of labelling, 

although no fibres are observed in the postrhinal cortex (Fig. 3.4A). A striking 

observation is the fact that, following all injections in IL, labelling in the ipsilateral and 

contralateral entorhinal and perirhinal cortices show almost equal density (compare 

figures 3.4A-B). No difference in the labelling patterns is observed following injections 

in the more rostral or more caudal areas of infralimbic cortex (e.g. between case 93262b 

and 89516p). No injections are confined to either the superficial or deep layers. 

However, one injection (case 93262b), which involves predominantly the superficial 

layers of IL, gives rise to less dense terminal labelling in the entorhinal cortex when 

compared to injections located predominantly in the deep or in all layers (e.g. 93269b), 

which is in line with the general pattern of laminar termination (table I). 
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Figure 3.3: A-F Line drawings of parahippocampal labelling patterns following a 
representative injection into IL (case 93269b, tracer deposit in layers II-VI). Terminal 
labelling is predominantly located in the deep layers of VIE and the superficial layers of 
PER (A-D). The border between the deep (IV-VI) and superficial (I-III) layers is indicated 
with a dotted line in this figure (and in figures 3.5, 3.6, 3.9, 3.11, 3.12). Note that only 
varicose fibres are illustrated and no smooth fibres, representing fibres of passage. 
Abbreviations: AE, amygdalo-entorhinal transition field; CE, caudal entorhinal area; DIE, 
dorsal intermediate entorhinal area; DLE, dorsolateral entorhinal area;, ME, medial 
entorhinal area; PER, perirhinal cortex; POR, postrhinal cortex; VIE, ventral intermediate 
entorhinal area; other abbreviations the same as in figures 3.1 and 3.2. 
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PRELIMBIC AREA 
 

In case 89475p the PHA-L tracer deposit, involving layers V and VI, is placed in the 

ventral part of the prelimbic area, at a mid rostro-caudal level. Similar to the pattern 

seen following IL injections, this injection primarily gives rise to labelling in the 

entorhinal and perirhinal cortices, whereas the pre-and parasubiculum contain only a 

few fibres in their deep layers (Fig. 3.5A-F). 

Compared to the pattern seen following IL injections, the major distribution of labelling 

in the entorhinal cortex has shifted laterally and is moderate to dense in the deep layers 

of the rostro-caudal extent of DIE (Fig. 3.5A-D). At caudal levels, additional labelling is 

present in VIE, DLE and MEA (with a preference for ME, compared to CE) (Fig. 3.5C-

F). Labelling in the perirhinal cortex is slight to moderately dense throughout all layers 

of areas 35 and 36, and in contrast to what was reported in case of IL injections, axons 

from PL show a preference for the deep perirhinal layers (table I, fig. 3.5A-E).  

Other injections placed in ventral parts of PL result in a similar pattern of labelling in 

the parahippocampal region compared with case 89475p (Fig. 3.4C). Injections more 

dorsally in PL however give rise to less dense labelling in the perirhinal and entorhinal 

cortices, though with a comparable overall distribution (Fig. 3.5G). No clear differences 

are present between the labelling patterns in the parahippocampal region following 

injections in rostral or caudal areas of PL.  

 
Figure 3.4: Photomicrographs of coronal sections demonstrating labelling patterns in 
the perirhinal and lateral entorhinal areas following injections into rostral regions of the 
cingulate cortex. A Photomicrograph of a coronal section in case 90045p (tracer deposit 
in layers II-VI of IL) and enlarged darkfield photomicrographs of the boxed areas, 
illustrating the resulting terminal labelling in the superficial layers of area 35 of PER (top) 
and the deep layers of VIE (bottom). DIE contains mainly fibres of passage. 
B Photomicrograph of contralateral coronal section in case 90045p and darkfield 
photomicrographs of adjoining sections of boxed areas illustrating that contralateral 
labelling mirrors ipsilateral labelling in terms of lamination and density in PER (top) and 
VIE (bottom). C Photomicrograph of a coronal section in case 89501p (tracer deposit in 
layers II-VI of PL) and enlarged darkfield photomicrograph of the boxed area, 
demonstrating labelling in the deep layers of DIE with some additional labelling in VIE. D 
Photomicrograph of a coronal section in case 99148b (tracer deposit in layers III-V of 
ACd) and enlarged darkfield photomicrograph of the boxed area illustrating terminal 
fibres in layer III of DLE with some additional fibres in the deep layers of DLE and in DIE. 
Abbreviations the same as in figures 3.2 and 3.3. Bar = 100µm. 
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With respect to laminar origin, we observed that following injections into superficial 

layers of PL (e.g. cases 89590p, 89553p), the pattern of labelling is less dense when 

compared to tracer deposits into the deep layers of PL (e.g. cases 89502p, 89474p), 

however both groups of cases show a similar topography, in line with the general pattern 

(table I). 

 

 

Figure 3.5: A-F Line drawings of parahippocampal labelling patterns following a 
representative injection into ventral PL (case 89475p, tracer deposit in layers V-VI ). 
Terminal labelling is predominantly located in the deep layers of the rostro-caudal extent 
of DIE and ME (A-F) and to a lesser extent in the deep layers of caudal parts of VIE, CE 
and PER (C-F). G Density of projection patterns of respective PL injections in the PER, 
DIE and ME illustrating that ventral parts of the PL result in denser labelling in these 
regions than tracer deposit into dorsal PL. Remainder of legend and abbreviations the 
same as in figure 3.3. 
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DORSAL ANTERIOR CINGULATE CORTEX  
 

Following tracer deposit in the ACd, terminal fibres are predominantly located in the 

presubiculum, parasubiculum, entorhinal cortex and postrhinal cortex. The distribution 

of these fibres differs according to the rostro-caudal level of the injection within the 

ACd. 

 

 
Figure 3.6: A-F Line drawings of parahippocampal labelling patterns following a 
representative injection into mid rostro-caudal levels of ACd (case 90223p, tracer 
deposit in layers II-V). Terminal labelling is preferentially located in layers I, III and V of 
the presubiculum (A-D), layer I (and to a lesser extent layer V) of the parasubiculum (E-
F), the deep and superficial layers of DLE (A-E), with some additional labelling in caudal 
portions of MEA (F). Labelling in the postrhinal cortex is not clearly visible in these 
sections and is more easily appreciated in horizontal sections (see fig. 3.8A). Remainder 
of legend and abbreviations the same as in figure 3.3. 
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A representative example of the fibre distribution in the parahippocampal region 

resulting from injections into the mid rostro-caudal level of the ACd is shown in figure 

3.6 (case 90223p, tracer deposit in layers II-V). In the presubiculum, a dense plexus of 

labelled fibres is present, mainly in the dorsal and intermediate portions, with a 

preference for layers I and III (Fig. 3.6A-D). Labelling in the parasubiculum can be 

classified as moderate and is primarily located in layer I with some additional labelling 

in its deep layers (Fig. 3.6E-F). As illustrated in figures 3.7 and 3.8A (case 98371b, 

tracer deposit in layer II-VI of ACd at a mid rostro-caudal level), the distribution of 

labeling in the pre- and parasubiculum, as well as in the postrhinal cortex is more easily 

assessed in horizontal sections. Labeling is preferentially found in the proximal part of 

the presubiculum, and in the distal part of the parasubiculum (Fig. 3.7).  

In the postrhinal cortex, fibres are labeled in all layers of the postrhinal cortex (Fig. 

3.8A). In this and other cases, a moderate amount of labelling is seen in the entorhinal 

cortex that has shifted more dorsally compared to the pattern seen following PL 

injections, showing a clear preference for both the superficial and deep layers of DLE, 

with some additional fibres in the abutting DIE (Fig. 3.6A-F). In addition, the deep and 

superficial layers of caudal portions of MEA contain a slight amount of labelled fibres 

(Fig. 3.6F). The perirhinal cortex contains only a low number of terminal fibres, 

primarily in its deep layers. 

Following injections into more rostral parts of the ACd (e.g. case 90090p, 90091p), 

labelling in the entorhinal (Fig. 3.4D) and perirhinal cortex is similar to the pattern seen 

following mid-rostro-caudal injections. In contrast, such rostrally positioned injections 

do not result in any labelling in the presubiculum, parasubiculum or postrhinal cortex. 

Injections into the caudal one third of the ACd (e.g. 96284b, 98284p) give rise to similar 

labelling in the postrhinal cortex and parasubiculum compared to the pattern seen 

following mid-rostro-caudal injections. However, labelling in the entorhinal and 

perirhinal cortices is very sparse, whereas terminal fibres in the presubiculum are 

confined to the more dorsal part. Injections into the superficial and deep layers of ACd 

show a number of differences in the resulting laminar distribution of terminal labelling, 

which also differs from the general pattern seen from tracer deposits into other cingulate 

areas (table I). Injections placed in superficial layers of ACd give rise to labelling in 
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Figure 3.7:  
Darkfield photomicrographs of 
horizontal sections demonstrating the 
topographical pattern of varicose fibres 
in the presubiculum and parasubiculum 
following an injection into ACd (case 
98371b, tracer deposit in layer II-VI ). 
Within the presubiculum (top), there is 
a preference for labelling to be located 
in its more proximal parts, abutting the 
subiculum, whereas labelling in the 
parasubiculum (bottom) is 
predominantly located in its more distal 
parts, abutting the MEA. The same 
topographical pattern is seen following 
injections into other cingulate areas. 
Abbreviations: dist, distal; PARA, 
parasubiculum; PRE, presubiculum; 
prox, proximal. Bar = 100µm 
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Figure 3.8: 
Darkfield photomicrographs of 
horizontally cut sections illustrating 
differences in laminar labelling 
patterns in the postrhinal cortex 
following injections into the ventral 
and dorsal anterior cingulate 
cortex. A Photomicrograph of a 
horizontal section following tracer 
deposit into the ACd (case 
98371b, tracer deposit in layers II-
VI) with an enlargement of the 
boxed area (middle right). 
Varicose fibres are located in all 
layers of POR with a preference 
for layers I and V. B 
Photomicrograph of horizontal 
section following tracer deposit 
into the ACv (case 98370b, tracer 
deposit in layers III-VI, at a similar 
rostro-caudal level as case 
95371b) and enlargement of the 
boxed area (middle left). Varicose 
fibres are preferentially located in 
layers V-VI of POR, whereas the 
superficial layers receive only a 
slight amount of fibres. 
Abbreviations the same as in 
figure 3.3. Bar =  200µm 
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exclusively the superficial layers of MEA and label all layers of LEA and POR, whereas 

injections into deep layers of ACd equally label all layers of MEA and show a 

preference for the deep layers of LEA and POR (table I). 

 

VENTRAL ANTERIOR CINGULATE CORTEX  

 
In case 96298b, the tracer deposit, centered in the caudal ACv, involves all layers and 

the resulting pattern of terminal fibre labelling is representative of all injections into 

caudal portions of ACv (Fig. 3.9). The overall distribution of terminal labelling in the 

pre- and parasubiculum resembles the pattern seen following ACd injections. Within the 

presubiculum, the dense plexus of varicose fibres is predominantly located in its dorsal 

and to a lesser extent in its intermediate parts (Fig. 3.9B-F). The parasubiculum contains 

a moderate amount of labelled fibres, whereas a low number of labelled fibres is present 

in the deep layers of the postrhinal cortex (Fig. 3.9E-F). The moderate amount of 

labelled fibres within the medial entorhinal cortex shows a preference for CE compared 

to ME (Fig. 3.9E-F) and is predominantly located in its deep layers with some additional 

labelling in layers I and III. Within the lateral entorhinal area, weak labelling is confined 

to DLE, whereas the perirhinal cortex receives no more than a few fibres. 

Compared to caudally placed injections, tracer deposit in more rostral parts of the ACv 

(e.g. case 90224p, 90196p) give rise to less dense labelling in the presubiculum. 

Furthermore, caudal injections predominantly label layers I and III of more dorsal parts 

of the presubiculum, whereas rostrally placed injections show a slight preference for 

layers I and the deep layers of more intermediate and ventral parts of the presubiculum 

(Fig. 3.2A). Labelling in the parasubiculum and entorhinal cortex (Fig. 3.10A, case 

95370b) is similar following either rostrally or caudally positioned tracer deposits in the 

ACv. Following rostral ACv injections labelling in the postrhinal cortex is denser (Fig. 

3.8B, case 95370b) and weak labelling is present in the deep layers of the perirhinal 

cortex. The topographical and laminar pattern of varicose fibres in the parahippocampal 

cortex is similar following tracer deposits into superficial or deep layers of ACv, 

although tracer deposits including the superficial layers give rise to some additional 

labelling in layers I-III of the postrhinal cortex (table I, fig. 3.8B). In addition, the 
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density of terminal labelling is less following injections into superficial layers of the 

ACv, compared to injections confined to its deep layers. 

 

 

 
Figure 3.9: A-F Line drawings of parahippocampal labelling patterns following a 
representative injection into caudal parts of ACv (case 96298b, tracer deposit into layers 
II-VI). Terminal labelling is predominantly located in layers I, III of dorsal parts of the 
presubiculum (B-F), layers I, V of the parasubiculum (E-F) and the deep layers of MEA, 
with a preference for CE (D-F). Remainder of legend and abbreviations the same as in 
figure 3.3. 
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Figure 3.10: Photomicrographs of horizontal and coronal sections demonstrating the 
labelling patterns in the medial entorhinal cortex following injections into the ACv and 
RSd. A Photomicrograph of horizontal section in case 95370b (tracer deposit in layers 
III-VI of rostral parts of ACv) and enlarged darkfield photomicrograph of the adjoining 
section of the boxed area, illustrating the resulting terminal labelling in the deep layers of 
the CE with some additional fibres in the adjoining DIE and ME. B Photomicrograph of 
coronal section in case 00048b (tracer deposit in layers I-V of caudal parts of RSd) and 
enlarged darkfield photomicrographs of the boxed areas, illustrating terminal labelling in 
the deep layers of CE, with some additional labelling in its superficial layers and in ME. 
In addition, the dense plexus in layers I and V of the parasubiculum is clearly visible. 
Abbreviations the same as in figure 3.3. Bar = 100µm. 
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VENTRAL RETROSPLENIAL CORTEX 
 
In case 95127b, the tracer deposit is present in layers II-V of the caudal RSv-a and the 

overall distribution of labelling is representative of injections into this region (Fig. 3.11). 

Dense terminal labelling is present in the entire dorso-ventral extent of the presubiculum 

and parasubiculum (Fig. 3.11B-D). 

 

Figure 3.11: A-F Line drawings of parahippocampal labelling patterns following a 
representative injection into caudal RSv (case 95127b, tracer deposit in layers II-V of 
RSv-a). Dense terminal labelling is present along the dorso-ventral extent of the 
presubiculum (B-D) (layer I and III in more dorsal parts and I and V in more ventral 
parts) and in layers I and V of the parasubiculum (D-F). Within the entorhinal cortex, 
terminal fibres are seen in the deep layers of the medial entorhinal area, with a clear 
preference for CE (D-F), whereas some additional labelling is also visible in the 
postrhinal cortex. Remainder of legend and abbreviations the same as in figure 3.3. 
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The postrhinal cortex shows slight to moderate terminal labelling with a preference for 

its deep layers, whereas labelling in the perirhinal cortex is limited to a few fibres. 

Within the entorhinal cortex, terminal fibres are seen in the deep layers of the medial 

entorhinal area, with a clear preference for CE compared to ME (moderate versus slight) 

(Fig. 3.11D-F). Other caudal RSv-a injections show an additional weak projection to 

layer I of CE, whereas lateral entorhinal areas DIE and DLE display a minor amount of 

labelled fibres with a strong preference for the deep layers. 

Clear differences are present in the parahippocampal labelling patterns following 

injections along the rostro-caudal axis of the RSv. Compared to caudally placed 

injections (e.g. 95127b, 98270b), rostral injections (e.g. 95370p, 99100b) give rise to 

less dense labelling in the parasubiculum, entorhinal cortex and postrhinal cortex. 

Furthermore, labelling in the presubiculum is confined to its dorsal parts and not located 

along its entire dorso-ventral axis as seen following caudal injections. Tracer deposits 

along the ventro-dorsal axis of the RSv lead to identical labelling patterns in the 

parahippocampal cortex, with the exception of the postrhinal cortex which shows  

slightly denser (but still only slight to moderate) terminal labelling following RSv-b 

injections (e.g. case 97066b) compared to RSv-a injections (e.g. 95359b). 

A proper comparison between injections in the superficial and deep layers is not 

possible since there were no injections limited to the superficial layers (table I). 

However a comparison between corresponding injections in the deep layers or in all 

layers (e.g. 97066b vs 98270b) revealed no obvious differences in their labelling 

patterns. 
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DORSAL RETROSPLENIAL CORTEX 

 
In case 99140b the tracer deposit is located in all layers of the caudal part of the RSd 

(Fig. 3.12). Terminal fibres are present in the presubiculum, parasubiculum, peri-, post-, 

and entorhinal cortex. Labelling in the presubiculum is very dense along its entire dorso-

ventral extent (Fig. 3.12B-F). The terminal plexus in the parasubiculum is denser 

compared to the pattern seen following RSv injections (Fig. 3.12C-F). A moderately 

labelled terminal field is present in the perirhinal and postrhinal cortex with a preference 

for its deep layers (Fig. 3.12B-F). Within the deep layers of the entorhinal cortex 

moderate to dense terminal labelling is present, particularly in the medial entorhinal 

cortex, with a preference CE compared to ME, with some additional labelling in DLE 

and DIE (Fig. 3.12D-F). Other cases with injections in the caudal RSd display a similar 

pattern as case 99140b (Fig. 3.10B, case 00048b), although labelling in the perirhinal 

and DIE and DLE is only limited to a few fibres. 

Following injections into more rostral areas of the RSd, the plexus of labelled fibres in 

the parasubiculum and entorhinal cortex is less dense, whereas the dense plexus in the 

presubiculum is confined to its dorsal portion, not reaching the entire dorso-ventral 

extent as seen following more caudally placed injections. A direct comparison between 

injections in the superficial and deep layers is not possible since no injections are 

confined to the superficial layers (table I). However a comparison between 

corresponding injections in the deep layers or in all layers (e.g. 00048p vs 00048b) 

revealed no obvious differences in labelling patterns or laminar specificities. 
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Figure 3.12: A-F Line drawings of parahippocampal labelling patterns following a 
representative injection into caudal RSd (case 99140b, tracer deposit in layers II-VI). 
Dense terminal labelling is present along the entire dorso-ventral extent of the 
presubiculum (B-F) (layer I and III in more dorsal parts and I and V in more ventral 
parts) and in layers I and V of the parasubiculum (C-F). A moderately labelled terminal 
field is present in the perirhinal and postrhinal cortex with a preference for the deep 
layers (A-F). Moderate to dense terminal labelling is present in the deep layers and to a 
lesser extent in the superficial layers of MEA with a preference CE compared to ME. 
Remainder of legend and abbreviations the same as in figure 3.3. 
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3.5. - Discussion 

 

The main result of the present study is that all cingulate areas project extensively to the 

parahippocampal cortex, with differences in topographical and laminar specificities 

according to the site of origin within the cingulate cortex. Projections from rostral 

cingulate areas IL, PL and rostral parts of the ACd differ from those of other cingulate 

regions in the sense that they provide the major input to the perirhinal and lateral 

entorhinal cortices (Fig. 3.13A,C). 

 

 

 
Figure 3.13: Cingulate cortex flatmaps illustrating the individual differences in projection 
patterns to the different parahippocampal regions, indicated at the top of each map. 
Cingulate regions have been indicated in A. Light grey indicates a slight projection, dark 
grey a moderate projection and black a strong projection. Perirhinal (A) and lateral 
entorhinal (C) cortices mainly receive an input from rostral cingulate regions IL, PL and 
rostral ACd. Medial entorhinal input  (E) originates in the, PLv, ACv and caudal parts of 
the RSv+d. The postrhinal cortices (B), presubiculum (D) and parasubiculum (F) are 
targeted by ACv, the caudal 2/3 of ACd and the RSv+d and do not receive a projection 
from rostral cingulate areas. Abbreviations the same as in figure 3.3. 
 

Previous studies have described a projection from IL and PL, but not from ACd, to the 

lateral entorhinal area and the perirhinal cortex (Beckstead 1979;Burwell and Amaral 

1998a;Hurley et al. 1991;Markowitsch and Guldin 1983;Sesack et al. 1989;Takagishi 

and Chiba 1991;Vertes 2004). The preference of the IL and PL projections for 

entorhinal areas VIE and DIE respectively, the stronger entorhinal projections from the 

ventral region of the PL compared to its dorsal region and the fact that IL preferentially  
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targets the superficial layers of perirhinal area 35 have not been reported previously. The 

results of the present study further demonstrate that the remaining cingulate regions 

preferentially project to the postrhinal cortex (Fig. 3.13B), presubiculum (Fig.3.13D), 

MEA (Fig. 3.13E, not from ACd) and parasubiculum (Fig.3.13F). According to previous 

reports, projections from AC to the presubiculum (termed postsubiculum in those 

studies) and POR primarily originated in caudal parts of the AC (Burwell and Amaral 

1998a;van Groen and Wyss 1990d;Vogt and Miller 1983). Using retrograde tracers 

Burwell and Amaral (1998a) found a minor projection from the AC in general to MEA. 

The present study extends these results and demonstrates that the POR and the 

presubiculum also receive an input from the rostral parts of ACv and that projections to 

MEA are more extensive. The projections from AC to the parasubiculum described in 

this study have not been reported previously. Retrosplenial input to the parahippocampal 

region has been more extensively studied. RS projections have been described to the 

presubiculum, parasubiculum (Shibata 1994;van Groen and Wyss 1990a, 1990c, 1990d, 

1992, 2003;Vogt and Miller 1983;Wyss and van Groen 1992) and POR (Burwell and 

Amaral 1998a). Similar to the results of Burwell and Amaral, we found that the 

projection to POR preferentially arises from RSd compared to RSv. Finally, our findings 

extend previous reports mentioned above that projections from the retrosplenial region 

to the entorhinal cortex only originates in RSv-a and RSd, by showing that all areas of 

RS project to MEA and the parasubiculum and that these projections are strongest from 

caudal retrosplenial regions. In addition we show that the entire rostro-caudal extent of 

RS projects heavily to the presubiculum. In contrast to a number of studies in which a 

moderate projection from PL/IL and RS to the CA1 and/or subiculum has been 

described (Hurley et al. 1991;Shibata 1994), our data indicate that input from the 

cingular area to the subiculum/CA1 is extremely sparse. A possible explanation for this 

discrepancy may be the use of horizontal sections in this study, which allows for a better 

differentiation between these areas than is the case in coronal sections. 
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3.5.1. - Functional implications 

 

The fact that we found no evidence of any major direct cingulate input to the 

hippocampal formation, indicates that cingulate information, before entering the 

hippocampal formation, is processed in the parahippocampal region. The relay of 

cortical input from the parahippocampal region to the hippocampal formation has been 

shown to take place via two parallel segregated pathways comprising PER, LEA, distal 

CA1/proximal subiculum (Fig. 3.14, light grey boxes) and POR, MEA and proximal 

CA1/distal subiculum, respectively (Fig. 3.14, dark grey boxes) (Burwell 2000;Witter et 

al. 2000a, 2000b). The results of the present study combined with the organization of 

intrinsic cingulate connections are in overall agreement with this organization (Fig. 

3.14). The cingulate areas IL, PL and the rostral one third of the ACd are strongly 

interconnected and in turn these areas are reciprocally connected with LEA (see fig. 3.14 

for references). In addition, IL and PL project to PER and receive a projection from the 

distal CA1-proximal subiculum region, all areas linked to the pathway mediated through 

LEA. Conversely, intrinsic connections exist between the remaining areas of the 

 

Figure 3.14: 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. Where the 
connections do not show an exact origin or termination (e.g. between the MEA and 
PARA) no information is available. Layers of termination have not been indicated for 
intracingulate connections (see Jones et al., 2005 for those details). For the 
parasubiculum the connections of its distal part are shown, since the cingulate cortex 
predominantly projects to this part. 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/RS-POR-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).  
Numbers in the text refer to the following references: 1/. Kohler 1985; 2/. van Groen and 
Wyss 1990d; 3/. van Groen and Wyss 1990c; 4/. Witter et al. 1990: 5/. Jay and Witter 
1991; 6/. Wyss and van Groen 1992; 7/. Caballero-Bleda and Witter 1993; 8/. Funahashi 
and Stewart 1997; 9/. Insausti et al. 1997; 10/. Burwell and Amaral 1998b; 11/. Burwell 
and Amaral 1998a; 12/. Naber and Witter 1998; 13/. Naber et al. 1999; 14/. Naber et al. 
2001; 15/.Kloosterman et al. 2003b; 16/. Honda and Ishizuka 2004; 17/. Jones et al. 
2005 applies to all intracingulate connections. Abbreviations: the same as in figures 3.1-
3.3. 
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cingulate cortex (caudal two thirds of ACd, ACv, RSv and RSd). These areas send a 

projection to MEA (with the exception of ACd), the presubiculum, POR and the 

parasubiculum and receive a return projection from MEA and the presubiculum (only to 

RS) (Fig. 3.14). Moreover the hippocampal output to RSv-b (and to a lesser extent RSv-

a) originates in the distal subiculum. 
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The laminar termination of the cingulate projections in the entorhinal cortex 

demonstrate that, in contrast to the majority of other cortical inputs, cingulate inputs 

mainly terminate in the deep layers of the entorhinal cortex. Superficial entorhinal cell 

layers project to the hippocampus, whereas deep entorhinal cell layers are the recipients 

of hippocampal output and are the source of fibres that project to the neocortex as well 

as to subcortical structures (cf. Witter and Amaral 2004). In addition, it has been shown 

that a functional deep to superficial intralaminar entorhinal connection exists which 

forms an important link in re-entrance of activity in the entorhinal-hippocampal network 

(Kloosterman et al. 2003a). Through its projections to the deep entorhinal layers, the 

cingulate cortex appears to be in a unique position to modulate both entorhinal efferents 

to the neocortex as well as influencing the re-entrance of information into the 

hippocampal formation. 

There is increasing recognition that cognitive processes are not related to one structure 

in particular, but rather depend on interactions between interconnected areas of the 

brain, forming dynamic networks (Friston 2002;Horwitz 2003;Pastor et al. 2000). 

Numerous studies have pointed out the importance of intact interactions between 

cingulate and (para)hippocampal regions for a normal course of different types of 

learning and memory processes, suggesting that these regions form part of functionally 

distributed networks. (Degenetais et al. 2003;Floresco et al. 1997;Gabriel et al. 

1987;Hannesson et al. 2004;Simons and Spiers 2003). 

 In such networks, the individual functional contributions of connectionally different 

neocortical areas most likely are unique though complementary. In line with this thesis, 

the strict topological organization of cingulate projections to the parahippocampal cortex 

as described in the present study suggest a high degree of regional functional 

specialization within the cingulate domain and in the parahippocampal region (Fig. 

3.13). Accordingly, IL and ventral parts of PL, together termed visceral motor cortex, 

generate autonomic motor reactions during conditioned fear processes through their 

projections to brain regions involved in autonomic nervous system regulation (Fisk and 

Wyss 1997;Frysztak and Neafsey 1991;Hurley et al. 1991;Neafsey 1990;Vertes 2004). 

The infralimbic cortex will influence the parahippocampal-hippocampal network 

preferentially through its projections to VIE and the superficial layers of perirhinal area 
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35. Interestingly, the strongest perirhinal input to the CA1/subiculum area originates in 

the superficial layers of area 35 (Naber et al. 1999) and through its highly specific 

projection to this area the infralimbic cortex may be capable of regulating perirhinal 

input to the hippocampus, possibly in relation to conditioned fear responses (Bucci et al. 

2002). The prelimbic cortex has also been implicated in cognitive processes such as 

attention and behavioural flexibility (Dias and Aggleton 2000;Risterucci et al. 

2003;Vertes 2004;Walton et al. 2003). Effective learning requires an animal to switch its 

attention to relevant information. Through its inputs to the parahippocampal cortex, 

more specifically but not exclusively to DIE, the prelimbic cortex may provide the 

hippocampus with focused information during mnemonic functions. 

Electrophysiological and lesion studies have demonstrated that the anterior cingulate 

cortex is involved in the acquisition phases of several cognitive tasks such as 

discriminative approach and avoidance learning, the early stages of a reward based 

visual discrimination task and the acquisition phase of spatial learning and memory 

tasks in the water-maze (Bussey et al. 1996;Freeman, Jr. et al. 1996b;Gabriel et al. 

1991;Vann et al. 2000a;Warburton et al. 1998;Gabriel and Sparenborg 1987). The 

rostral one third of the ACd is specifically involved in the acquisition of discriminative 

avoidance behaviour and neurophysiological investigation has demonstrated that 

neurons in this region are specialized in the rapid and flexible encoding of significant 

stimuli (Gabriel 1990). These qualities may be important for providing the hippocampus 

with relevant, up-to-date information during this type of learning. The specific 

projection of the rostral ACd to DLE suggests that the latter region is responsible for 

relaying information about the significance of stimuli to the hippocampus during 

discriminative avoidance learning. Remaining parts of the AC may play a similar role 

during more visuo-spatially related tasks (Vann et al. 2000a, 2000b) although it must be 

noted that the actual input of the AC may not be spatial in nature, but related to other 

contributing factors such as motivation (Warburton et al. 1998). Projections from the 

ACv and caudal two-thirds of the ACd are directed at MEA, POR, pre- and 

parasubiculum, which are all regions known to be involved in spatial learning and 

memory tasks (Burwell and Hafeman 2003;Fyhn et al. 2004;Kesner and Giles 

1998;Steffenach et al. 2005;Taube et al. 1992) and the anterior cingulate input may 
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provide these regions with motivational valence during such tasks. Conversely, 

retrosplenial input, which is also directed at MEA, POR, pre- and parasubiculum, seems 

directly spatial in nature. Many studies have demonstrated a role for the RS in both 

allocentric as well as egocentric navigation tasks (Chen et al. 1994;Cooper and 

Mizumori 1999;Vann and Aggleton 2002, 2004;Vann et al. 2003;Whishaw et al. 2001). 

The principle that cognitive information is processed through parallel streams, creating 

segregated but functionally complementary networks is crucial to our current day 

understanding of brain function (Bressler 1995). In an organisational principle both 

common to rodents and monkeys, two parahippocampal pathways exist through which 

neocortical information reaches the hippocampal formation (Burwell 2000;Lavenex and 

Amaral 2000;Witter et al. 2000a). In a review Burwell indicated that the nature of the 

cortical input in rats and monkeys appears to further contribute to the functional 

segregation of information, with neocortical input to the LEA being 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). The present study has analysed such 

connections in detail and demonstrates that interactions between the cingulate cortex 

and the hippocampal region in the rat are integrated into the two recognised 

parahippocampal-hippocampal parallel processing streams, and also shows that the 

segregation of information is maintained throughout the entire cingulate-hippocampal 

communication. The individual input of the cingulate areas provides further support for 

a non-spatial (running via LEA) and a spatial (running via MEA) learning and memory 

network (Burwell 2000;Hargreaves et al. 2005;Naber et al. 1999). The synthesis of these 

complementary processes into a more complex unitary function requires the integration 

of information across networks. Figure 3.14 shows that this integration may take place 

through several connections. With respect to the cingulate cortex, the mid-rostrocaudal 

part of the ACd is fully integrated within the two networks, projecting to LEA as well as 

to POR, the presubiculum and parasubiculum and is intimately connected to rostral and 

caudal parts of the cingulate cortex, indicating that this region is eminently suited to 

integrate information across these specific networks.  
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CHAPTER 4 

 

Differential regional atrophy of the cingulate gyrus in Alzheimer’s disease: 

a volumetric MRI study 
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Chapter 4 - Differential regional atrophy of the cingulate gyrus in Alzheimer’s 

disease: a volumetric MRI study 

 

4.1. – Abstract 

 

MRI-based volumetric measurements provide a useful technique for quantifying in vivo 

regional cerebral atrophy in Alzheimer’s disease (AD). Histopathological studies have 

shown the cingulate cortex, a cytoarchitectonically heterogeneous region, to be severely 

affected in AD. In this study, we developed and validated a manual segmentation 

protocol, based on macroscopic characteristics such as gyri and sulci patterns, in order 

to assess volumetric changes in four cingulate regions of interest. Cingulate cortical 

volumes of 10 familial AD patients were compared with 10 age- and sex-matched 

controls. Inter- and intra-rater reliability coefficients were high for all cingulate regions 

(91.9% - 99.4%). All four cingulate regions were significantly smaller (p < 0.05) in AD 

cases compared with controls: rostral anterior cingulate gyrus (22.5% smaller), caudal 

anterior cingulate gyrus (20.7% smaller), posterior cingulate gyrus (44.1% smaller), and 

retrosplenial cortex (21.5% smaller). The atrophy in the posterior cingulate region was 

significantly greater than that in other cingulate regions (p<0.001), 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 into the natural history of AD and may help the search for 

diagnostic markers for early AD. 

 

4.2. – Introduction 

 

Magnetic resonance imaging (MRI) based volumetric measurements have proven to be 

useful for quantifying regional cerebral atrophy occurring in Alzheimer’s disease (AD) 

(Fox et al. 2001). Post-mortem studies have demonstrated that the atrophy in AD is 

associated with its defining histopathological changes, i.e. the accumulation of 

neurofibrillary tangles and amyloid plaques, accompanied by widespread neuronal and 

synaptic loss (Braak and Braak 1991;Delacourte et al. 1999; Gomez-Isla et al. 1996;  
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Rohn et al. 2001;Uylings and de Brabander 2002). The implication therefore is, that the 

macroscopic changes of progressive regional and global atrophy are a closely linked 

consequence of the underlying pathological processes in AD. 

The hippocampus and entorhinal cortex are thought to be amongst the earliest sites of 

pathological involvement in AD (Braak and Braak 1991) and many volumetric MRI 

studies have focused on these regions in sporadic and familial AD, confirming their 

early involvement in vivo (Fox et al. 1996;Jack, Jr. et al. 1999;Schott et al. 2003). More 

recently, volumetric, functional and neuropathological studies have also highlighted 

another area of the brain that appears to be involved from the very earliest stages of the 

disease: the cingulate cortex (Baron et al. 2001;Braak and Braak 1993;Callen et al. 

2001;Fox et al. 2001;Frisoni et al. 2002;Killiany et al. 2000;Minoshima et al. 

1997;Scahill et al. 2002). 

The cingulate cortex is a structurally and functionally heterogeneous region, located on 

the medial surface of the brain. It can be subdivided into an anterior cingulate (ACC) 

and a posterior cingulate (PCC) cortex (Baleydier and Mauguiere 1980;Vogt et al. 

1979). The PCC is subdivided further into the ventro-medially located retrosplenial 

cortex (RS) and the more dorsally located PCC ‘proper’, (Vogt et al. 2001). The RS has 

particularly dense connections with the medial temporal lobe and demonstrates 

neurofibrillary changes at an earlier histopathological stage of AD, compared to the rest 

of the PCC (Braak and Braak 1993;Insausti et al. 1987;Kobayashi and Amaral 

2003;Lavenex et al. 2002;Suzuki and Amaral 1994a). In view of these connectional and 

neuropathologic differences, cingulate subregions may differ with respect to their 

amount and rate of atrophy in AD. Methods to assess regional cingulate atrophy on MRI 

accurately, may therefore provide insights into how the disease progresses and might 

ultimately be used to improve the diagnostic accuracy in very early stages of the disease 

(Baron et al. 2001;Chetelat et al. 2003;Kelly et al. 1997). 

Previous imaging studies have demonstrated atrophy in the posterior cingulate gyrus in 

AD. However, these studies either used different criteria to delineate and subdivide the 
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cingulate cortex and did not subdivide the PCC (Callen et al. 2001;Killiany et al. 2000), 

or used semiautomatic techniques (Baron et al. 2001;Fox et al. 2001;Frisoni et al. 

2002;Scahill et al. 2002), which may lack anatomic specificity for relatively small 

structures such as the RS (Ashburner and Friston 2000;Crum et al. 2003;Tisserand et al. 

2002). Several studies have demonstrated atrophy in the ACC in later stages of the 

disease but this was variably located in its rostral (Frisoni et al. 2002;Scahill et al. 2002) 

or its more caudal parts (Callen et al. 2001;Killiany et al. 2000). 

The aim of the present study was to develop and validate a delineation protocol, suitable 

for measuring atrophy of the different regions of the cingulate gyrus and subsequently to 

examine the regional pattern of cingulate atrophy in AD. For this purpose we compared 

the volumes of the different cingulate regions of interest in early-onset familial AD 

patients with those of age and sex-matched control subjects. We studied early-onset 

familial AD patients because the diagnosis of AD can be made with relative certainty 

owing to their known genetic risk. Moreover, in these patients co-morbidity, such as 

vascular disease, is less of a confound. We also wanted to assess whether this protocol 

could reproducibly detect cortical volume reduction in smaller regions of the cingulate 

gyrus such as the retrosplenial cortex. 

 

4.3. - Materials and Methods 

 

4.3.1. – Subjects 

 

Ten subjects with familial Alzheimer’s disease, fulfilling criteria for probable AD 

(McKhann et al. 1984) and ten healthy age- and sex-matched controls recruited from the 

spouses of patients and healthy volunteers were selected for this study. Eight patients 

had genetic testing that confirmed mutations known to be pathogenic for AD (6 in 

amyloid precursor protein; 2 in presenilin-1) and two patients came from autosomal 

dominant pedigrees with pathology in a first degree relative. Subject demographics are 

described in table I. Subjects were assessed at the Dementia Research Centre at The 

National Hospital for Neurology and Neurosurgery in London and underwent annual 

MRI, Mini-Mental State examination (MMSE) (Folstein et al. 1975) and detailed 
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clinical and neuropsychological assessment as part of an ongoing longitudinal research 

project. Subjects had no medical history of cerebrovascular or other chronic 

neurological disease, systemic disorders or major psychiatric illnesses. The study was 

approved by the Local Research Ethics Committee and all subjects had given written 

informed consent. 

 

Table I Subject demographics. 
 
 Controls AD patients 

Number 10 10 

Sex F/M 5/5 6/4 

Mean age, y  (SD) 51.0 (8.0) 51.8 (7.4) 

MMSE score /30 

    mean (SD) 

    range 

 

29.9 (0.4) 

29-30 

 

10.6 (6.2) 

5-21 

 

4.3.2. - Magnetic resonance imaging acquisition 

 

T1-weighted volumetric MR brain scans were acquired on a 1.5 Tesla Sigma unit 

(General Electric, Milwaukee, WI), using a spoiled gradient echo technique (matrix: 

256x128x128; acquisition parameters: TR/TE/excitation, 35/5/1; flip angle, 350). The 

scans were acquired as 124 contiguous 1.5mm coronal slices and were transferred to a 

Sun workstation (Sun Microsystems Inc., Mountain View, CA) for analysis.  

 

4.3.3. - Image analysis 

 

Prior to segmentation, all scans were globally registered to the MNI 305 template using 

a six degrees of freedom registration algorithm (Mazziotta et al. 1995). This ensured all 

scans were measured in a similar orientation to improve consistency of segmentation.  

The software package MIDAS (Freeborough et al. 1997) was used for all manual 

segmentation. This tool allows simultaneous image viewing and outlining of regions in 

axial, coronal and sagittal orientations. In order to prevent potential laterality bias, each 
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image was presented twice in random order; once normally and once flipped across the 

midsagittal line. Delineation was always performed on the same side of the presented 

image. Measurements were performed by raters who were blind to the clinical diagnosis. 

Cingulate borders were established using a combination of intensity thresholding and 

manual tracing using a mouse-driven cursor. A threshold setting between 70-110% of 

the mean brain intensity of the whole brain was used to give consistent delineation of 

cortical grey matter from CSF and white matter. Whole brain segmentation was 

performed using a previously described technique (Schott et al. 2003). All regional 

cingulate boundaries were manually outlined and edited on the computer monitor. 

 

4.3.4. – Cingulate borders 

 

The cingulate gyrus largely comprises Brodmann’s areas 24, 23, 29, 30 and part of 31 

and effort was taken to confine the analysis to these regions as much as possible. The 

rules that were applied for delineation of cingulate boundaries and subdivisions were 

based upon cytoarchitectonic, connectional and macroscopic studies (Groenewegen and 

Uylings 2000;Ono et al. 1990;Sanz-Arigita et al. 2003;Tisserand et al. 2002;Uylings et 

al. 2000;Vogt et al. 1995;Vogt and Vogt 2003). Below we will indicate in a step-by-step 

procedure how the macroscopic MRI delineations of regions of interest (ROI) can be 

roughly compared with microscopically defined Brodmann areas. It is essential to 

emphasize explicitly, that macroscopic features like sulci often do not coincide precisely 

with cytoarchitectonic borders (Uylings et al. 2005;Zilles 2004). 

 

Figure 1: A-C: Sagittal sections of MRI scans of three representative brains indicating 
the sulci, gyri and reference points used to demarcate cingulate gyrus borders. D: 
coronal, E, F: axial and G, H: sagittal sections, demonstrating cingulate gyrus borders 
within the relevant sulci. (*) This point indicates the site where the cingulate sulcus, 
splenial sulcus and marginal ramus meet. Ac-line and pc-line in C: cut-off sections 
through the posterior edge of the anterior commissure (ac) and the posterior edge of the 
posterior commissure (pc) respectively, used for subdividing the cingulate gyrus. 
Abbreviations:  a/r: anterior/rostral; cas: callosal sulcus; CG: cingulate gyrus; cs: 
cingulate sulcus; d: dorsal; MC: (pre)motor cortex; mr: marginal ramus; p/c: 
posterior/caudal; PCG: paracingulate sulcus; sps: splenial sulcus; v: ventral: 31: 
Brodmann’s area 31. 
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Sulcal patterns and variability: Figure 4.1 illustrates the gyri and sulci used to demarcate 

cingulate gyrus borders. The cingulate gyrus (CG) arches around the corpus callosum on 

the medial surface of the brain and is separated from this structure by the callosal sulcus 

(cas) (Fig. 4.1A). The cingulate sulcus (cs) forms the border between the cingulate gyrus 

and the antero-dorsally located paracingulate gyrus (PCG) (Paus et al. 1996;Tisserand et 

al. 2002) and the (pre)motor cortex (MC) (Fig. 4.1A). The paracingulate gyrus may be 

heavily segmented (Fig. 4.1A) or more continuous (Fig. 4.1B) and may share a common 

origin with the cingulate gyrus (Fig. 4.1C). Rostral parts of the cingulate gyrus often 

contain a shallow secondary sulcus, running parallel to the cingulate sulcus (Ono et al., 

1990) (Figs. 4.1A-B, white arrowheads). Even in these cases the cingulate gyrus was 

always easy to distinguish from the antero-dorsally located paracingulate gyrus. The 

cingulate sulcus continues up until the appearance of the marginal ramus (mr), from 

whence it continues as the splenial sulcus (sps) (Vogt et al., 1995; termed subparietal 

sulcus by Ono et al., 1990) (Fig. 4.1A). The splenial sulcus is highly variable in its 

pattern and often contains extensions directed towards the corpus callosum, which were 

included in the analysis (Figs. 4.1B-C, black arrowheads). The cingulate sulcus and 

splenial sulcus were sometimes interrupted and in such cases the shortest possible line 

between the interrupted segments of the sulcus was drawn (see for example fig. 4.1C, 

curved arrow).  

Demarcation of cingulate boundaries: As the cingulate gyrus curves around the anterior 

part of the corpus callosum a transition takes place from Brodmann’s area 24 to 25. In 

accordance with Tisserand et al. (2002), the most caudal coronal slice on which the 

inner curvature of the genu of corpus callosum was visible was taken as the ventral-

posterior border between areas 24 and 25 (Fig. 4.1B). In this manner area 25 was 

approximately excluded from the analysis. Area 25 is a more simple cortical structure 

than 24 (Vogt et al. 1995;Vogt et al. 2004). Posteriorly, the cingulate gyrus curves 

around the splenium of the corpus callosum where it ventrally borders the 

parahippocampal cortex. The most ventral axial slice on which the curvature of the 

splenium of the corpus callosum was visible has been taken as the macroscopic ventral 

border of the cingulate gyrus with the parahippocampal cortex, since no cingulate cortex 

is present below this edge (Vogt et al. 2001) (Fig. 4.1B).  
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Cingulate areas located dorsal to the corpus callosum were delineated on coronal slices 

(Fig. 4.1D), whereas cingulate areas located anterior and posterior to the corpus 

callosum were delineated on axial slices (Figs. 4.1E, F) respectively. On the right side of 

figures 4.1D-F the cortical grey matter has been automatically delineated from CSF and 

white matter using a threshold setting between 70-110% of the mean brain intensity of 

the whole brain (MIDAS). On the left side of the figures the cingulate gyrus has been 

delineated. Cingulate gyrus borders were always set between the ventral and dorsal 

banks of the callosal sulcus and the cingulate sulcus (Sanz-Arigita et al. 2003). The grey 

matter of the splenial sulcus was not included in the analysis (Fig. 4.1F). The splenial 

sulcus is surrounded by Brodmann’s area 31 (Vogt et al. 2001). Effort was taken to 

exclude the major part of area 31, since it is also located on the parasplenial lobules 

postero-dorsal to the cingulate gyrus (Vogt et al. 2001), which was not a region of 

interest (illustrated on sagittal sections in figs.4.1G-H). However, a small part of area 31 

is located on the medial surface of the cingulate gyrus and cannot be delineated 

macroscopically (Fig. 4.1G, approximate border indicated by dotted line). Figure 4.1G is 

a more medial section of the brain in figure 4.1C. In order to improve consistency the 

entire medial surface of the cingulate gyrus was included in the analysis and thus also 

included a small part of area 31. The grey matter located within the splenial sulcus was 

removed in sagittal slices (Fig. 4.1H). Note that in figure 1H extensions of the splenial 

sulcus directed towards the corpus callosum were included in the analysis (black 

arrowheads). 

 

Cingulate ROI subdivisions 

 The most caudal coronal slice on which the anterior commisure (ac) was visible (Fig. 

4.1C, ac-line) and the most caudal coronal slice on which the posterior commisure was 

visible (Fig. 4.1C, pc-line) were used to subdivide the cingulate gyrus. The orientation 

of the coronal slices in our scans corresponds with the ac- and pc-line in figure 4.1C. 

The resulting subdivision of the cingulate gyrus and its borders within the sulci, together 

with the approximate location of the relevant Brodmann’s areas, is indicated in figure 

4.2. Anterior parts of the cingulate gyrus were subdivided into a rostral ROI (termed 

rostral AC, located anterior to the ac-line) and a caudal ROI (termed caudal AC, located 
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between the ac- and pc-line) (Figs. 4.2A-C). Although both anterior cingulate regions 

approximately correspond to Brodmann’s area 24, more recent studies have 

demonstrated a number of cytological and functional differences between them 

justifying a subdivision (Vogt and Vogt 2003;Vogt et al. 2003). Although the cingulate 

and paracingulate gyrus share a common origin in this specific brain a slight indentation 

is visible in the medial part of the grey matter, which was taken as the border between 

these regions (Fig. 4.2B, arrow). 

 

  

 

Figure 4.2: A: sagittal, B, C, D: coronal and E: axial views of the same MRI scan 
illustrating the location of the cingulate subdivisions together with approximate 
corresponding Brodmann’s areas. A: the orientation and location of the sections in 4.2B-
E has been indicated. B,C: coronal sections through the rostral and caudal AC 
respectively.  D: coronal and E: axial section through the PC and RS. Abbreviations the 
same as in figure 4.1. 
 

The posterior region of the cingulate gyrus (located caudal to the pc-line) was divided 

into a posterior cingulate ROI (termed PC) and the retrosplenial cortex (RS) (Figs. 4.2A, 
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D, E). The border between the PC and the RS is the only border that can be objectively 

delineated macroscopically (Vogt et al. 2001). The retrosplenial cortex corresponds with 

Brodmann’s areas 29 and 30 and is located in the depth of the callosal sulcus and does 

not appear on the medial surface of the cingulate gyrus, which comprises area 23 (Figs. 

4.2 D-E). Thus, when manually indicating the border of the RS (black line in figs. 4.2D-

E) care was taken not to include any medially located pixels. 

 

4.3.5. – Reproducibility 

 

In order to assess intra- and inter-rater reproducibility, regional cingulate volumes of 10 

patients (20 hemispheres) were each measured twice by two different raters (BFJ, JB). 

Subdivisions of the posterior cingulate gyrus (PC, RS) were measured twice by one rater 

(BFJ), in order to assess the feasibility of separating these two regions in the further 

analysis. Reproducibility for the whole cingulate gyrus and component parts was 

assessed by calculating within-subject standard deviations and reliability coefficients 

(Bartko 1966;Fleis 1986). 

 

4.3.6. - Statistical analysis 

 

Statistical analysis were conducted using the statistical package STATA versions 6 and 

8 (Stata, College Station, TX) and Microsoft Excel 2000. In order to normalize scans for 

individual differences in head size, total intracranial volume (TIV) was calculated from 

T1-weighted scans, using a previously described semi-automated technique (Whitwell et 

al. 2001). The logs of the mean cingulate ROI volumes of the control group were 

regressed against the logs of the mean TIV measures to establish the slope of the 

relationship between TIV and cingulate volume. The resulting coefficient (α) was used 

to correct the cingulate volumes as follows: 

hi* = hi (t0 / ti)
α 

where hi* is the adjusted cingulate volume, hi the crude cingulate volume, ti the TIV for 

the ith individual and t0 the mean TIV. 
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Differences in volumes between a) AD-cases and controls, b) cingulate ROI’s and c) left 

and right sides were assessed using a random effects generalised least squares regression 

model. All volumes were log-transformed (to allow estimation of percentage 

differences) and two-way interaction terms were included to investigate the extent to 

which a) the difference between AD-cases and controls differed between regions, b) the 

left-right difference differed between regions and c) the left-right difference differed 

between AD-cases and controls. Pair-wise contrasts were used to investigate interactions 

where a global interaction test was statistically significant. 

  

4.4. - Results 

 

4.4.1. - Reproducibility 

 

Reproducibility, expressed in terms of reliability coefficient (RC) and standard 

deviations (SD) as percentages are given in table II. Intra-and inter-rater reliability 

coefficients were comparable and ranged from 91.4%-99.4%. Considering the high 

reproducibility for the PC and the RS (>91.9%; Donner and Eliasziw 1987), these two 

regions were fitted separately into the statistical model and not pooled together. 

 

Table II. Intra-rater and inter-rater reproducibility for the whole cingulate gyrus and 
subdivisions expressed as reliability coefficients (RC) and standard deviations (SD). All 
variables have been log-transformed to facilitate expression of within subject standard 
deviations as percentages. * Performed by one rater. 
 
 Intrarater reproducibility Interrater reproducibility 
 left right left right 
 RC(%) SD(%) RC(%) SD(%) RC(%) SD(%) RC(%) SD(%) 

   
Whole cingulate 99.4 2.4 98.5 2.8 97.9 4.1 99.1 2.2 

Rostral AC 97.8 5.6 99.1 2.7 93.5 9.3 99.2 2.5 
Caudal AC 97.9 3.9 97.8 3.8 98.8 2.8 98.4 3.2 
PC + RS 96.2 7.9 98.5 4.4 94.9 9.2 98.9 3.8 
PC 94.4 10.4 98.3 5.1 * * * * 
RS 91.9 9.1 92.4 8.3 * * * * 
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4.4.2. - Cingulate ROI volumes 

 

The TIV corrected cingulate ROI volumes for both groups are shown in figure 4.3. 

There was statistically significant evidence of a group by region interaction (i.e. that the 

magnitude of the difference between AD-cases and controls differed between regions 

combining over hemispheres) (p=0.0025), a hemisphere by region interaction (p=0.034), 

but no evidence of a group by hemisphere interaction (i.e. no evidence that the case-

control difference differed between the left and right side combining over regions) 

(p=0.8). Accordingly, the two-way interaction between group and hemisphere was 

dropped from the model effectively pooling the differences between AD-cases and 

controls over left and right sides. All of the cingulate ROI’s were significantly smaller in 

cases compared to controls with the difference in the PC being significantly larger than 

that in each of the other cingulate regions (p<0.01): rostral AC: 22.5% (95% CI 6.2-

35.9%) smaller, p=0.009; caudal AC: 20.7% (95% CI 4.1-34.4%) smaller, p=0.017; PC: 

44.1% (95% CI 32.4-54.8%) smaller, p<0.001; RS: 21.5% (95% CI 5.1-35.1%) smaller, 

p=0.012 (Fig. 4.3).  

On average, cingulate volumes were larger on the right side in all regions in both AD-

cases and controls, with some evidence (p=0.034) that the magnitude of the left-right 

difference varies between regions. This left right difference was greatest for the rostral 

AC and this was the only region where the difference was statistically significant. 

Despite the fact that mean volumes for all four cingulate ROI’s differed significantly 

between cases and controls, figure 4.3 shows that there was considerable overlap which 

was least in the posterior cingulate ROI. We calculated sensitivity and specificity values 

for the PC in order to determine how well these data might classify individuals into their 

diagnostic groups. With a cut-off value of 1880mm3 for the mean of the left and right 

PC, sensitivity was 90%, specificity 100%, positive predictive value 100% and the 

negative predictive value was 91%. 

The wide range of MMSE’s in the patient group raises the possibility that the results are 

driven by the very severe cases. To investigate this, Pearson correlation coefficients 

between MMSE scores and cingulate volumes were calculated. None of the volumes of 

the cingulate ROI’s showed a correlation with MMSE scores that was statistically 
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significant or large enough to support such a hypothesis: rostral AC r = -0.36 (p = 0.38); 

caudal AC r = -0.35 (p = 0.39); PC r = -0.23 (p = 0.59); RS r = 0.04 (p = 0.93). 

 

  left right   left right 

  co pat co pat   co pat co pat 

Cingulate 
gyrus 

 

PC 

 

Mean 
volume 

 7687 5613 9361 6845    2202 1260 2463 1344 

SD  1738 1591 908 1281    396 621 525 513 

Rostral AC 

 

RS 

 

Mean 
volume 

 3292 2459 4459 3589   348 264 366 297 

SD  1170 928 458 1210   70 90 97 75 

Caudal AC 

 

Mean 
volume 

 1741 1479 2006 1468 

SD  481 280 248 337 

Figure 4.3: Volumetric differences between 
AD patients (n=10) and controls (n=10). Mean 
volumes are displayed as TIV corrected 
geometric mean volumes. 
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4.5. - Discussion 

 

Using an MR-based manual delineation protocol for the cingulate gyrus we have 

demonstrated that all four cingulate ROI’s (rostral AC, caudal AC, PC, RS) show a 

significant atrophy in familial AD patients compared to controls. Within the cingulate 

gyrus the volume reduction was the greatest in the PC ROI. Our analysis detected 

previously described left-right hemisphere asymmetries in cingulate volumes 

(right>left), which accords with other studies (Paus et al. 1996;Watkins et al. 2001). The 

severity of the volume loss did not differ between left and right cingulate regions in the 

AD subjects. 

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 don’t coincide 

with borders of microscopically cytoarchitectonical defined cortical areas (Uylings et al. 

2005;Zilles 2004). 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). Although manual demarcation of brain regions is time consuming it is still the 

gold standard of region of interest measurement on MRI (Crum et al. 2003;Tisserand et 

al. 2002). Our manual demarcation protocol was standardised as much as possible and 

yielded high inter- and intra-rater reliability coefficients, ranging from 91.9-99.4%.  The 

landmarks selected to define the borders of the cingulate gyrus and its subdivisions in 

the present study were based on extensive examination of morphological and 

cytoarchitectonic studies and the analysed cingulate subregions approximate to 

Brodmann’s areas 24 (rostral + caudal AC), 29+ 30 (RS) and 23 (PC). 

Separate evaluation of these regions in AD may be relevant taking into account the fact 

that neurofibrillary tangles in the RS are present in relatively early neuropathological 

stages of AD and precede pathological changes in area 23 and 24 (Braak and Braak 

1993). These tangles are not present in healthy controls and therefore may represent pre-

clinical stages of AD (Ma et al. 1994). Furthermore, 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. 
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1987;Kobayashi and Amaral 2003;Lavenex et al. 2002;Suzuki and Amaral 1994a). 

Considering the differences in medial temporal lobe connections and temporal patterns 

of neuropathological involvement, it interesting that not the RS but the PC ROI (≈ area 

23) showed the greatest volumetric loss in the present study. The apparent selective 

vulnerability of area 23 in AD cannot be explained as secondary to deafferentiation as a 

result of medial temporal lobe damage. Rather, this selective volume loss seems to be 

related to neurodegeneration, since a number of neuropathological studies have 

demonstrated severe neuron losses in area 23 in those cases with clinically established 

symptoms of AD (Vogt et al. 1990,1998). 

The PC ROI is capable of separating subjects from controls with a high sensitivity 

(90%) and specificity (100%). Measurements of medial temporal lobe measures have 

found similar levels of sensitivity and specificity (Juottonen et al. 1999;Killiany et al. 

2000;Scheltens et al. 1992). Although the number of subjects in the present study is 

small, this region seems promising as a diagnostic indicator of AD. 

Previous macroscopic MRI studies have demonstrated posterior cingulate cortex atrophy 

in AD patients using semi-automated techniques (Baron et al. 2001;Frisoni et al. 

2002;Scahill et al. 2002). According to these authors, the atrophy appeared to 

predominate around the splenial sulcus, including the dorsal part of the posterior 

cingulate gyrus and did not seem to involve retrosplenial areas, which partially 

corresponds with our findings. Atrophy of the rostral (but not the caudal) AC was not 

evident until later stages of the disease (Frisoni et al. 2002;Scahill et al. 2002). 

Automated methods require spatial normalization and smoothing techniques and are 

probably less suitable for analysing highly variable cortical regions (AC) or small areas 

(e.g. RS) (Ashburner and Friston 2000;Crum et al. 2003). A manual region of interest 

study has shown significant atrophy of the caudal AC and the PC in AD but did not find 

any significant atrophy in the rostral AC. However, this study included the paracingulate 

gyrus in the AC and did not subdivide the posterior cingulate gyrus and thus did not 

assess the retrosplenial cortex separately (Callen et al. 2001).  

In the present study we have described and validated a manual delineation protocol to 

measure atrophy of four different cingulate regions on MRI. The present study is the 

first to find significant atrophy of all four cingulate regions in Alzheimer’s disease. We 
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have also shown that our delineation protocol is capable of detecting atrophy in smaller 

regions of the cingulate gyrus, such as the retrosplenial cortex. To our knowledge, this 

study is the first to assess separately the volumes of the posterior cingulate and the 

retrosplenial cortex. Considering the connectional and functional heterogeneity of these 

areas, regional cingulate atrophy measures may aid in understanding the way in which 

the disease begins and progresses and may also help in the search for diagnostic markers 

of early AD.  



 

 102 



 

 103 

CHAPTER 5 

 

Small-world networks and functional connectivity in Alzheimer’s disease



Chapter 5 

 104 

Chapter 5 - Small-world networks and functional connectivity in Alzheimer’s 

disease 

 

 

5.1. - Abstract 

 

We investigated whether functional brain networks are abnormally organized in 

Alzheimer’s disease. To this end graph theoretical analysis was applied to matrices of 

functional connectivity of beta band filtered EEG channels, in fifteen Alzheimer patients 

and thirteen control subjects. Correlations between all pair-wise combinations of EEG 

channels were determined with the synchronization likelihood. The resulting 

synchronization matrices were converted to graphs by applying a threshold, and cluster 

coefficients and path lengths were computed as a function of threshold or as a function 

of degree K. 

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 

changes. This pattern was still present when L and C were computed as a function of K. 

A longer path length with a relatively preserved cluster coefficient suggests a loss of 

complexity and a less optimal organization. 

The present study provides further support for the presence of ‘small-world’ features in 

functional brain networks and demonstrates that Alzheimer’s disease is characterized by 

a loss of small-world network characteristics. Graph theoretical analysis may be a useful 

approach to study the complexity of patterns of interrelations between EEG channels. 

 

5.2. – Introduction 

 

According to Delbeuck and collegues cognitive dysfunction in Alzheimer’s disease 

(AD) could be due, at least in part, to a functional disconnection between distant brain 

areas (Delbeuck et al. 2003). One possibility to examine this hypothesis is to study 

correlations between signals of brain activity (EEG, MEG, fMRI BOLD) recorded from 

different areas. The underlying assumption is, that such correlations reflect, at least in  
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part, functional interactions between different brain areas. The concept of statistical 

interdependencies between signals of brain activity as a tentative index of functional 

interactions is referred to as ‘functional connectivity’ (for a review see: Lee et al. 2003). 

The synchronization likelihood is a recently introduced method of statistical 

interdependencies within a dynamical systems framework (Stam and van Dijk, 2002). 

With this measure, a loss of upper alpha, beta and gamma band synchronization could 

be demonstrated in AD, both during a no-task state as well as during a working memory 

task (Babiloni et al. 2004;Pijnenburg et al. 2004;Stam et al. 2002, 2003). In these 

studies, the 13-30 Hz beta band showed the most consistent abnormalities. 

Although there seems to be growing consensus with respect to the loss of functional 

connectivity in AD, it remains unclear whether a decrease in the mean level of coupling 

is also associated with a change in the global organization of functional networks. 

Tononi and colleagues have pointed out that optimal brain functioning requires a 

suitable balance between local specialization and global integration of brain activity 

(Tononi et al. 1998). They indicated this optimal state as ‘complex’ and proposed a 

neural complexity measure CN that is sensitive to the optimal balance between 

segregation and integration (Tononi et al. 1994). However, application of the neural 

complexity measure to fMRI, EEG and MEG has not yet produced consistent results 

(Branston et al. 2005;Burgess et al. 2003;van Cappellen van Walsum AM et al. 

2003;Van putten and Stam 2001). 

An alternative approach to the characterization of complex networks is the use of Graph 

theory (Sporns et al. 2004;Strogatz 2001). A graph is a basic representation of a 

network, which is essentially reduced to nodes (‘vertices’) and connections (‘edges’) 

(Fig. 5.1). Graphs are characterized by a cluster coefficient C and a characteristic path 

length L, amongst other measures. The cluster coefficient is a measure of the local 

interconnectedness of the graph, whereas the path length is an indicator of its overall 

connectedness. Watts and Strogatz (1998) have shown that graphs with many local 
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connections and a few random long distance connections are characterized by a high 

cluster coefficient and a short path length; such near optimal networks are designated 

‘small-world’ networks. Since then, many types of real networks have been shown to 

have small-world features (Strogatz 2001). Patterns of anatomical connectivity in 

neuronal networks are particularly characterized by high clustering and a small path 

length (Watts and Strogatz 1998). It has been suggested that a small-world like network 

architecture may be optimal for synchronizing neural activity between different brain 

regions (Barahona and Pecora 2002;Lago-Fernandez et al. 2000;Latora and Marchiori 

2001;Masuda and Aihara 2004). Networks of functional connectivity based upon 

recordings in animals, fMRI BOLD signals or MEG recordings have also been shown to 

have small-world characteristics (Dodel et al. 2002;Eguiluz et al. 2005;Salvador et al. 

2005a, 2005b;Stam 2004;Stephan et al. 2000). 

In the present study we intend to address the question whether functional brain networks 

in AD are characterized by a loss of ‘small-world’ features such as a high cluster 

coefficient and a short path length. 

 

5.3. - Materials and Methods 

 

5.3.1. - Subjects 

 
The study involved consecutive subjects referred to the Alzheimer Center at the VU 

University Medical Center. All subjects were studied according to a clinical protocol 

which involved history taking, physical and neurological examination, blood tests, 

MMSE, neuropsychological examination, MRI of the brain and a quantitative EEG. The 

final diagnosis was based upon a consensus meeting where all the available clinical data 

and the results of the ancillary investigations were considered. A diagnosis of probable 

Alzheimer’s disease was based upon the McKhann criteria (McKhann et al., 1984). To 

overcome the lack of pathological verification, clinical diagnosis was monitored at 

regular intervals and for studies the unchanged diagnosis at one year was used. The 

same procedure has been used in other studies (De Leeuw et al. 2004;Schoonenboom et 

al. 2004). The present study concerned 28 subjects, 15 with a diagnosis of probable 
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Figure 5.1 Schematic explanation of a graph and graph theoretical measures. A graph 
consists of elements of vertices, denoted by black dots. If two vertices are connected a 
line is drawn between them. Such a connection is called an edge. The size of a graph is 
equal to the total number of vertices, in this case N = 18. The degree K of a graph is the 
average number of edges per vertex. In a graph all vertices need to be connected. The 
distance between two vertices is expressed by the number of edges that have to be 
travelled to get from the one vertex to another. For instance, the shortest path from 
vertex A to vertex F has a length of 3 edges (path indicated by dotted lines). The 
characteristic path length L of a graph is the mean (or median) of all shortest paths 
connecting all pairs of vertices. L is a measure of how well connected a graph is. The 
cluster coefficient C is measure of local structure. For example, to compute the cluster 
coefficient for vertex A, we first determine the other vertices to which it is directly (with 
path length 1) connected. These neighbours are vertices B, C and D. Then we 
determine how many edges exist in the set of neighbours. In this case, only B and C are 
connected. Next we determine how many edges could have existed between the 
neighbours. In this case this is 3 (B-C, C-D and B-D). The cluster coefficient of A is now 
the ratio of these two numbers: 1/3. In a similar way, the cluster coefficient can be 
determined for all vertices. This results in an average cluster coefficient C for the whole 
graph. C is a measure of the existence of local densely connected clusters within a 
network. Optimal networks are characterized by a high C and a low L; such networks 
are designated ‘small-world’ networks (Watts and Strogatz, 1998). 
 
 

Alzheimer’s disease (4 males; mean age 69.6 years; S.D. 7.9; range 54-77); and 13 

control subjects with only subjective memory complaints (“SC”; 6 males; mean age 70.6 

years; S.D. 7.7; range: 57-78). Mean MMSE score of the Alzheimer patient group was 

21.4 (S.D. 4.0; range 15-28); mean MMSE score of the SC subject group was 28.4 (S.D. 

1.1; range 27-30).   
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5.3.2. - EEG recording 

 

EEGs were recorded in all subjects as part of the examination protocol. EEGs were 

recorded (against an average reference electrode) with an OSG digital EEG apparatus 

(Brainlab (R)) at the following positions of the 10-20 system: Fp2, Fp1, F8, F7, F4, F3, 

A2, A1, T4, T3, C4, C3, T6, T5, P4, P3, O2, O1, Fz, Cz, Pz. ECG was recorded in a 

separate channel. Electrode impedance was below 5 kOhm. Initial filter settings were: 

time constant = 1 second, low pass filter = 70 Hz. Sample frequency was 500 Hz and A-

D precision 16 bit. EEGs were recorded in a sound attenuated, dimly lit room while 

patients sat in a slightly reclined chair. Care was taken by the EEG technicians to keep 

the patients awake during the whole recording. For the present analysis 30 seconds of 

artefact-free data (containing no eye-blinks, slow eye-movements, excess muscle 

activity, ECG artefacts etc.) were selected off-line. The EEG was down-sampled to 125 

Hz, resulting in time series of 4096 samples for further analysis. Digital, zero-phase shift 

filtering of the EEG in the beta band (13-30 Hz), computation of the synchronization 

likelihood and the two graph theoretical measures (cluster coefficient and characteristic 

path length) were done off-line with the DIGEEGXP software written by one of the 

authors (C.S.). Graph theoretical analysis was based on the full 21 × 21 matrix of all 

possible pair wise combinations of electrodes.  

 

5.3.3. - Computation of the synchronization likelihood 

 
Correlations between all pair-wise combinations of EEG channels were computed with 

the synchronization likelihood (Stam and van Dijk, 2002). Mathematical details can be 

found in the appendix to this paper; here we give a brief description. The 

synchronization likelihood is a general measure of the correlation or synchronization 

between two time series, which is sensitive to linear as well as non-linear 

interdependencies. The synchronization likelihood SL ranges between Pref (a small 

number close to 0) in the case of independent time series and 1 in the case of maximally 

synchronous signals. Pref is a parameter that has to be set; in the present study Pref was 

set at 0.01. The basic principle of the synchronization likelihood is to divide each time  
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series into a series of ‘patterns’ (roughly, brief pieces of time series containing a few 

cycles of the dominant frequency), and to search for a recurrence of these patterns. The 

synchronization likelihood is then the chance that pattern recurrence in time series X 

coincides with pattern recurrence in time series Y; Pref is the small but non zero 

likelihood of coincident pattern recurrence in the case of independent time series. The 

end result of computing the SL for all pair-wise combinations of channels is a square N 

× N matrix of size 21 (the number of EEG channels), where each entry Ni,j contains the 

value of the SL for the channels i and j. 

 

5.3.4. - Computation of the cluster coefficient C and characteristic path length L 

 
The first step in applying graph theoretical analysis to synchronization matrices is to 

convert the N × N synchronization matrix into a binary graph. A binary graph is a 

network that consists of elements (also called ‘vertices’) and undirected connections 

between elements (called ‘edges’) (Fig. 1). Edges between vertices either exist or do not 

exist; they do not have graded values. The synchronization matrix can be converted to a 

graph by considering a threshold T. Since there is no unique way to choose T, we 

explored a whole range of values of T, 0.01<T< 0.05, with increments of 0.001, and 

repeated the full analysis for each value of T. If the SL between a pair of channels i and j 

exceeds T an edge is said to exist between i and j; otherwise no edge exists between i 

and j.  

Once the synchronization matrix has been converted to a graph, the next step is to 

characterize the graph in terms of its cluster coefficient C and its characteristic path 

length L. A schematic explanation of graphs, cluster coefficients and path lengths is 

given in figure 5.1.  

To compute the cluster coefficient of a certain vertex, we first determine to which other 

vertices it is directly connected; these other vertices (one edge away) are called 

neighbours. Now the cluster coefficient is the ratio of all existing edges between the 

neighbours and the maximum possible number of edges between the neighbours; it 
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ranges between 0 and 1. This cluster coefficient is computed for all vertices of the graph 

and then averaged. It is a measure for the tendency of network elements to form local 

clusters. The characteristic path length L is the average shortest path connecting any two 

vertices of the graph; the length of a path is indicated by the number of edges of that it 

contains. The path length L is an emergent property of the graph which indicates how 

well its elements are integrated / interconnected. 

When C and L are computed as a function of threshold T, the results might be 

influenced by differences in the mean level of synchronization between the two groups. 

Since the SL is expected to be significantly lower for Alzheimer patients than controls, 

for a given value of T AD graphs will have fewer edges than controls graphs and this 

will influence the differences in C and L between the two groups. To control for this 

effect we repeated the analysis, computing C and L as a function of degree K, which is 

the average number of edges per vertex. In this way graphs in both groups are 

guaranteed to have the same number of edges so that any remaining differences in C 

and L between the groups reflect differences in graph organization.  

The values of C and L as a function of degree K were compared to theoretical values of 

C and L for ordered (C-3/4, L=N/2K) and random (C=K/N, L = ln(N)/ln(K)) graphs. 

However, statistical comparisons should generally be between networks that have equal 

(or at least similar) degree sequences, as these are known to affect all kinds of network 

measures. Since the theoretical networks have Gaussian degree distributions and may 

thus not provide valid controls for the experimental networks in the present study, which 

may have some other degree distribution, we also generated random and ordered control 

networks following the procedure described Sporns and Zwi (2004) and Milo et al. 

(2002) which preserve the degree distribution exactly. For a K value of 3, for each EEG 

20 random and 20 ordered networks were generated, and the mean C and L were 

calculated. 

 

5.3.5. - Statistical analysis 

 
Statistical analysis consisted of independent samples t-tests and linear regression of the 

plots of C and L as a function of threshold. In order to investigate correlations between 
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changes in topological parameters with cognitive measures we calculated Pearson’s 

correlation coefficient between MMSE scores (as a measure of cognitive function) and 

both cluster coefficient and path lengths. 

 

5.4. - Results 

 

As can be seen in figure 5.2 the synchronization matrices of both groups show a 

complex but nonetheless rather similar pattern, with various regions of high (darker) and 

low (lighter) levels of synchronization. For instance, the dark region in the upper left 

corner corresponds to high levels of synchronization between pre-frontal, frontal and 

fronto-lateral channels.  

 

 

 

 
Figure 5.2: Mean synchronization matrices for the Alzheimer patients (N = 15) and the 
control subjects with subjective memory complaints (N = 13). The synchronization matrix 
is a 21 × 21 square matrix, where the X- and the Y-axis correspond with the channel 
numbers, and where the entries indicate the mean strength of the SL between specific 
pairs of channels. The strength of the SL is indicated with a grey scale, from white (SL = 
0) to black (SL = 1). The diagonal running from the upper left to the lower right is 
intentionally left blank. The names of the electrodes according to the 10-20 Electrode 
Placement System have been indicated next to the corresponding channel numbers on 
the left side. 
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Overall, the beta band synchronization was lower in the Alzheimer group (Main effect 

of Group, F1,26 = 4.656; p = 0.040). 

Figure 5.3 shows the graphs corresponding to the mean synchronization matrices of 

figure 5.2 using a threshold T = 0.029. The graphs for both groups show a similar a 

complex network, consisting of frontal and parieto-temporo-occipital components, 

linked by long distance connections (Figs. 5.3B-C). 

Figure 5.3: Mean synchronization matrices of figure 5.2 converted to graphs using a 
threshold of T = 0.029. A: Schematic image of the head seen from above, with the 
positions of the electrodes indicated by small circles and numbered according to the 10-
20 Electrode Placement System. B: Graph of the control subjects. If the SL between two 
electrodes is above a threshold, a line is drawn (an edge exists between the two 
vertices), otherwise not. C: Graph of the Alzheimer patients. D: Differences between the 
two groups: Co-AD = edges only present in control group (solid lines), AD-Co: edges 
only present in AD group (dotted line). Abbreviations: F = frontal, P = posterior, L = left, 
R = right. 
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Compared to the AD group, the graph of the control group has a larger number of edges 

between the central, temporal and frontal regions (Fig. 5.3D). The graphs shown in 

figure 5.3 represent group averages and serve primarily to illustrate the main patterns. 

For the actual analysis, the conversion of the synchronization matrix to a graph was 

done for each subject separately, and the averaging was done over the individual values 

of C and L as a function of the threshold T. 

The mean cluster coefficient C as a function of threshold for the two groups is shown in 

figure 5.4A.  

 

 

Figure 4.5: A: Mean cluster coefficient C and B: path length for the Alzheimer group 
(black diamonds) and the control group (open squares) as a function of threshold. Error 
bars correspond to standard error of the mean. Black triangles indicate where the 
difference between the two groups is significant (t-test, p < 0.05). The cluster coefficient 
shows a decrease for increasing threshold values. Although C is consistently higher for 
the control group, especially for higher values of the threshold, due to the large variance 
the difference between the groups is statistically not significant. For intermediate ranges 
of the threshold (0.020 – 0.032) the path length is significantly longer in the Alzheimer 
group. For very high values of the threshold (T > 0.043) the path length is significantly 
shorter in the Alzheimer group, due to fragmentation of the graph into sub graphs. 
 

For a low value of the threshold the corresponding graphs are almost fully connected, 

with edges between almost all vertices yielding a corresponding C close to 1 (for T = 0, 

C is expected to be 1). For increasing values of the threshold more and more edges will 

be lost (providing the corresponding value of SL < T), and the cluster coefficient starts 

to decrease. Over the whole range of threshold values investigated (0.010 – 0.050) C of 

the control group is slightly higher than C of the Alzheimer group. However, due to the 
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large variance, which increases with higher values of T, there are no consistent 

statistical differences between the two groups. 

In contrast, the characteristic path length L does show clear differences between the 

groups (Fig. 5.4B). In the curves of figure 5.4B several patterns can be discerned. For 

small values of T (0.010-0.019) the path length increases almost linearly with the 

threshold. For increasing values of T more and more edges will drop out, increasing the 

average path length between randomly chosen vertices. For an intermediate range of 

values of T (0.020 – 0.032) the path length is significantly larger for the Alzheimer 

group compared to the control group; the most significant difference is found for T = 

0.029 (t-test, p = 0.0049). For further increases of T the path length starts to level off; 

this phenomenon occurs earlier in the Alzheimer group than in the control group. This 

can be explained owing to the fact that for high values of T some of the vertices (EEG 

channels) become disconnected from the graph (‘splitting off’); the resulting graph will 

be smaller, which will limit the further growth of L. For very high values of T (T > 

0.043) the path length actually decreases with increasing T. This is due to the fact that 

the graph will be divided into two or more sub graphs (‘fragmentation’). Since these sub 

graphs will be much smaller than the original full graph, the corresponding mean L will 

decrease. This graph fragmentation occurs earlier in the AD group than the control 

group, resulting in significantly larger path length of the controls for very high values of 

T. 

Results of the analysis of C as a function of K are shown in figure 5.5A. 

As expected, C increases with K. No significant differences between the two groups are 

present. Comparisons with the theoretical values of C for ordered (C=3/4) and random 

graphs with size N (C=K/N) (Fig. 5.5A) and with the constructed random and ordered 

matrices that preserve the degree sequences of their experimental counterparts (Fig. 

5.5C) show that C for EEG data is intermediate between ordered and random graphs. 

Results of the analysis of L as a function of K are shown in figure 5.5B. Here L 

decreases as K increases, since more edges allow shorter possible paths. L is 

significantly longer in AD patients for 2.85 < K < 3.15. Comparison with theoretical 

values of L for ordered and random graphs (ordered graph: L=N/2K; random graph: 

L=ln(N)/ln(K)) shows that the path length of the EEG data is very short, and smaller  
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Figure 5.5: A: Mean cluster coefficient C and B: path length for the Alzheimer group 
(black diamonds) and the control group (open squares) as a function of degree K. Error 
bars correspond to standard error of the mean. Black triangles indicate where the 
difference between the two groups is significant (t-test, p < 0.05). The theoretical values 
of C and L for ordered and random networks as a function of K are shown for 
comparison. A: C increases as a function of K, but no significant differences between 
the Alzheimer patients and subjective complaints group are present. The cluster 
coefficient of the EEG data is intermediate between that of ordered and random 
networks. B: For K between 2.850 and 3.15 the path length is significantly longer in the 
Alzheimer group. The path length of the EEG data L is much shorter than that of 
ordered networks, and even smaller than that of random networks for K < 3.4. C) 
Comparison of the experimental cluster coefficient and D: path length with those of the 
constructed random and ordered matrices that preserve the degree sequences of their 
experimental counterparts. C is intermediate between ordered and random networks, 
whereas L of the EEG is lower than L of ordered networks, and close to (but not smaller 
than) L of random networks; also L of AD is significantly longer than L of controls (*). 
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than that of a random graph for K < 3.4 (Fig. 5.5B). However, for the constructed 

random and ordered matrices L of the EEG is lower than L of ordered networks, and 

close to (but not smaller than!) L of random networks; also L of the AD group is 

significantly longer than L of the control group (Fig. 5.5D). 

 

Pearson correlation coefficient between MMSE scores and path length was significant 

for the combined AD and control subject group: r = -5.91 (p = 0.01), but not for the AD 

group alone: r = -4.05 (p = 0.13). Correlations between MMSE scores and cluster 

coefficient were not significant for the combined AD and control subjects: r = 0,28 (p = 

0.15) or the AD group: r = 0.22 (p = 0.42) (Fig. 5.6). 

 

 
Figure 5.6: Scatter plots with trendline showing A: the cluster co-efficient and B: path 
lengths for the Alzheimer group (black diamonds) and the control group (open squares) 
as a function of MMSE scores. Pearson correlation coefficient for path length was 
significant for the combined AD and control subject group: r = -5.91 (p = 0.01). 
Correlations between MMSE scores and cluster coefficient were not significant for the 
combined AD and control subjects: r = 0.28 (p = 0.15). 
 
 
5.5. - Discussion 
 

The principal finding of the present study is that changes in EEG beta band functional 

connectivity display a loss of ‘small-world’ network characteristics. We showed that 

Alzheimer’s disease was characterized by a longer characteristic path length with 

relative sparing of the local clustering. Functional connectivity matrices of beta band 

Figure 6 
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synchronization were converted to graphs and analysed in terms of cluster coefficients C 

and characteristic path length L for a range of thresholds. This approach is quite general 

and could also be applied to connectivity matrices based upon reconstructed sources in 

future studies. The main purpose of this analysis was to characterize the whole network 

in terms of local and global integration, and to determine which aspect might be affected 

most in AD. 

For a whole range of threshold values, the cluster coefficient showed a non-significant 

trend to lower values in AD patients (Fig. 5.4A), implying that the local connectedness 

of networks in AD is relatively spared. The sparing of the cluster coefficient in AD 

means that if a channel A is strongly correlated to two other channels B and C, then the 

likelihood that B and C will also be strongly coupled is not different from controls. An 

interesting finding was the different dependence of characteristic path length on 

threshold in Alzheimer patients and controls (Fig. 5.4B). Here the range of threshold 

values higher than 0.035 should be considered with caution, since in this range the size 

of the graph of is no longer fixed (due to ‘splitting off’) and the graph may even split 

into sub graphs. For threshold values lower than 0.035 these problems do not exist and a 

proper interpretation of L as the average shortest distance between any two vertices is 

valid. In this range, L was significantly longer for AD patients than for controls. Short 

path lengths have been shown to promote effective interactions between and across 

cortical regions (Sporns and Zwi 2004). Interactions between interconnected areas of the 

brain are believed to form the basis of cognitive processes, (Friston 2002;Horwitz 

2003;Pastor et al. 2000). The significant correlation between path length and cognitive 

functioning (as measured with MMSE) in the present study is consistent with this notion 

and provides further evidence for the concept of AD as a disconnection syndrome. 

Figure 5.3D shows that the graph of the synchronisation likelihood matrices in the AD 

group contain a lower number of edges between temporal, frontal and specifically  

posterior central regions compared to the control group. Although the EEG has a poor 

spatial resolution and possible topographical implications of these findings must be 

interpreted with extreme caution, these areas are largely consistent with previously 

detected functional connectivity maps of the conscious resting state involving (amongst 
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others) the temporal lobe, the posterior cingulate gyrus and medial and lateral prefrontal 

cortex (Greicius et al. 2003, 2004). 

The finding of a lower level of beta band synchronization is in agreement with several 

previous studies using the synchronization likelihood (Babiloni et al. 2004;Pijnenburg et 

al. 2004;Stam et al. 2002, 2003). Claus et al. (1998) also stressed the importance of the 

beta band in Alzheimer’s disease in the context of prognosis. The fact that the beta band 

shows fairly consistent changes in relatively mild AD was our reason for concentrating 

on this frequency band in the present study. The method described in the present study 

can now be used to analyse small-world characteristics in other bands, both during 

active and resting states. 

A possible criticism of the graph theoretical results might be that they simply reflect the 

lower level of synchronization in the AD group. For a given value of T, graphs of AD 

patients are expected to have less edges and this will result in a lower C and L. To 

determine whether the longer path length in the AD group reflects a true difference in 

organization and not simply a lower mean level of synchronization we repeated the 

analysis by computing C and L as a function of K. In this way, graphs in both groups 

had equal numbers of edges, and any influence of differences in mean SL was 

eliminated. This analysis showed that AD patients still had a significantly longer L 

compared to controls, with no significant difference in C. Thus the longer path length in 

AD patients cannot be ascribed to differences in mean level of SL and reflects a true 

abnormality in the organization of functional networks in this disorder. 

A comparison of C and L of the EEG data with theoretical values of C and L for ordered 

networks (formula’s taken from Watts and Strogatz, 1998) showed that L of the EEG 

graphs was very small and even smaller than that of random graphs (Fig. 5.5B), whereas 

C of the EEG graphs was intermediate between ordered and random graphs (Fig. 5.5A). 

For a small-world graph L should be close to that of a random graph, whereas C should 

be much higher than that of a random graph, and both would be expected to lie between 

the values of these two graphs. The reason the experimental L is smaller than that of 

random graphs may be because the experimental data don’t have a Gaussian degree 

distribution. Therefore, we also generated random and ordered control networks 

following the procedure described by Sporns and Zwi (2004) and Milo and colleagues 
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(Milo et al. 2002), which preserve the degree distribution exactly. L for the experimental 

data was close to (but not smaller than!) that of the random graph, whereas C was higher 

than that of the random graph, demonstrating that the pattern is still consistent with a 

small world configuration. These results are comparable with those obtained for high 

and low frequency bands in a previous MEG study (Stam 2004).  

In neuroscience, graph theoretical analysis has mainly been applied to the study of 

anatomical networks (Hilgetag et al. 2000;Strogatz 2001;Sporns et al. 2004). Different 

types of networks have been shown to be characterized by a relatively high cluster 

coefficient and a short path length, corresponding to the notion of ‘small-world’ 

networks (Watts and Strogatz, 1998; Sporns et al., 2004). When networks are evolved 

while selecting for the highest complexity (defined as an optimal balance between local 

specialization and global integration), the resulting networks typically have the 

characteristic ‘small-world properties’; this suggests that ‘small-world’ features and a 

high neuronal complexity CN are in fact closely associated (Sporns et al. 2000). There 

are indications that small-world networks and the related scale-free networks represent 

an optimal organization in terms of low ‘wiring costs’, local independence and global 

integration. Modelling studies have shown that neural networks with a small-world 

configuration facilitate synchronization between distant neurons and efficient 

information processing (Lago-Fernandez et al. 2000;Masuda and Aihara 2004). Stephan 

and colleagues have shown that graph analysis can be applied equally well to patterns of 

functional and anatomical connectivity; in both cases a typical small-world network was 

revealed (Stephan et al. 2000). In agreement with this, analysis of correlation matrices 

determined from fMRI BOLD signals have shown typical small-world patterns (Dodel 

et al. 2002;Eguiluz et al. 2005;Salvador et al. 2005a;Salvador et al. 2005b). Finally, in a 

study dealing with MEG recordings from healthy subjects, graph analysis of 

synchronization matrices revealed small-world patterns in low and high frequency bands 

(Stam 2004). When C and L are expressed as ratios of C and L of random graphs, the 

results of the present study are quite comparable with those of several previous studies 

(Table I).  
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Table I. Cluster coefficient C and path length L expressed as ratios of theoretical C and L of 
random networks for several studies 
 
  C/Crandom L/Lrandom 

Present study AD 1.6 1.12 * 

 Controls 1.58 1.07 

Stam, 2004 Healthy subjects 1.89 1.19 

Salvador et al., 2005a Healthy subjects 2.08 1.09 

Hilgetag et al., 2000  Macaque visual ctx 1.85 1.02 

 Cat whole cortex 1.99 1.07 

For the present study data are shown for K = 3.0 for the generated control networks 
preserving N, K and degree sequences; for the Stam, 2004 study data are shown for the 
gamma band and K = 20. *: significant difference between AD patients and controls, p = 
0.046 (two-tailed t-test). 
 

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. Alzheimer patients have significantly longer path lengths of 

their EEG graphs, even after correcting for differences in the mean level of 

synchronization, which suggests a disruption in effective interactions between and 

across cortical regions, and provides further support for the concept of AD as a 

disconnection syndrome. Graph theoretical analysis can reveal abnormal patterns of 

organization of functional connectivity. This approach may be useful not only in 

degenerative dementia’s but also in other disorders such as schizophrenia where 

abnormal functional connectivity plays a role (Breakspear et al. 2003;Friston 1999).  

 

5.6. - Appendix: mathematical details of computation of synchronization likelihood 

 

This appendix is based upon Posthuma et al. (2005). The synchronization likelihood  

(SL) is a measure of the generalized synchronization between two dynamical systems X 

and Y (Stam and van Dijk, 2002). Generalized synchronization (Rulkov et al. 1995) 

exists between X and Y of the state of the response system is a function of the driver 

system: Y=F(X). The first step in the computation of the synchronization likelihood is to 
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convert the time series xi and yi recorded from X and Y as a series of state space vectors 

using the method of time delay embedding (Takens 1981):   

)...,,,,( )1(32 LmiLiLiLiii xxxxxX ×−+×+×++=   [1] 

 

where L is the time lag, and m the embedding dimension. From a time series of N 

samples, N-(m × L) vectors can be reconstructed. State space vectors Yi  are 

reconstructed in the same way. 

  Synchronization likelihood is defined as the conditional likelihood that the distance 

between Yi and Yj will be smaller than a cutoff distance ry, given that the distance 

between Xi and Xj is smaller than a cutoff distance rx. In the case of maximal 

synchronization this likelihood is 1; in the case of independent systems, it is a small, but 

nonzero number, namely Pref. This small number is the likelihood that two randomly 

chosen vectors Y (or X) will be closer than the cut-off distance r. In practice, the cut-off 

distance is chosen such that the likelihood of random vectors being close is fixed at Pref, 

which is chosen the same for X and for Y. To understand how Pref is used to fix rx and ry 

we first consider the correlation integral: 
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Here the correlation integral Cr is the likelihood that two randomly chosen vectors X 

will be closer than r. The vertical bars represent the euclidican distance between the 

vectors. N is the number of vectors, w is the Theiler correction for autocorrelation 

(Theiler, 1986) and θ is the Heaviside function: θ(X) = 0 if X >=0 and θ(X) =1 if X < 0. 

Now, rx is chosen such that Crx = Pref and ry is chosen such that Cry = Pref. The 

synchronization likelihood between X and Y can now be formally defined as: 
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SL is a symmetric measure of the strength of synchronization between X and Y (SLXY = 

SLYX).In equation [3] the averaging is done over all i and j; by doing the averaging only 

over j SL can be computer as a function of time i. From [3] it can be seen that in the case 

of complete synchronization SL =1; in the case of complete independence SL = Pref. In 

the case of intermediate levels of synchronization Pref < SL < 1. 

  In the present study the following parameters were used: L = 10; M = 10; Pref = 0.01. 
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division of the anterior cingulate cortex 
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Chapter 6 - Cognitive and motor impairment following an infarct in the cognitive 

division of the anterior cingulate cortex 

 

 

6.1. - Abstract 

 

The anterior cingulate cortex (ACC) is a heterogeneous region, involved in many 

different functions. Lesion studies may help to clarify the role of separate functional 

divisions within the cingulate cortex. We report a patient with an infarct in the left 

cognitive division of the ACC and anterior two thirds of the corpus callosum. He 

presented with an impairment of voluntary language output via speech but not via 

writing. This case provides further evidence for a functional specialisation within the 

ACC. In addition, he presented with subjective attention deficits, lack of motivation, 

akinesia and contralateral hemiparesis, which is in line with the integrative role of the 

ACC in cognition, motivation and motor behaviour. 

 

 

6.2. - Introduction 

 

The anterior cingulate cortex (ACC) is thought to be the neurological substrate for the 

integration of attention, motivation and motor behaviour (Devinsky et al. 1995;Paus 

2001). The ACC thus enables an individual to focus attention on relevant internal and 

external stimuli, suppress irrelevant stimuli and subsequently plan and generate a 

specific response which may include limb-, eye movements, vocalisation or autonomic 

reactions. Imaging studies have demonstrated that the attention and motivation systems 

as well as response selection mechanisms via different output modalities are represented 

in different subdivisions of the ACC (Bush et al. 2000;Critchley et al. 2003;Kwan et al. 

2000;Petit et al. 1998;Picard and Strick 2001). The functional subdivisions have been 

summarized such that the ACC is divided into effective, cognitive and motor divisions 

(Bush et al. 2000;Picard and Strick 2001). Assessing the exact location of functional 

cingulate subdivisions may be difficult with functional neuroimaging techniques due to  
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a high degree of inter-individual variability in sulcal patterns in the ACC (Paus et al. 

1996;Vogt et al. 1995), in combination with the averaging of data across subjects. 

Lesion studies are therefore necessary to further clarify the regional functional 

specialisation within the ACC. The following case describes the clinical manifestations 

of a relatively restricted infarct involving the left ACC and rostral two thirds of the 

corpus callosum. 

 

6.3. - Case report 

 

A 29 year-old PhD student experienced sudden loss of strength in his right arm and leg, 

associated with double incontinence and an inability to speak. He understood simple 

instructions and was able to respond to questions adequately by squeezing with both his 

left and right hand. The past medical history was unremarkable. He did not take any 

medication and smoked 20 cigarettes a day. 

General physical examination on admission revealed no abnormalities. On clinical 

neurological examination he was alert and co-operative. There was a complete lack of 

spontaneous speech, with preservation of repetition for words and phrases. He 

occasionally answered monosyllabically to questions. Auditory comprehension was 

grossly intact and he was capable of communicating in writing (with his left hand, the 

patient was right handed) thereby demonstrating insight into his situation such as: ‘What 

is going to happen now’. Motor examination revealed a proximal and distal hypertonic 

paresis of the right leg (MRC 3) and arm (MRC 4) and there was a marked general 

paucity in spontaneous movements. Tendon reflexes were increased in the right leg with 

an associated extensor plantar response. Examination of cranial nerves, co-ordination 

and sensation revealed no abnormalities. Signs of apraxia, grasping, groping or an alien 

limb sign were not observed. Initially the patient would lie in bed without any limb 

movement or speech production but would turn his head and eyes in the direction of 
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every sound made in the room. During the following days he slowly started speaking 

and moving and the hemiparesis subsided. On the fifth day he was able to undergo 

neuropsychological assessment. His main problem at this stage (as he later explained) 

was a lack of concentration. As a result, reading a book was not possible and, when in a 

group, he wanted to follow every conversation simultaneously and wasn’t able to focus 

his attention. He also displayed a remarkable indifference towards his situation, a feature 

also noted by his partner.  

On admission, basic blood investigations, ECG, chest X-ray and CT of the brain were 

unremarkable. MRI of the brain on the 1st and 6th day of admission revealed an 

infarction of the supragenual parts of the cingulate gyrus (CG) and the paracingulate 

gyrus (PCG), corresponding to the anterior cingulate cortex, (Brodmann’s areas (BA) 

24a’-c’ and BA 32’), as well as a small part of the pre-supplementary motor cortex (pre-

SMA, BA 6aβ) (Figs. 6.11a-e). The lesion spared the underlying cingulum bundle 

(cing). In addition, the rostral two thirds of the corpus callosum were affected. There 

were no clear differences observed in the involved regions on day 1 and day 6 (compare 

figs. 6.11A and 1B) 

 

Neuropsychological assessment: The patient performed in accordance with his age and 

education level on learning and memory tasks (VAT, Lindeboom et al. 2002), RMT-

faces (Warrington 1984), VLGT (a Dutch version of the California Verbal Learning 

Test, Delis et al. 1987;Mulder et al. 1996), tests for frontal-executive function (Stroop 

Color-Word Test, Stroop 1935),Wisconsin Card Sorting Test (Berg 1948), Tower of  

 
Figure 6.1: MRI scans showing the lesion site. A: horizontal diffusion weighted sections 
on day 1. B: horizontal T2-weighted, C: mid-sagittal and parasagittal Flair sections and 
D: coronal T2-weighted sections demonstrating the lesion site at day 6. Lesion sites are 
similar on day 1 and 6. E: enlargement of section in (C). F: mid-sagittal horizontal T1-
weighted image 4 months after stroke onset.  The lesion involves the anterior two thirds 
of the corpus callosum (CC), supragenual parts of the cingulate (CG) and paracingulate 
gyrus (PCG) rostral to the anterior commisure (ac-line), and extends into the cingulate 
(cs) and paracingulate (pcs) sulcus and a small part of the pre-supplementary motor 
cortex (pre-SMA). The lesion does not involve the SMA or the cingulum bundle (cing). * 
cingulate and ** SMA regions typically displaying activations on functional imaging 
studies during simple motor tasks. 
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London Task (Shallice 1982), abstract reasoning (Raven Progressive Matrices, Raven et 

al. 1984), WAIS-R-Similarities and Comprehension, Wechsler 1981) and working 

memory (WAIS-R Digit Span). On the Dex-inventory for signs of dysexecutive 

behaviour his partner indicated that he sometimes seemed indifferent as to how he 

should behave in social situations (BADS, Wilson B.A. et al. 1996). Testing for 

symptoms of interhemispheric disconnection disclosed no left-sided dyspraxia or 

inability to name objects or letters presented to the left hand. In a reaction-time task 

requiring crossed responses (e.g. reacting with the left hand to a visual stimulus 

presented on the right side) showed no slowing relative to uncrossed responses (Tactile 

naming and recognition, Fepsy SRC, Gazzaniga 1970). A dichotic listening task (a set of 

three numbers is simultaneously presented to each ear, the subject must reproduce as 

many numbers as possible) disclosed no asymmetry in the free recall condition; i.e. the 

patient reproduced approximately equal numbers of right and left ear stimuli. However 

the ordered recall condition (where each trial is preceded by a tone to the ear that must 

be reproduced first) yielded unexpected results. Here the patient said he was unable to 

tell on which side the warning tone was presented, and indeed could not reproduce the 

numbers in the required order. After 4 months he was scanned (Fig. 6.1F) and retested. 

The only residual symptom was an incapacity to locate the direction of an auditory 

source during the dichotic listening task. This time he was explicitly verbally instructed 

from which ear to reproduce the numbers from. Even so, when simultaneously given a 

set of three numbers to each ear he produced right ear stimuli and left ear stimuli in 

random order. 

Further screening revealed a small tumour (0.5 cm diameter) on the mitral valve 

(Fig.6.2A). The tumour was surgically removed three weeks after stroke onset. 

Pathological investigation confirmed a suspected papillary fibroelastoma (Fig.6.2B). 

With an estimated incidence of 0.00007%-0.002%, these benign tumours are a very rare 

but treatable cause of stroke (Fox et al. 2006;Gowda et al. 2003). The patient has made a 

speedy recovery and does not report any residual symptoms from his stroke in daily life. 

He finished his thesis without any problems. 
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Figure 6.2: The papillary fibroeleastoma. A: image take during trans-oesophageal 
ultrasound, showing the lesion in the mitral valve (arrow). B: macroscopic image, 
demonstrating the benign tumour (0.5cm in diameter) attached to the mitral valve 
chordae (arrows). 
 

 

6.4. - Discussion 

 

Following an infarction in the area supplied by the left anterior cerebral artery our 

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. The only 

residual symptom was an incapacity to focus on the direction of a sound in the dichotic 

listening task. The clinical syndrome of decreased or absent spontaneous speech with 

reduced verbal fluency, intact repetition and articulation and good comprehension is 

termed transcortical motor aphasia. In medial frontal lesions the critical site of 

involvement in this type of aphasia is thought to be the SMA, which is located caudal to 

the anterior commisure, or a disruption between the SMA and frontal perisilvian speech 

area (Bogousslavsky and Regli 1990;Freedman et al. 1984;Kumral et al. 2002). The fact 

that the SMA - as well as its underlying white matter - was not affected in the present 



Chapter 6 

 130 

case indicates that lesions limited to the cognitive division of the ACC are capable of 

producing an impairment of voluntary speech output. The impairment in speech output 

does not seem to be related to actual vocalisation mechanisms since the patient showed 

normal speech production when repeating sentences. In line with these findings, 

imaging studies have demonstrated that cingulate regions within the paracingulate 

gyrus, rostral to the anterior commisure, are involved in response selection related to 

vocalisation and speech production. Writing skills are typically also affected in 

transcortical motor aphasia, paralleling speaking ability (Alexander and Schmitt 

1980;Pai 1999). However, even when unable to respond verbally our patient was able to 

convey his thoughts in writing. To the best of our knowledge, only one other study has 

reported such a discrepancy in a patient with a more extensive lesion than the present 

case (Pai 1999). There is experimental evidence that response-selection mechanisms in 

the human ACC might be organized in a somatotopic fashion, with each output modality 

(e.g. vocal, manual) represented in distinct subdivisions (Bush et al. 2000;Critchley et 

al. 2003, 2005;Crosson et al. 1999;Paus et al. 1993;Paus 2001;Turken and Swick 1999). 

The current findings provide further evidence for functional specialisation within the 

ACC suggesting that the left cognitive division of the ACC is specifically involved in 

intentional output of meaningful language through vocalisation.  

The motor symptoms demonstrated by our patient included a contralateral hemiparesis 

associated with a general lack of spontaneous movement. Previous studies have 

demonstrated a number of motor related regions within the cingulate cortex. Together 

with the SMA, dorsal regions of the ACC within the cingulate sulcus, caudal to the 

anterior commisure, play a role in rudimentary motor related functions (indicated by the 

asterisks in fig. 6.1E) (Picard and Strick 2001). Conversely, cingulate motor regions 

within the cingulate sulcus directly rostral to the anterior commisure appear to be 

involved in more complex motor behaviour, including response selection and the willful 

generation of different types of motor behaviour (Picard and Strick 2001). Stimulation 

of this region in monkeys gives rise to contralateral movement of the arm and leg and 

may have been the site responsible for the hemiparesis in this case (Dum and Strick 

1993). Contralateral hemiparesis resulting from medial frontal lesions not involving the 

pre-central gyrus or corticospinal tracts usually give rise to a leg-predominant paraplegia 
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often without the typical distal > proximal distribution seen in corticospinal lesions 

(Bogousslavsky and Regli 1990;Bogousslavsky et al. 1992;Chamorro et al. 1997). The 

initial generalized bilateral absence of spontaneous movement in our patient was not 

related to an incapacity to plan and conduct movements, since he was quite capable of 

normal movement (and even writing) when prompted. Instead, the absence of voluntary 

movement may have been due to a lack of motivational drive. This hypothesis is 

consistent with imaging studies implicating the ACC in motivational valence assignment 

as well as with lesion studies that have described patients with lesions in the ACC as 

being apathetic and unconcerned when significant events occur, such as making 

mistakes, all signs which our patient also displayed (Eslinger and Damasio 1985). 

The problems with concentration and focussed attention experienced by our patient are 

in line with imaging studies which have implicated the cingulate cortex rostral to the 

anterior commisure in tasks involving cognitive control such as attention-demanding 

tasks or conflict monitoring tasks (Bush et al. 2000). However, similar to other lesion 

studies, psychometry failed to demonstrate any impairment on conflict monitoring or 

attention demanding tasks (Fellows and Farah 2005). A possibility for this discrepancy 

is that psychometry tests are not subtle enough to detect such impairment. Another 

possibility is that this syndrome rapidly improves such that by the time the patient is 

tested attention deficits are no longer detectible. It is tentative to suggest that a failure to 

attend to the direction of a sound during dichotic listening tests in the present case is 

related to impaired focussed attention, resulting from the ACC lesion. However it is also 

likely that the binaural cues during this task were not properly integrated due to 

involvement of the corpus callosum (Lessard et al. 2002), but see Moore et al. (1974). 

An important factor to consider in the present case is that the cingulum bundle was not 

affected. The cingulum bundle is an important communication pathway for a number of 

cortical areas (Mufson and Pandya 1984), indicating that the reported symptoms were 

not the result of a disconnection syndrome, but attributable to involvement of the 

cingulate cortex. 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 
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cognition, motivation and motor behaviour, whereas the discrepancy between 

meaningful communication via speech and writing supports a further functional 

specialization within this region. 
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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 parahippocampal-

hippocampal 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 layers�superficial entorhinal layers�hippocampal 

formation�deep 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/RS-
POR-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. 



Summary and discussion 

 147 

 

 

 
 



Chapter 7 

 148 

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 intra-

hippocampal 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 mid-
rostro-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 small-

world 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: anterior commisure 
AC/ACC: anterior cingulate cortex 
ACd: dorsal anterior cingulate cortex 
AChE: acetylcholinesterase 
ACv: ventral anterior cingulate cortex 
AD: Alzheimer’s disease 
AE: amygdaloentorhinal transition field 
BDA: Biotinylated Dextran Amine 
cas: callosal sulcus 
cc: corpus callosum 
CG: cingulate gyrus 
cs: cingulate sulcus 
DG: dentate gyrus 
DIE: dorsal intermediate entorhinal area 
DLE: dorsolateral entorhinal area 
EEG: electroencephalograpgy 
Fr2: frontal cortex, area 2 
fx: fornix 
HF: hippocampal formation 
IL: infralimbic cortex 
MC: motor cortex 
ME: medial entorhinal area 
MEG: magnetoencephalography 
MO: medial orbital cortex 
MR: marginal ramus 
MRI: magnetic resonance imaging 
OC2-mm: occipital cortex, area 2, mediomedial part 
PARA: parasubiculum 
PHA-L: Phaseolus vulgaris-leucoagglutinin 
pc: posterior commisure 
PC/PCC: posterior cingulate 
PCG: paracingulate gyrus 
PER: perirhinal cortex 
PHR: parahippocampal region 
PL: prelimbic cortex 
POR: postrhinal cortex 
PRE: presubiculum 
ROI: region of interest 
RS: retrosplenial cortex 
RSd: dorsal retrosplenial cortex 
RSv: ventral retrosplenial cortex 
RSv-a: ventral retrosplenial cortex, ventral part 
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RSv-b: ventral retrosplenial cortex, dorsal part 
SMA: supplementary motor area 
sps: splenial sulcus 
SUB: subiculum 
TIV: total intracranial volume 
VIE: ventral intermediate entorhinal area
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Nederlandse samenvatting  

 

Achtergrond 

 

Dementie is een aandoening die gepaard gaat met een achteruitgang van hogere 

cognitieve functies, waaronder het geheugen. De ziekte van Alzheimer is de meest 

voorkomende vorm van dementie en is aanwezig bij ongeveer 20% van de populatie 

boven de 80 jaar. De ziekte van Alzheimer brengt een zware psychologische en sociale 

druk met zich mee voor patienten en hun familie en de behandeling en verzorging van 

deze patienten zal naar verwachting toenemend een beroep doen op de beschikbare 

middelen voor de gezondheidszorg. Wetenschappelijk onderzoek naar de mechanismen 

die ten grondslag liggen aan cognitief disfunctioneren zoals dat optreedt in geval van de 

ziekte van Alzheimer vormt  niet alleen een interessante uitdaging voor wetenschappers, 

maar levert mogelijk ook uitgangspunten op voor de ontwikkeling van nieuwe 

therapeutische benaderingen voor deze ziekte.  

Onderzoek heeft aangetoond dat hogere cognitieve functies, zoals het geheugen, op te 

splitsen zijn in deelfuncties die door verschillende delen van de hersenen verzorgd 

worden. Het neuronale substraat voor het vroege geheugenverlies zoals dat optreedt bij 

de ziekte van Alzheimer bevindt zich grotendeels in de mediale temporale kwab. 

Teneinde de optredende geheugendefecten bij de ziekte van Alzheimer goed te begrijpen 

is het dus noodzakelijk om na te gaan welke hersenregio’s buiten de mediale temporale 

kwab ook zijn aangedaan en hoe deze interacteren met de mediale temporale kwab. 

Daarom is de cingulaire cortex een interessante regio om te onderzoeken in relatie tot 

leren en geheugen processen, omdat dit corticale gebied niet alleen direct betrokken is 

bij verschillende aspecten van leren en geheugen processen zelf, maar ook een rol speelt 

bij daarmee geassocieerde functies zoals attentie, motivatie en emotie.  

 

Dit proefschrift 

 

Het voornaamste doel van het onderzoek zoals beschreven in dit proefschrift, was om 

inzicht te verkrijgen in de rol van de cingulaire cortex in leren en geheugen processen, 
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door analyse van zijn relatie met de mediale temporale kwab, alsmede de wijze waarop 

afwijkingen binnen deze relatie op kunnen treden bij de ziekte van Alzheimer.  

 

In hoofdstuk 2 en 3 zijn de onderlinge anatomische verbindingen tussen de cingulaire 

cortex en de mediale temporale (hippocampus en parahippocampale cortex) kwab 

onderzocht in de rat. Anatomische tracers, ingebracht in de cingulaire cortex, worden 

opgenomen in zenuwcellichamen en via zenuwvezels getransporteerd naar gebieden 

waarmee de cingulaire cortex verbonden is. De aanwezigheid van tracermateriaal binnen 

de verschillende hersengebieden is met behulp van lichtmicroscopie onderzocht. Binnen 

de cingulaire cortex zelf (hoofdstuk 2) bestaat er een specifiek patroon van 

verbindingen (figuur 2.9). De voornaamste bevindingen van deze studie zijn dat de 

voorste (rostrale) 3 deelgebieden (infralimbische-, prelimbische- en rostrale 1/3 van de 

dorsale anterieure cingulaire cortex) voornamelijk met elkaar verbonden zijn en niet of 

nauwelijks met de rest van de cingulaire cortex. Binnen de overige cingulaire gebieden, 

gelegen boven het corpus callosum, bestaan er voornamelijk verbindingen tussen de 

rostrale en achterste (caudale) uitersten en tussen de middelste gedeelten. Dit 

topografisch patroon van verbindingen vormt mogelijk een verklaring voor een aantal 

discrepanties die gevonden zijn bij funtioneel onderzoek en suggereert bovendien dat 

specifieke functies waarbij de cingulaire cortex betrokken is afhankelijk zijn van een 

aantal onderling verbonden cingulaire deelgebieden. Door hun ingewikkelde patroon 

van interconnecties lijken deze deelgebieden functioneel gesegregeerde netwerken te 

vormen.  

In hoofdstuk 3 worden de projecties van de cingulaire cortex naar de 

(para)hippocampale cortex beschreven. De resultaten laten zien dat alle deelgebieden 

van de cingulaire cortex sterk projecteren naar de parahippocampale regio. De rostrale 3 

cingulaire gebieden  projecteren voornamelijk naar de perirhinale en de laterale 

entorhinale cortex. De overige cingulaire gebieden projecteren voornamelijk naar de 

postrhinale en mediale entorhinale cortex, alsmede het presubiculum en parasubiculum. 

Deze bevindingen, gecombineerd met de resultaten zoals beschreven in hoofdstuk 2, 

suggereren dat de verschilllende cingulaire deelgebieden unieke, doch sterk 

geintegreerde functies hebben.  
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Er zijn geen aanwijzingen gevonden voor directe projecties naar de hippocampale 

formatie, hetgeen suggereert dat cingulaire informatie bestemd voor de hippocampale 

formatie eerst verwerkt wordt in de parahippocampale cortex. De doorgifte van corticale 

input van de parahippocampale cortex naar de hippocampale formatie vindt plaats via 

een complex georganiseerd systeem van twee parallele, maar anatomisch grotendeels 

gesegregeerde routes. Als de organisatie van de intrinsieke cingulaire verbindingen 

zoals beschreven in hoofdstuk 2 geintegreerd wordt met de organisatie van het 

parahippocampale-hippocampale circuit, blijkt dat deze segregatie van informatie 

gehandhaafd blijft binnen het gehele cingulaire-hippocampale netwerk. Tevens wijzen 

de resultaten uit dat het mid-rostrocaudale deel van de dorsale anterieure cingulaire 

cortex volledig geintegreerd is met beide netwerken, via projecties naar de rostrale en 

caudale delen van de cingulaire cortex en parahippocampale regio’s horend bij beide 

parallelle routes. Op deze manier zou deze regio betrokken kunnen zijn bij de integratie 

van informatie tussen de twee parallelle netwerken.  

 

In hoofdstuk 4, worden volumetrische metingen van MRI-scans beschreven met als 

doel om te onderzoeken of het volume van de verschillende deelgebieden van de 

cingulaire cortex is afgenomen bij patienten met de ziekte van Alzheimer. Hiertoe werd 

eerst een methode ontwikkeld en gevalideerd om de volumes van vier verschillende 

regio’s van de cingulaire cortex zo consequent mogelijk handmatig te meten op MRI-

scans. De cingulaire regio’s (de rostrale en caudale anterieure cingulaire cortex, de 

posterieure cingulaire cortex en de retrospleniale cortex) werden geselecteerd op basis 

van veschillen in hun cytoarchitectiniek, connecties en functies. Het voornaamste doel 

van deze analyse was om te onderzoeken of deze methode geschikt is om de volume 

afname van de vier cingulaire regio’s consequent te kunnen meten en vervolgens om het 

regionale cingulaire volume verlies bij de ziekte van Alzheimer te bepalen. De 

resultaten wijzen uit dat alle vier cingulaire deelgebieden een significante volume 

afname laten zien bij patienten met de ziekte van Alzheimer vergeleken met gezonde 

controles. Bovendien is het afname van volume in de posterieure cingulaire regio 

significant groter dan dat van de andere cingulaire regio’s, hetgeen een grotere 

kwetsbaarheid van deze regio in familiare AD veronderstelt. Omdat de vier cingulaire 
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deelgebieden verschillen wat betreft hun functie en verbindingen zou het detecteren en 

monitoren van hun volume verlies inzicht kunnen verschaffen in het natuurlijk verloop 

van de ziekte van Alzheimer. Daarnaast zou deze techniek uiteindelijk gebruikt kunnen 

worden om de diagnostische nauwkeurigheid in de vroege stadia van de ziekte te 

vergroten.  

 

In hoofstuk 5 is onderzocht of functionele cerebrale netwerken in rust een abnormale 

organisatie vertonen bij de ziekte van Alzheimer. Hiertoe werd de zogenaamde grafische 

theoretische analyse toegepast op een maat voor de synchroninisatie (‘synchronisation 

likelihood’) van signalen gemeten met behulp van electrodes die de electrische activiteit 

registreren van vesrschillende delen van de hersenschors. Het voornaamste doel van 

deze analyse was om de integratie van het gehele netwerk vast te stellen en vervolgens 

te bepalen of lokale danwel globale interacties specifiek zijn aangedaan bij de ziekte van 

Alzheimer. De conclusie is dat er bij patienten met de ziekte van Alzheimer sprake is 

van een verlies aan complexiteit en een suboptimale organisatie van corticale netwerken 

vergeleken met controles. Dit treedt met name op bij de connecties tussen de centrale, 

temporale en frontale regio’s. Deze studie levert een verder bewijs voor de 

aanwezigheid van kleine-wereld (‘small-world’) karakteristieken in functionele 

cerebrale netwerken. Daarnaast is met deze studie voor de eerste maal aangetoond dat de 

pathologische netwerken bij de ziekte van Alzheimer minder ‘small-world’ 

karakteristieken vertonen dan in normale hersenen en dat ondersteunt het concept dat de 

ziekte van Alzheimer een disconnectie syndroom is.  

 

Hoofdstuk 6 is een case study die de symptomen beschrijft na een infarcering in de 

linker anterieure cingulaire cortex en het onderliggende corpus callosum. De lesie was 

gelocaliseerd boven het corpus callosum, voor het niveau van de commisura anterior en 

spaarde de cingulum bundel (de witte stof die de informatie van en naar de cingulaire 

cortex vervoert). In de literatuur staat dit deel van de cingulaire cortex bekend als de 

cognitieve regio van de voorste cingulaire cortex. De patiënt presenteerde zich met 

voorbijgaande symptomen van afwezige spontane spraak, een vrijwel afwezige spontane 

motoriek, contralaterale halfzijdige verlamming, stoornissen in de concentratie en 
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aandacht en een algehele emotionele apathie ten aanzien van zijn situatie. Alhoewel hij 

normaal in staat was tot het nazeggen van woorden en zinnen, was er geen spontane 

verbale uiting mogelijk. Daarentegen was de betekenisvolle uiting van taal middels 

schrift relatief gespaard.  

Deze case studie demonstreert dat unilaterale lesies van de linker cognitieve regio van 

de voorste cingulaire cortex gepaard gaan met stoornissen in een veelheid van functies 

inclusief de vrijwillige initialisatie van spraak en beweging, aandacht en motivatie. Deze 

symptomen zijn in overeenstemming met de vermeende integratieve rol van de voorste 

cingulaire cortex in cognitie, motivatie en motoriek. De discrepantie tussen de 

betekenisvolle communicatie middels spraak en schrift ondersteunt een verdere 

functionele specialisatie binnen deze regio. 

 

Conclusies 

 
Het onderzoek zoals beschreven in dit proefschrift heeft aangetoond dat de cingulaire 

cortex een complexe heterogene structuur is die sterk verbonden is met de 

(para)hippocampale regio middels gesloten anatomische netwerken, die elk 

verantwoordelijk zouden kunnen zijn voor specifieke, maar complementaire 

componenten van leren en geheugen processen. Alle deelgebieden van de cingulaire 

cortex vertonen volumeverlies bij de ziekte van Alzheimer, potentieel resulterend in een 

verstoring van anatomische netwerken betrokken bij leren en geheugen functies. 

Daarnaast gaat de ziekte van Alzheimer gepaard met een beschadiging van functionele 

connectiviteits patronen in rust, gekarakteriseerd door een verlies van interacties tussen 

verspreide delen van de hersenen. Het humaan onderzoek zoals beschreven in dit 

proefschrift ondersteunt de theorie dat de symptomen die aanwezig zijn bij de ziekte van 

Alzheimer veroorzaakt worden door een interregionale disruptie van netwerken ten 

gevolge van neurale degeneratie, in plaats van door aantasting van een geïsoleerd 

hersengebied. De in dit proefschrift beschreven en ontwikkelde protocollen leveren een 

bijdrage aan een meer verfijnd inzicht in de complexe interacties op netwerk niveau en 

zouden daarmee relevant kunnen zijn voor het verbeteren van de diagnostische 

nauwkeurigheid in de vroege stadia van de ziekte van Alzheimer.  
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