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Generall  introduction 

Fabiann Kloosterman 



Chapterr 1 

Thee nervous system is by far the most complex organ in the human body, containing an 

enormouss number of nerve cells ('neurons') that communicate with each other through a 

multitudee of connections. For today's neuroscience. it is a major challenge to understand how 

thesee interconnected networks of neurons give rise to the cognitive functions of the brain and 

howw behavior emerges from concerted activity within and between these networks. 

Ourr brain endows us with the amazing capacity to learn about our environment and to 

acquiree new skills (e.g. learning to ride a bike), such that we may use this new information to 

predictt what wil l happen in the near future and respond appropriately. The information that is 

storedd in our brain ('memories') can be retrieved shortly after the moment it has been 

acquiredd or even years later. In recent years, it has become clear that learning and memory is 

nott a single phenomenon, but that several 'memory systems' may be recognized (Squire and 

Zola.. 1996). as is summarized in figure 1.1. Each of the memory systems is associated with a 

sett of brain structures that are essential for that kind of memory (as depicted in fig. 1.1). 

However,, this doesn't mean that these structures are completely devoted to a given memory 

system,, or that other regions are not involved at all. In general, it is thought that those areas 

thatt are involved in processing specific information (e.g. visual stimuli in the visual cortex or 

motorr patterns in the motor cortex and cerebellum) are also the areas that participate in 
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Figuree 1.1 Outline of multiple memory systems, which involve different subsets of brain areas. The 
hippocampall  memory system (hippocampal formation and adjacent areas in the temporal lobe) is critically 
involvedd in declarative memory, as shown on the left. Modified from Beggs et al. (1999). Learning and 
Memory:: Basic Mechanisms. In: Fundamental Neuroscience (M.J. Zigmond. F.E. Bloom. J.L. Roberts. S.C. 
Landis.. L.R. Squire, eds.). pp. 1411-1454. Academic Press. San Diego. CA. 
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Generall  introduction 

memoryy of that information. 
Thee memory that is referred to as 'memory*  in every day life ('declarative memory'), 

i.e.. memory of events ('episodic memory') and the acquisition of factual knowledge 
('semanticc memory7) is critically dependent on a set of structures that reside in the medial 
temporall  lobe. This was dramatically shown in the famous patient HM, who underwent brain 
surgeryy to relieve him from frequent and invalidating epileptic seizures (Scoville and Milner, 
1957).. In this patient, large parts of the medial temporal lobe in both hemispheres were 
removed.. After recovery from the surgery, epileptic seizures did not recur, but it was found 
thatt HM was not able to create new long-term declarative memories (anterograde amnesia) 
andd he had lost memories of an extended period before the surgery (retrograde amnesia). 

Inn order to understand how the structures in the medial temporal lobe support the 
formationn of declarative memory and how this memory formation is affected in pathologies 
suchh as epilepsy, brain lesions and dementias, like Alzheimer's disease, it is imperative to 
understandd the organization of this memory system and to elucidate the contribution of these 
structuress to different memory processes. In this respect, the information obtained from 
patientss with brain lesions, such as HM, from neuropsychological studies, as well as from 
modernn brain imaging studies, using fMRI, PET, MEG, etc., to study neurocognitive 
functions,, are very useful. The imaging techniques, for example, can provide clues on which 
brainn areas become active during a memory task. Most fundamental questions regarding how 
individuall  cells or small neuronal networks interact and how they operate during behavior, 
however,, cannot be investigated in healthy human subjects, but can only be fully explored 
usingg animal models. Animal models have the advantage that one can relatively easily 
intervenee in the system, for example by local injection of neurotransmitter receptor 
(ant)agonistss or reproducible lesions of a chosen brain area or fiber pathway. The choice of an 
animall  model is determined by the degree it mimics the human situation and by its 
applicabilityy in practice. The most widely used animal models in neuroscience, and also in 
thiss thesis, are rodents (i.e. rats and mice). This raises the question whether the results 
obtainedd with these animals can be generalized to humans. There is no doubt that structural 
differencess exist between the brains of rodents and humans and that rodents do not share 
manyy of the cognitive capabilities that humans possess. In spite of these differences, however, 
forr many human brain regions a homologue can be found in the rodent brain and in most 
casess these appear to exert similar functions. Still, one should keep in mind that a rodent brain 
iss not the same as a human brain and not even a simpler version of a human brain, since the 
brainss of rodents and humans reflect differential adaptation to the environment during 
evolution.. Rodents, for example, make extensive use of olfactory and tactile (e.g. via their 
whiskers)) cues when exploring their environment and the neocortical areas devoted to 
processingg this sensory information therefore occupy a large portion of the rodent brain. 
Humans,, in contrast, are much more visually oriented and accordingly the visual cortices are 
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Chapterr 1 

relativelyy large. Therefore, one should always be careful when extrapolating results obtained 
inn rodents to the human situation. 

Thee structures in the human medial temporal lobe do have their counterparts in rodents, 
butt since rodents do not have a well-defined temporal lobe, the set of brain regions that is 
believedd to be critical for memory processes, is called 'the hippocampal memory system', 
afterr one of its main components, the hippocampal formation (HPF). The other main 
componentt of the hippocampal memory system is the parahippocampal region (PHR). In the 
nextt paragraphs, an introductory description will be given of the brain areas included in the 
hippocampall  memory system. Several experimental articles and reviews have appeared in 
recentt years, which describe what is presently known about the cyto-architecture and 
connectivityy of the structures in the HPF and PHR (Amaral and Witter, 1995. Burwell et al., 
1995,, Burwell, 2001, Insausti et al., 1997, Lopes da Silva et al., 1990, Witter et al., 1989, 
Witter,, 2002). Here, I will summarize several of the main organizational principles and for 
mostt details I will refer to the articles cited above, unless these details are important for the 
chapterss that follow. The emphasis will be put on one of the main sub-fields of the 
parahippocampall  region, i.e. the entorhinal cortex, since all studies described in the following 
chapterss focus on this structure. 

COMPONENTSS OF THE RODENT HIPPOCAMPA L MEMOR Y SYSTEM 

Thee hippocampal formation 

Inn the rat brain, the HPF is a curved structure extending from dorsal-septal to ventral-
temporall  sites and this axis is referred to as the longitudinal axis of the HPF (fig. 1.2B). In a 
cross-section,, stained for the neuronal marker NeuN, several sub-fields can be distinguished 
(fig.. 1.2D): the dentate gyrus, areas of the Cornu Ammonis (CA1-3) and subiculum 
(Scharfmann et al., 2000), AM these sub-fields of the HPF have in common a single layer of 
principall  cells: pyramidal neurons in CA1-3 and subiculum and granule neurons in the dentate 
gyrus.. In contrast to the cell layers of the dentate gyrus and areas CA1-3, the subicular cell 
layerr is not very compact and this marks the transition to the sub-fields of the PHR (i.e. pre-
andd parasubiculum in fig. 1.2D). The principal neurons are the main source of intrinsic 
hippocampall  projections (see sections about connectivity below) and of projections to brain 
structuress residing outside the HPF via the fiber tracts in the alveus, angular bundle or fimbria 
(fig.. 1.2D). In each hippocampal sub-field, in addition to the cell-layer, one or more layers are 
definedd which mainly contain the dendrites of the principal neurons and harbor relatively few 
neuronall  somata. In figure 1.2D. these layers are indicated for area CA1, subiculum and the 
dentatee gyrus. Principal neurons in the hippocampal formation generally use the excitatory 
neurotransmitterr glutamate for synaptic communication. A smaller, but diverse group of 
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Generall  introduction 

neuronss exist which are scattered throughout all layers and which use the inhibitory 
neurotransmitterr GABA (y-amino butyric acid) (Freund and Buzsaki, 1996). Since it was 
originallyy believed that the axonal plexi of these neurons remain within sub-field boundaries, 
theyy were called 'interneurons', however it is now known that GABAergic neurons may in 
factt have axon collaterals that reach extra-hippocampal structures (Ceranik et al., 1997, Toth 
ett al., 1993, van Haeften et al.. 1995). 

Inn addition to the longitudinal axis defined above, the axis that runs parallel to the cell 
layerss of areas CA1-3 and subiculum and is more or less perpendicular to the longitudinal 
axis,, is called the transverse axis (fig. 1-2D). By definition, the side of this axis that is closest 
too the dentate gyrus is 'proximal*  and the other side is 'distal', e.g. the part of CA1 that 
borderss CA3 is proximal and the part that borders subiculum is distal. 

Thee parahippocampal region 

Thee PHR comprises several brain areas that occupy most of the caudal-lateral side of 
thee rat cortex (fig. 1.2C), i.e. the entorhinal cortex, the peri- and postrhinal cortices and the 
pre-- and parasubiculum (Witter, 2002). The entorhinal cortex can be further subdivided into 
thee lateral entorhinal area (LEA) and the medial entorhinal area (MEA) (fig. 12C). These 
subdivisionss differ with respect to some cyto-architectonic characteristics and in addition they 
displayy strikingly different patterns of connectivity as will be discussed below. The pre- and 
parasubiculumm are adjacent to the subiculum and therefore are part of the transition between 
thee HPF and PHR. The sub-fields of the PHR differ from those of the HPF in that they have 
multiplee cell layers. For detailed information about the cyto-architecture of several sub-fields 
off  the PHR the reader is referred to the articles written by Burwell (2001), Burwell and Witter 
(2002)) and Insausti et al. (1997). In the remainder of this section, I will focus on the 
entorhinall  cortex. 

Usually,, the entorhinal layers are grouped into superficial layers (I-III , close to the pial 
surface)) and deep layers (V-VI , close to the underlying white matter). A cell-sparse layer, 
calledd the lamina dissecans (layer IV), separates deep and superficial layers. This arrangement 
off  layers is indicated in figure 1,2D and a more detailed picture is shown in figure 1.2E. The 
appearancee of a laminated structure reflects the differences in cell packing as well as the size 
andd shape of the cell somata. For example, neurons in layer II are relatively large and densely 
packed,, whereas neurons in layer III are smaller and more dispersed. Layer I and the lamina 
dissecans,, on the other hand, contain relatively few cell somata. Several different cell-types 
havee been described in the entorhinal cortex (Hamam et al., 2000, Hamam et al., 2002, 
Sorianoo et al., 1993. Wouterlood, 2002). The principal cell-types in layer II are stellate 
neuronss (see example in fig. 1.2E), whereas in layers III and V the neurons are predominantly 
pyramidal-shapedd (see examples in fig. 1,2E). These principal cells utilize the excitatory 
neurotransmitterr glutamate and their axons are distributed within the entorhinal cortex 
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D.. Cyto-architecture HPF & EC 
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«—— t Figure 1.2 Localization and cyto-architecture of the hippocampal formation and parahippocampal region 
inn the rat brain. A. Three-dimensional reconstruction of the rat brain, showing several major subdivisions. B. 
Locationn of the hippocampal formation (purple, combination of dentate gyrus. CAI-3 and subiculum) in the 
ratt brain. Orientation is similar to A. but the left hemisphere is largely removed to reveal the hippocampal 
formation.. C. Location of the structures of the parahippocampal region in a caudal-lateral view of the rat 
brain.. Notice that parts of the midbrain, cerebellum and brainstem are removed to give unrestricted view on 
thee parahippocampal region. Pre- and parasubiculum (green) are located at the medial aspect of the cortical 
mantlee and only a small part is visible in this view. D. Horizontal section of the hippocampal formation and 
parahippocampall  region illustrating their cyto-architecture. The section was stained for NeuN to visualize 
neuronall  cell somata. Notice the single cell-layer in dentate gyrus. CAI-CA3 and the dispersed cell-layer in 
subiculum.. For the dentate gyrus, area CAI and subiculum also the dendritic layers are indicated. In the 
entorhinall  cortex, multiple layers can be recognized (l-VI) . Notice the light band between layers II I  and V. 
whichh is the lamina dissecans (layer IV). E. Detailed picture of the cyto-architecture of the entorhinal cortex 
inn a horizontal section stained for Nissl substance. Notice the distinct appearance of the cell-layers, due to 
differencee in cell-size and packing density. Three major cell types are shown for layer II  (stellate neuron) and 
layerss II I  and V (pyramidal neurons). Notice that all these cells have dendrites that extend into more 
superficiall  layers. For abbreviations, see list. 
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(Dolorfoo and Amaral. 1998b, Kohier, 1986, 1988) and project also to extrinsic structures (see 

sectionss about connectivity below). Several types of inhibitory interneurons with a variety of 

neurochemicall  signatures have also been described, and these are particularly abundant in 

layerss II and II I  (Wouterlood, 2002). Examples of these interneurons are chandelier cells 

(Sorianoo et al., 1993) and basket-like neurons (Jones and Buhl, 1993). which may have a 

strongg inhibitory influence on the local principal neurons. 

Itt should be stressed, however, that the several cell layers only refer to the cell somata. 

whereass the dendrites and axons of these cells are not necessarily restricted to these layers and 

inn fact in many instances they cross layer boundaries (as is clear for the neurons depicted in 

figuree 1-2E). Generally, dendrites extend into layers more superficial to the layer of origin, 

butt they do not extend into deeper layers. This important observation wil l return in the 

discussionn about the connectivity in the hippocampal memory system, since it means that it 

cannott always be assumed that axon terminals that are restricted to one particular layer only 

synapsee onto neurons having their cell somata in that same layer. 

CONNECTIVIT YY IN THE RODENT HIPPOCAMPA L MEMOR Y SYSTEM 

Thee extensive network of connections by which neurons communicate makes the brain 

aa tremendously versatile system. These connections are not laid out randomly, but are 

organizedd in specific patterns that determine the anatomical framework within which the 

systemm operates. 

Att a global scale, the organization of the PHR and HPF may be described as a cascade 

off  connections from sensory association cortices to peri- and postrhinal cortices and to the 

entorhinall  cortex and subsequently to the HPF. and from here back to the entorhinal cortex, 

peri-- and postrhial cortices and finally to the association cortices where it started (fig. 1.3A). 

Generally,, information flow towards the HPF is referred to as the 'input*  and information 

Howw in the reverse direction is referred to as the 'output*  of the system. 

Ratherr than a merely serial linkage of structures, the scheme in figure 1.3A shows that 

aa characteristic of HPF and PHR connectivity is the existence of parallel pathways (Naber et 

al.,, 2000). Considering the input-side first, one can see that CA1 and subiculum. which may 

bee regarded as the areas where all inputs congregate, can receive sensory information along at 

leastt three parallel pathways. The first is a direct projection from peri- and postrhinal cortices 

toCAll  and subiculum (Kosel et al.. 1983. Mclntyre et a l, 1996, Naber et al.. 1997, Naber et 

al.,, 1999, Naber et al., 2001b). the second is an indirect projection to CAI and subiculum via 

thee entorhinal cortex (Steward and Scovüle, 1976. Witter et al., 1992) and the third pathway 

consistt of the projection from the entorhinal cortex to the dentate gyrus and CA3 via the 

classicc perforant path (Dolorfo and Amaral. 1998a. Tamamaki, 1997). 
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A .. Scheme of connections in the hippocampal memory system 
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Figuree 1.3 Connectional principles of the hippocampal memory system. A. Major connections between areas 

off  the hippocampal formation and parahippocampal region. Direct connections between the peri- and 

postrhinall  cortices and the hippocampal formation are dashed because they are not as strong as the 

connectionss between the entorhinal cortex and hippocampal formation. B. Scheme illustrating segregation 

andd convergence of inputs in the hippocampal memory system. Each area is represented by a box. 

Segregationn is attained by the two topographical patterns of the input projections: one is illustrated by the red 

andd blue colors, the second is illustrated by the different shades of red and blue. Purple colors indicate sites 

off  convergence (e.g. in the dentate gyrus and area CA3). C. Illustration of the connections between the 

parahippocampall  region and sensory and association cortices. Notice that perirhinal cortex and LEA are 

connectedd to a largely distinct set of cortical areas (yellow-orange areas; e.g. gustatory/visceral, insular and 

piriformm cortices), as compared to postrhinal cortex and MEA (blue areas: e.g. visual, parietal and 

retrospleniall  cortices). Some association cortices project to both perirhinal/LEA and postrhinal/MEA cortices 

(purplee areas: e.g. auditory and temporal cortices). Connections are also present with frontal cortices, but 

thesee are not shown here. Eor abbreviations, see list. 
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Thee latter two areas, in turn, connect to CA1 and subiculum via intra-hippocampal pathways 
(i.e.. mossy fibers and Schaffer collaterals, fig. 1.3A). 

Alongg the parallel pathways both segregation and convergence of information flows 
cann occur. Segregation is attained by the topographical organization of most of the input 
connectionss present in the hippocampal memory system. Topographical matching means that 
thee location of the terminal field in the receiving area is related to the location of the cells of 
originn in the projecting area. Two clear topographical patterns can be recognized for the input 
projectionss in the HPF and PHR and these are illustrated in figure 1.3B. The first is related to 
thee LEA/MEA subdivisions of the entorhinal cortex and the transverse axis in the HPF: LEA 
projectss to the distal part of CA1 and proximal part of subiculum, whereas MEA projects to 
thee proximal part of CA1 and distal part of subiculum (Steward, 1976, Witter and Amaral, 
1991,, Witter, 1993). The connection from CA1 to subiculum also displays a clear-cut 
topography,, such that proximal CA1 project to distal subiculum and distal CA1 projects to 
proximall  subiculum (Amaral et al., 1991). Regarding the connections from peri- and 
postrhinall  cortices to the entorhinal cortex, CA1 and subiculum, it was shown that these are in 
accordancee with the above-described pattern. Thus, perirhinal cortex preferentially projects to 
LEAA (Burwell and Amaral, 1998b), the distal part ofCAl and the proximal part of subiculum 
(Naberr et al., 1999). The postrhinal cortex, in contrast, preferentially projects to MEA 
(Burwelll  and Amaral, 1998b), the proximal part of CA1 and the distal part of subiculum 
(Naberr et al., 1997, Naber et al., 2001b). This means that inputs mediated by perirhinal cortex 
andd relayed to LEA are transmitted to a different group of neurons in CA1 and subiculum 
thann those inputs mediated by postrhinal cortex and relayed to MEA (i.e. red vs. blue areas 
andd arrows in fig. 1.3B). The organization of the connections between C A1 and subiculum 
assuress that this segregation is maintained (Amaral et al., 1991, Naber et al., 2001a) in the 
communicationn between these areas. 

Thee second topographical pattern is related to the lateral-to-medial axis in the entorhinal 
cortexx (not to be confused with LEA/MEA subdivisions), which is mapped onto the septal-
temporall  axis of the HPF {these axes are represented by three different shades in fig. 1.3B) 
(Dolorfoo and Amaral, 1998a, Witter, 1993). Interestingly, the projections from peri- and 
postrhinall  cortices terminate predominantly in the lateral aspect (i.e. close to the rhinal sulcus) 
off  the entorhinal cortex (Burwell and Amaral, 1998b) and thus influence mainly the septal 
partt of the HPF. This second topographical organization, however, is much more gradual than 
thee first one and there is a significant amount of divergence along the hippocampal septo-
temporall  axis of projections originating in the entorhinal cortex. Therefore it is less likely that 
thiss topography leads to prominent segregation. 

Inn addition to segregation there exists convergence or integration (purple areas and 
arrowss in fig. 1 3B). This may occur, for example, through the interconnections between 
perirhinall  cortex and postrhinal cortex (Burwell and Amaral. 1998b) or the associational 
connectionss within the entorhinal cortex (Dolorfo and Amaral. 1998b, Kohier, 1986. 1988). 
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Anotherr site at which convergence occurs is the projection from the entorhinal cortex to the 
dentatee gyrus and CA3. Both LEA and MEA project to the same groups of cells in the dentate 
gyruss and CA3 (Canning et al., 2000, Dolorfo and Amaral, 1998a, Tamamaki, 1997). 

Onn the output side, parallel pathways are also evident since both CA1 and subiculum 
projectt to peri- and postrhinal cortices directly (Deacon et al., 1983, Swanson and Cowan, 
1977)) and indirectly via the entorhinal cortex (Beckstead, 1978, Kohier, 1985, Naberet al., 
2001a,, Tamamaki and Nojyo, 1995). An important question here, of course, is whether the 
segregationn of the parallel input pathways is continued in the output pathways. This issue was 
investigatedd using anatomical tracing studies and the results are described in chapter 2. 

Segregationn of information flow is only functionally relevant if there is a difference 
betweenn the segregated pathways, either because of differential processing or because the 
segregatedd pathways receive qualitatively distinct sensory information. There is indeed 
anatomicall  evidence that the latter is the case. This becomes clear if we analyze the 
processingg pathways of sensory information entering the brain. Sensory impulses are 
conveyedd from the receptors in the eyes, ears, skin, etcetera, to the uni-modal primary sensory 
cortices,, in most cases through thalamic relay nuclei. In subsequent association cortices, 
sensoryy information is integrated, both within and across modalities. Integrated information 
fromm several sources then reaches peri- and postrhinal cortices. These cortices receive 
qualitativelyy different inputs from adjacent association cortices (Burwell and Amaral, 1998b), 
ass is illustrated in figure 1.3C. The perirhinal cortex receives its inputs mainly from ventro-
laterallyy located cortices that subserve all sensory modalities, i.e. piriform cortex, insular 
cortexx and temporal association cortex (fig. 1.3C). In contrast, cortical inputs to the postrhinal 
cortexx originate mainly in visual association cortex and visuo-spatial areas, such as the 
parietall  cortex and retrosplenial cortex, which are located dorsally (fig. 1.3C). The entorhinal 
cortexx also receives sensory information directly from uni- and multi-modal association 
corticess (Burwell and Amaral, 1998b). These direct connections are organized such that LEA 
receivess inputs from those cortical areas that also project to perirhinal cortex, and MEA 
receivess inputs from cortical areas that project to the postrhinal cortex. The reverse 
connectionss from the peri- and postrhinal cortices and from the entorhinal cortex to the 
associationn cortices is in register with the input projections (Insausti et al„  1997). This 
underscoress the concept of segregation of sensory information flow in the hippocampal 
memoryy system. 

Nextt to the connections with cortical areas, HPF and PHR also project to and receive 
projectionss from a variety of subcortical structures (i.e. brainstem, basal forebrain, amygdala, 
(hypo)thalamus),, which are important for a proper functioning of the system. It is, however, 
outsidee the scope of this thesis to discuss these connections in detail. For further information 
aboutt these connections, the reader is referred to several recent articles that summarize these 
connectionss (Amaral and Witter, 1995, Gaykema et al., 1990, Lopes da Silvaet al., 1990, 
PitkanenetaL,, 2000, Vertesetal.. 1999, Witter et al., 1989). 
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Detailedd connectivity of the entorhinal cortex 

Ass is clear from the scheme in figure 1.3A, the entorhinal cortex is the main interface 
betweenn the HPF and neocortex. Since all following chapters deal with the entorhinal cortex 
andd its interactions with the hippocampal formation, some more detail about the cellular 
elementss involved and their interconnections is provided here. In the entorhinal cortex the 
cellss that project via the perforant path to the sub-fields of the HPF are located in the 
superficiall  layers II and III . The stellate shaped neurons in layer II provide an excitatory input 
too the dendrites of dentate granule cells in the outer two-third of the dentate molecular layer. 
Entorhinall  layer II stellate neurons also project to area CA3. The entorhinal projections to 
CA11 and subiculum, however, originate from the pyramidal-shaped neurons in layer III . 
Terminationss are exclusively found in stratum (lacunosum-)moleculare and are segregated 
fromm the terminals of the Schaffer collateral pathway originating in CA3, which are located in 
stratumm radiatum. Next to the excitatory projection to principal cells of the hippocampal 
formation,, entorhinal neurons also target local interneurons (Desmond et al., 1994), possibly 
providingg a feed-forward inhibitory input to the principal cells. 

Pyramidall  neurons in CA1 and subiculum are the main source of hippocampal 
formationn output to the entorhinal cortex. They mainly target spiny, presumed excitatory 
pyramidall  neurons, and non-spiny, presumed inhibitory interneurons in deep layers, 
particularlyy in layer V (van Haeften et al., 1995). The layer V pyramidal neurons, in turn, are 
thee main source of entorhinal output projections to peri- and postrhinal cortices and other 
corticall  areas (Insausti et al., 1997). Peri- and posthinal inputs as well as other cortical inputs 
too the entorhinal cortex predominantly terminate in superficial layers (Burwell and Amaral, 
1998a).. The exact postsynaptic targets are not known, but it is generally assumed that layer 11 
stellatee neurons and layer III pyramidal neurons are among those targets. It is possible, 
however,, that also the apical dendrites of layer V pyramidal neurons that extend into 
superficiall  layers (i.e. see fig. 1.2E), receive peri- and postrhinal inputs. 

Most,, if not all entorhinal neurons also have axon collaterals that remain within the 
entorhinall  cortex and form local circuits. Presently, littl e is known, however, about the 
synapticc connections in these circuits. There is some evidence that principal neurons, 
particularlyy those in layers V and III , form extensive horizontal (i.e. intra-laminar) 
associationall  connections (Dolorfo and Amaral, 1998b, Kohier, 1986, 1988), which could be 
partt of a local recurrent circuit (Dhillon and Jones, 2000). For some interneuron types (i.e. 
Chandelierr cells and basket interneurons) it has been demonstrated that they synapse onto 
locall  principal neurons (Jones and Buhl, 1993. Soriano et al,, 1993). 

Ann important issue that follows from the description above is that the population of 
entorhinall  neurons that give rise to projections to the HPF (i.e. layers II and III ) does not 
overlapp with the population of neurons that receive projections from the HPF (i.e. layer V). 
Anatomicall  studies, however, have shown that axon collaterals of entorhinal deep layer 
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neuronss also distribute to superficial layers (Dolorfo and Amaral, 1998b, Kohier. 1986, 1988, 

Ramónn y Cajal, 1955). Recently, we learned more about the synaptic interactions of the 

projectionn from entorhinal deep layers to superficial layers, as described by van Haeften et al. 

(2003).. This study showed that these inter-laminar projections are mainly excitatory, targeting 

bothh presumed principal neurons and interneurons. In contrast to the ascending connections in 

thee entorhinal cortex, projections from neurons in superficial layers to deep layers are rather 

sparsee (Dolorfo and Amaral, 1998b). 

FUNCTIONA LL  OPERATIO N OF THE HIPPOCAMPA L MEMOR Y SYSTEM 

Howw do HPF and PHR operate in the formation of declarative memories? One widely 

supportedd view is that the HPF and presumably also the PHR have only a time-limited 

involvementt in memory formation (Squire and Zola-Morgan, 1991). The first argument for 

thiss view came from the observation that patients with lesions to the temporal lobe had 

temporallyy graded retrograde amnesia, i.e. 'old' memories were better remembered than more 

recentt memories. Subsequently, this effect was also observed in animal models. It is believed 

thatt memory traces, after being acquired by the hippocampal memory system, are then 

transferredd to their final location in the neocortex (a process termed systems consolidation). 

Afterr consolidation memories are relatively resistant to lesions of the hippocampal formation 

(Eichenbaumm and Cohen, 2001). 

Ann important question is also whether all areas in the hippocampal memory system 

alwayss operate together and can be considered a 'single unit1 or that separate areas may also 

actt independently from the other areas. A related question is whether specific functions can be 

assignedd to individual sub-fields in the hippocampal memory system. The results of some 

lesionn studies suggested that for some memory tasks the HPF is not crucial, but that the same 

taskk was performed poorly if the structures in the PHR were damaged (Allen et al.. 2002, 

Eichenbaumm and Cohen, 2001. Kaut and Bunsey, 2001, Shohamy et al., 2000). For many 

memoryy tasks, however, the HPF as well as its intimate connections with the entorhinal cortex 

aree indispensable (Burgess et al., 2002, Eichenbaum, 2001, Suzuki and Clayton. 2000). 

Thiss description of the possible operation of the hippocampal memory system still 

doess not explain how exactly neuronal networks in the HPF and PHR mediate the acquisition. 

storage,, retrieval and consolidation of memory traces. For this it is imperative to know how 

individuall  neurons and neuronal networks act and interact during these processes. A vast 

amountt of literature has been devoted to identify the activities of single neurons and 

populationss of neurons using electrophysiological techniques. Importantly, distinct activity 

patternss - oscillatory potentials and other mass potentials - have been described during 

differentt behavioral states. For example, rhythmic 4-12 Hz oscillations (rhythmic slow 

activityy or theta oscillations) are dominant in the HPF and entorhinal cortex during waking 
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andd rapid-eye-movement (REM) sleep (Alonso and Garcia-Austt. 1987, Buzsaki, 2002, 
Leung,, 1998). Theta oscillations are found in each sub-field of the HPF and in the superficial 
layerss of the entorhinal cortex. Concurrent with theta oscillations, fast field oscillations (>30 
Hz,, gamma activity) can be recorded, which represent temporally organized discharge of 
hippocampall  and entorhinal neurons leading to population volleys at gamma frequencies 
(Braginn et al., 1995, Chrobak and Buzsaki, 1998). 

Duringg some stages of sleep (i.e. slow-wave-sleep (SWS)), low frequency (<4 Hz) 
potentialss and spindle waves (12-15 Hz) characterize the neocortical electroencephalogram 
(EEG)) (Steriade, 2000). A dominant low frequency oscillation in the neocortex, called the 
'sloww oscillation', has been described in detail by Steriade and co-workers (Steriade et al., 
1993a,, b). This slow oscillation is generated in the cortex itself and it does not rely on 
interactionss with the thalamus, in contrast to spindle waves (Sanchez-Vives and McCormick, 
2000,, Steriade et al., 1993b, Timofeev and Steriade, 1996). Nevertheless, slow oscillations are 
likelyy to influence communication between neocortex and thalamus. The slow oscillation has 
alsoo been observed in the perirhinal cortex and entorhinal cortex (Collins et al., 1999, Collins 
ett al., 2001), but much less is known about where these oscillations are generated and how 
theyy interact with other local activity patterns. 

Inn the hippocampal formation, CA1 population activity during SWS is characterized by 
transientt bursts of activity (sharp waves), associated with temporal structured discharge of 
CA11 pyramidal neurons and interneurons Cripples') (Buzsaki, 1986, Suzuki and Smith, 1987, 
Ylinenn et al., 1995). These sharp waves may also be transmitted to the entorhinal cortex 
(Chrobakk and Buzsaki, 1994). In addition another pattern of activity has been reported in the 
entorhinall  cortex, as well as in the perirhinal cortex, which were called 'sharp potentials' 
(Collinss et al., 1999, Pare et al., 1995). The origin of sharp potentials is presently unknown, 
butt sharp potentials have been linked to CA1 sharp waves, as well as to amygdalar inputs 
(Chrobakk and Buzsaki, 2002, Pare et al., 1995). 

Thee coordinated activity patterns described above are likely important for selective and 
effectivee transfer of information between brain structures. Therefore it is imperative to know 
thee organization of these activity patterns within the HPF and entorhinal cortex, and the 
relationn between the two regions during these oscillations and mass potentials. 

Concerningg the actual storage of memories it is widely accepted that in the brain 
informationn is stored in changes of the strength of the transmission between neurons (i.e. 
synapticc plasticity). It was the seminal idea of Hebb that strengthening of a connection would 
occurr if both the sending and receiving neurons were simultaneously active. Both long-lasting 
enhancementt (long-term potentiation, LTP) and reduction (long-term depression, LTD) of 
synapticc responses have been reported, using high-frequency stimulation or more 
physiologicall  stimulus patterns. Long-term potentiation was first described in the HPF and a 
greatt deal of research has been devoted to elucidating its cellular and molecular mechanisms 
(Bii  and Poo. 2001, Braunewell and Manahan-Vaughan. 2001, Frey. 2001. Martin et al., 2000, 
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O'Maraa et al., 2001, Paulsen and Sejnowski, 2000, Silva, 2003). Synaptic plasticity has also 
beenn found in the PHR (Alonso et al.. 1990, Cheong et al., 2002, de Curtis and Llinas, 1993, 
Ivancoo and Racine, 2000, Kourrich and Chapman, 2003, Yun et al., 2000, Ziakopoulos et al., 
1999)) and it is probably a property that is common to most brain structures. These forms of 
synapticc plasticity are very sensitive to the frequency at which the neurons are activated. For 
example,, activation at the theta frequency has been shown to promote LTP, whereas 
activationn at low frequencies may favor LTD (Bear and Malenka, 1994, Morgan and Teyler, 
2001).. In addition, precise timing of pre- and postsynaptic activation (Magee and Johnston, 
1997,, Markram et al., 1997) and the phase relation of synaptic inputs to population oscillatory 
activitiess (Orr et al., 2001) appear to be important parameters for induction of synaptic 
plasticity. . 

Thee process of storing information in neuronal circuits may be mediated by a temporary 
enhancementt of cell firing. This persistent activity is sometimes referred to as 'dynamic 
memory',, since it does not involve the lasting structural changes that accompany synaptic 
plasticity.. Persistent activity may involve distinct neuronal groups which are located in 
differentt cortical areas, and as such these groups may be functionally linked to form cell 
assemblies,, as first proposed by Hebb (1949). Since cells belonging to the same assembly are 
simultaneouslyy active, their connections may be strengthened, leading to a further 
establishmentt of the assembly. Cell assemblies have been proposed as a mechanism by which 
remotee cortical areas, encoding different aspects of a sensory stimulus are bound together, 
formingg a distributed representation of the stimulus. This binding has been proposed to occur 
byy means of transient synchronization of fast gamma activities (Engel and Singer, 2001, Fell 
ett al., 2003, Varela et al., 2001). This implies that coordinated gamma oscillations between 
differentt brain areas may be important for the processing of information necessary for 
memoryy formation. 

Persistentt activity can be turned on and maintained in several ways (Wang, 2001), and 
onee possibility is that it can occur in re-entrant loops. As is clear from the previous sections 
andd from the scheme in figure 1.3 A, an important characteristic of anatomical organization in 
thee hippocampal memory system is the presence of reciprocal connections between HPF and 
PHR,, as well as within the PHR, which form the basis for re-entrant loops in the hippocampal 
memoryy system. The intrinsic entorhinal connections between deep and superficial layers 
(Dolorfoo and Amaral, 1998b, Kohier, 1986, 1988. van Haeften et al., 2003) are an important 
linkk in the establishment of such loops. Persistent activity has indeed been found in the 
parahippocampall  region as well as in the subiculum during the delay phase of a memory task 
(Hampsonn et al., 2000. Hampson and Deadwyler, 2003, Suzuki et al„  1997, Young et al., 
1997),, although the involvement of re-entrant loops has not been established yet. Besides the 
inductionn of persistent activity, re-entrant loops in the hippocampal memory system could 
providee a means by which processed output is combined with information flow in input 
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pathways.. The nature of the processing that occurs in such loops, however, is far from 

understood. . 

AIM SS AND OUTLIN E OF THI S THESIS 

Inn the previous sections, an overview was presented of the organization of the 
hippocampall  memory system and it was argued that the intimate connections between the 
entorhinall  cortex and the sub-fields of the hippocampal fields are essential for memory 
processes.. The studies described in this thesis were carried out to elucidate the interactions 
betweenn deep and superficial layers of the entorhinal cortex, particularly in the view of the 
intimatee relations between the entorhinal cortex and hippocampal formation. To this end, both 
anatomicall  and electrophysiological techniques were employed (see Box). In particular, the 
studiess described in this thesis focused on the presence of re-entrant circuits in this system 
withh the aim to elucidate both the anatomical specificity as well as the functionality of these 
circuits,, without addressing here explicitly how these circuits may mediate memory processes. 

Inn the first study (chapter 2), the question was addressed whether the organization of 
outputt projections from the HPF to the PHR matched the organization of the input 
projections.. Anatomical tracing techniques (see Box) were applied to reveal the topographical 
organizationn of the connections from subiculum to the PHR. This study demonstrated that 
indeedd input and output organizations were matched, which implies that the segregation that 
iss present in the input pathways (see section about connectivity above) is maintained at the 
outputt stage. 

Inn chapter 3, the output from the HPF to the entorhinal cortex was investigated by 
meanss of in vivo electrophysiology (see Box). We were especially interested to see whether 
superficiall  entorhinal layers could be activated by electric stimulation of hippocampal output 
andd to determine how deep layers were involved in this process. The results clearly 
demonstratedd an entorhinal deep layer mediated excitation of entorhinal layer II I  and we were 
ablee to determine the dynamics of this inter-laminar communication. 

Evenn though the study in chapter 3 showed entorhinal deep-to-superficial layer 
communication,, it did not provide an answer to the question if entorhinal layer II or II I 
neuronss that project to the HPF actually are activated via deep entorhinal layers. Therefore, in 
thee following study (chapter 4), simultaneous recordings were performed in the entorhinal 
cortexx and HPF to solve this issue. Repetitive stimulation of hippocampal output was able to 
inducee long-latency 're-entrant1 potentials in both CA1 and dentate gyrus. An important new 
findingg is that these two parallel re-entrant pathways differ in their sensitivity to anesthetic 
agents.. We may speculate that in freely moving animals both re-entrant loops can be regulated 
differentially,, possibly related to the behavioral state of the animal. 
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Thee studies described in chapters 3 and 4 utilized artificial activation of hippocampal 
outputt by electrical stimulation to probe hippocampal-entorhinal interactions. Very useful 
informationn can be extracted from these studies, but it is unlikely that such a massive 
recruitmentt of neurons would take place under physiological conditions. For that reason 
hippocampal-entorhinall  interactions were further investigated in chapter 5 by analyzing 
spontaneouss activity patterns in the local EEG of the HPF and entorhinal cortex. In particular, 
wee focused on slow oscillations present in the entorhinal cortex and hippocampal formation 
andd how these are organized in and between these structures. We also demonstrated a clear 
relationn between the slow oscillations and other activity patterns. 

Inn the last chapter a brief summary is given of the relevant results and conclusions 
presentedd in chapters 2-5. Finally, the new findings put forward in this thesis are discussed 
andd particularly attention is given to the possible role of entorhinal deep-to-superficial layer 
communicationn in the information processing in the hippocampal-entorhinal system. 
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BOX.. Overview of methods 

Anatomy y 

Anatomicall  tracing techniques are commonly used to reveal the organization of 

connectionss between brain areas. Tracers 

aree injected into the brain and either are 

takenn up by dendrites and somata and 

transportedd via the axon to the terminal 

fieldd (anterograde tracer, fig. A, see 

chapterr 2) or are taken up by axon 

terminalss and transported to the cell soma 

(retrogradee tracer). The labeled axonal 

plexuss or cell somata can then be 

visualizedd and inspected by light 

microscopy. . 

areaa of origin target area 

Figuree A. Principle of anterograde tracing technique 

Electrophysiology y 

Neuronss use electrical signals for very fast communication. Each neuron maintains an 

electrochemicall  gradient across its membrane. The electrical resistance offered by the 

membranee can undergo changes due to the opening/closing of ion-permeable channels, 

leadingg to the generation of trans-membrane currents. The currents induce measurable 

changess of intracellular and extra-cellular potentials. In figure B. the generated current flow is 

shownn for a neuron receiving an excitatory synaptic input on its dendrite. The extra-cellular 

currentss and potentials generated by a single cell are generally small. However, in the case the 

dendritess of a group of neurons are orderly arranged and these neurons simultaneously receive 

synapticc inputs on a similar part of their dendrites, extra-cellular potentials may summate, 

resultingg in an easily measurable 

populationn (field) potential. One 

disadvantagee of extra-cellular potentials 

iss that they can be measured at large 

distancess from the actual site of 

generation,, a property generally 

referredd to as volume conduction. An 

estimatee of the local trans-membrane 

currentss can be made using current 

sourcee density (CSD) analysis. The 

principlee of one-dimensional CSD 

analysiss is shown in figure B. If 

potentialss are recorded at regular 

intervalss along a line, the first order 

synaptic c 
input t 

c c 
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V, , 
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Figuree B. Current flow generated by synaptic input and the 
principlee of current source density analysis 
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differencee wil l give estimates of the currents flowing between the voltage sensors, and the 

secondd order difference wil l give estimates of the current that is "lost" (sink) or 'gained' 

(source)) at a particular location. Under the assumption that the major extra-cellular current 

floww is oriented parallel to the recording track, these current sinks and sources are 

proportionall  to the trans-membrane currents. Generally, in the calculation of the CSD the 

electricall  resistance of the tissue between voltage sensors is assumed constant. Identification 

off  current sinks and sources alone is generally not sufficient to allow an interpretation of the 

underlyingg cellular and synaptic events. For example, the same current flow in figure B could 

bee generated by an inhibitory synapse located at the soma. Additional information can be 

gainedd by recording neuronal firing, and by taking the microstructure of the neurons and 

circuitss into consideration. Neuronal discharges recorded extra-cellularly are referred to as 

unitt activity. In the case the action potentials of a single neuron are recorded (single unit 

activity)) using a glass micropipette, it is possible to label the neuron so that it can be 

morphologicallyy characterized (juxta-cellular labeling, see chapters 3 & 5). 

Thee electrophysiological studies in this thesis were performed in vivo, in anesthetized 

rats.. This preparation has both advantages and disadvantages, but it is a reasonable trade-off 

betweenn how well it compares to the behaving animal (e.g. all connections are intact) and how 

easilyy the preparation can be manipulated (e.g. pharmacological interventions). One should 

keepp in mind, however, that anesthesia can have profound effects on the cellular and network 

physiology. . 

Explorationn of neuronal circuits and systems can be done by measuring the responses 

too a stimulus, for example by artificial electrical stimulation of a brain area (see chapters 3 & 

4),, or by analyzing the 'spontaneous' activity in these circuits. In the latter case, cross-

correlationn analysis as well as spectral analysis may be performed to reveal the properties of 

thee signals and the relations between different brain areas (see chapter 5). Another technique 

wee used to explore spontaneous activity patterns was by decomposing the signal into 

statisticallyy independent components (i.e. independent component analysis, ICA), which wil l 

bee further explained in chapter 5. 
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ABSTRACT T 

Inn this study, we analyzed in detail the topographical organization of the subiculo-
parahippocampall  projection in the rat. The anterograde tracers Phaseolus vulgaris 
leucoagglutinin-LL (PHAL) and biotinylated dextran amine (BDA) were injected into the 
subiculumm at different septo-temporal and transverse levels. Deep layers of the ento-, peri- and 
postrhinall  cortices are the main recipients of subicular projections, but in all cases we noted that 
aa small fraction of the projections also terminates in the superficial layers II and HI. Analysis of 
thee fiber patterns in the parahippocampal region revealed a topographical organization, 
dependingg on the location of the cells of origin along both the transverse and septo-temporal 
axiss of the subiculum. Projections originating from subicular cells close toCAl, i.e. proximal 
partt of subiculum, terminate exclusively in the lateral entorhinal cortex (LEA) and in the 
perirhinall  cortex. In contrast, projections from cells closer to the subiculum-presubiculum 
border,, i.e. distal part of subiculum, terminate in the medial entorhinal cortex (MEA) and in the 
postrhinall  cortex. In addition, cells in septal portions of the subiculum project to a lateral band 
off  entorhinal cortex parallel to the rhinal sulcus and to peri- or postrhinal cortices, whereas cells 
inn more temporal portions project to more medial parts of the EC. 

Thesee results indicate that subicular projections to the parahippocampal region precisely 
reciprocatee the known inputs from this region to the hippocampal formation. We thus suggest 
thatt the reciprocal connectivity between the subiculum and the parahippocampal region is 
organizedd as parallel pathways which serve to segregate information flow and thus maintain the 
identityy of processed information. Although this parallel organization is comparable to that of 
thee CA1-parahippocampal projections, differences exist with respect to their degree of 
colll  aterali zat ion. 
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INTRODUCTIO N N 

Numerouss studies employing behavioral, anatomical and physiological techniques have 
indicatedd that the medial temporal lobe or hippocampal system plays an important role in 
normall  memory function (Eichenbaum, 1999, Squire and Zola-Morgan, 1991, Suzuki and 
Eichenbaum,, 2000). This system comprises the hippocampal formation (dentate gyrus, CA 
sub-fieldss and subiculum) and the adjacent parahippocampal region (in the rodent, the main 
constituentss are the ento-, peri- and postrhinal cortices) (Scharfman et al., 2000). In order to 
understandd the specific contribution of these areas to memory processes, detailed knowledge 
off  their connectivity is indispensable. 

Itt has become clear that the entorhinal cortex forms an important portal for cortical 
informationn entering the hippocampal formation (Amaral, 1993, Leung et al., 1995, Steward 
andd Scoville, 1976, Witter et al., 1992). Efferent fibers originating from the superficial layers 
off  the entorhinal cortex provide the main cortical input to the hippocampal formation. 
Entorhinall  layer II input to the dentate gyrus has been extensively studied, both anatomically 
andd physiologically (Dolorfo and Amaral, 1998a, Leung et al., 1995, Tamamaki, 1997). In 
addition,, the entorhinal cortex also projects, through layer III , directly to the other sub-fields 
off  the hippocampal formation (CA1 and subiculum) (Desmond et al., 1994, Empson and 
Heinemann,, 1995, Leung et al., 1995, Pare and Llinas, 1995, Steward, 1976, Yeckel and 
Berger,, 1995). Alternatively, cortical information may also be relayed to area CA1 and the 
subiculumm through peri- and postrhinal projections (Canning et al„  2000, Kosel et al., 1983, 
Mclntyreetal.,, 1996, Naber et al., 1999, Naberet al., 2001b). 

Afterr processing of the cortical inputs, the hippocampal formation returns its output to 
variouss brain areas. Area CA1 and the subiculum represent the main output structures of the 
hippocampall  formation, since their projections terminate in various cortical and sub-cortical 
regions,, like the medial prefrontal cortex, retrosplenial cortex, parahippocampal region, septal 
complex,, the mammillary nuclei, the thalamus and the amygdala (Gaykemaet al., 1991, 
Kohier,, 1985, Pitkanen et al., 2000, Swanson and Cowan, 1977, Tamamaki and Nojyo, 1995, 
vann Groen and Wyss, 1990, Witter et al., 1989, Witter et al., 1990, Wyss and Van Groen. 
1992).. Hippocampal output to the neocortex is mainly mediated by the entorhinal cortex 
(Burwelll  and Amaral, 1998a), although additional output routes make use of the perirhinal 
andd postrhinal cortices, which also receive direct output from CA1 and subiculum (Deacon et 
al.,, 1983, Swanson and Cowan, 1977). 

Inn our previous studies on the organization of the parahippocampal-hippocampal 
connections,, we have demonstrated a characteristic topographical organization of the projections 
fromm the ento-, peri- and postrhinal cortices to the hippocampal formation (Naber et al„  1999, 
Naberr et al., 2000, Witter, 1993). On the other hand, little is known about the topographical 
organizationn of the return projections from subiculum to the parahippocampal region. The 
organizationn of this projection is especially relevant for our electrophysiological studies on 
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FIGUREE 2.1 Overview of the location of 
anterogradee tracer injections in the subiculum as 
observedd in coronal sections (A: left to right = 
anteriorr to posterior) and schematically 
representedd on an unfolded map of the 
hippocampall  formation (B). All cases described 
inn the text are shown. In A. only the center of the 
injectionn is drawn, but in some cases injections 
spreadd to adjacent septal and temporal levels as 
welll  (see B). Note that the injections covered the 
fulll  extent of the septo-temporal axis of the 
subiculumm and included proximal and distal 
subiculum.. The inset in A shows a drawing at 
mid-sagittall  level, in which vertical lines indicate 
thee location of the coronal sections on the rostro-
caudall  axis. The unfolded map was adapted from 
Swansonn (199X). The locations of the injections 
inn the unfolded map were determined with the 
helpp of coronal isolines that are part of the map 
ass used in Swanson (199X). The shaded area 
representss subiculum. For abbreviations, see list. 
Scalee bar = 1 mm. 
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entorhinal-hippocampall  re-entrant circuits, which heavily rely on the exact positioning of 
stimulationn and recording electrodes. Therefore, the studies reported in the present paper have 
beenn designed to investigate the organization of the projections of subicular neurons to the 
parahippocampall  region in the rat. ïn particular, we were interested in determining whether 
projectionss from different portions of subiculum are overlapping or segregated in peri-, post- and 
entorhinall  cortices and whether these projections display the same topographical features as the 
inputt pathways from the parahippocampal region to subiculum. 

MATERIAL SS &  METHOD S 

Inn total 40 female Wistar rats (weight 200-220 g: Harlan Centraal Proefdierbedrij f, 
Zeist,, The Netherlands) were used in this study. Female rats were chosen for this study, since 
alll  our previous studies were carried out in female animals as well. Other studies addressing 
hippocampal-parahippocampall  connectivity generally use male rats, but no apparent gender 
differencess in connectivity have been reported (Burwell et al., 1995, Burwell and Amaral, 
1998a,, b, Naber et al., 1997, Naber et al., 1999, Naber et al., 2001a). All animals were fed ad 
libitumm and housed in cages with enriched litter. All experimental procedures were according 
too the guidelines of the ethical committee of animal experimentation Vrije Universiteit. 

Surgeryy and tracer injection 
Animalss were anesthetized with a mixture of ketamine and xylaxine, (4 parts of a 1% 

solutionn of Ketaset (ketamine; Aesco, Boxtel, The Netherlands), and 3 parts of a 2% solution 
off  Rompun (xylazine; Bayer, Brussels, Belgium); total dose: 1 ml/kg body weight. Glass 
micropipettess (CG-150F-15 Clark, Reading, UK) with a tip diameter of 10-15 um were filled 
withh either a 5% solution of biotinylated dextran amine MW 10.000 (BDA, Molecular Probes 
Inc.,, Eugene, OR) in 0.01 M NaH2P04/Na2HPO4 buffer, pH 7.3 or with a 2.5% Phaseolus 
vulgariss leucoagglutinin-L solution (PHAL, Vector, Burlingame, CA) in 0.1 M 
NaH2P04/Na2HP044 (phosphate) buffer, pH 7.4, These two tracers can be used 
interchangeably,, since no differences have been reported (Wouterlood and Jorritsma-Byham, 
1993). . 

Afterr rats were mounted in a stereotaxic frame, small holes were made in the skull and 
thee pipettes were lowered into desired areas. Coordinates were selected such that the total of 
injectionss covered both the extent of the septotemporal and the transverse axes of the 
subiculumm (see fig. 2.1), using stereotaxic coordinates derived from Paxinos and Watson 
(Swanson,, 1998). BDA was injected by applying a small positive pulsed DC current onto the 
micropipettee (6,5 uA, 7 s on, 7 s off) for 10 min., whereas PHAL was delivered by applying 
smalll  positive 7.5 JUA DC currents (7 s on, 7 s off) for 10 min. 
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FIGUREE 2.2 A: Schematic three-dimensional view of the rat brain showing the location of the hippocampal 
formationn and its septotemporal axis. B,C: Photomicrographs (digital montage) of a Nissl-stained coronal 
sectionn of the septal (B) and temporal (C) subiculum. Indicated are the borders with surrounding areas, the 
molecularr and pyramidal layer of the subiculum and the proximo-distal axis of the subiculum. For 
abbreviations,, see list. Scale bars = 1 mm. 
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Afterr one week of survival, the animals were deeply anesthetized with sodium 
pentobarbitall  (Nembutal i.p., 60 mg/kg body weight, Ceva, Paris, France) and rapidly 
transcardiallyy perfused with a small volume of physiological saline (0.9% NaCl), followed by 
5000 ml of a solution of 4% freshly depolymerized paraformaldehyde (Merck, Darmstadt, 
Germany),, 0.05 % glutaraldehyde (Merck), and 0,25% saturated picric acid (Merck) in 0.1 M 
phosphatee buffer. 

Histochemistry y 

Afterr removal from the skull, the brains were stored for 24 hr in the perfusion fixative. 
Followingg three rinses in phosphate buffer, brains were infiltrated with 20% glycerin (Merck) 
andd 2% dimethyl sulphoxide (Merck) in phosphate buffer. After sufficient infiltration, the 
brainss were frozen with 30% sucrose in phosphate buffer onto the stage of a freezing 
microtomee and 40 urn thick sections were cut in the coronal plane. Sections were collected in 
phosphatee buffer. Subsequently, sections were rinsed three times in 0.05 M Tris/HCl (Merck) 
supplementedd with 0.15 M NaCl, pH 7.4 (TBS), which was followed by three rinses in TBS 
containingg 0.5% Triton-X-100 (Merck) (TBS-T). Next, sections were stained for the presence 
off  either BDA or PHAL. 

Sectionss from brains injected with BDA were incubated overnight at 4 °C in avidin-
biotin-peroxidasee complex (Vector, Burlingame, CA) in TBS-T and rinsed in 0.05 M 
Tris/HCll  buffer, pH 7.6. Sections from brains injected with PHAL were incubated for 48 hr at 
44 °C in goat-anti- PHAL (Vector), diluted 1:1000 in TBS-T. After several rinses in TBS-T, 
thesee sections were incubated for 18 hr at room temperature in donkey-anti-goat IgG (Nordic, 
Tilburg,, The Netherlands), diluted 1:100 in TBS-T, followed by an incubation in rabbit-
peroxidase-anti-peroxidasee (Nordic), diluted 1:200 in TBS-T for 4 hr at room temperature. 
Finally,, both BDA and PHA-L were visualized by incubating the sections in 
diaminobenzidinee (DAB) substrate: 5 mg 3.3' diaminobenzidine-tetrahydrochloride (Sigma, 
St.. Louis, MO) and 3.3 ul of 30% H202 in 10 ml Tris/HCL, pH 7.6. The staining reaction was 
monitoredd by viewing the sections at regular time intervals and as soon as nonspecific 
backgroundd staining became visible the reaction was terminated by several rinses in Tris/HCl. 

Severall  series of sections of each experimental case were mounted on microscope 
slidess from a 0.1% solution of gelatin (Oxoid, Basingstoke, UK) in Tris/HCl pH 7.6, air-dried, 
andd at least one series was subsequently counterstained in a 0.2% aqueous solution of cresyl 
violett (Merck). Next, sections were dehydrated through an ascending series of alcohol and 
throughh two rinses of xylene and finally coverslipped with Entellan (Merck). 

Analysiss of the topography of subiculo-parahippocampal projections 

Seriess of coronal sections comprising the entire rostro-caudal extent of the 

parahippocampall  region were studied with the use of a light microscope equipped with a 

cameraa lucida. The contours of sections, the injection sites, and the corresponding labeling in 
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FIGUREE 2.3 A: Schematic drawing of the rat brain showing the position of the perirhinal, postrhinal. and 
entorhinall  cortices in relation to the rhinal sulcus. Arrow indicates approximate viewing angle of image in B. 
(Adaptedd from Burwell et al.. 1995). B: Ventro-caudo lateral view of the parahippocampal region. Peri- and 
postrhinall  cortices (light grey), lateral entorhinal area (medium grey) and medial entorhinal area (dark grey) 
aree shown, as well as their subdivisions. (Adapted from Insausti et al.. 1997). C: Photomicrographs (digital 
montages)) of Nissl-stained coronal sections, illustrating the laminar organization and subdivisions of the 
parahippocampall  region. The most caudal section (bottom right) demonstrates that the postrhinal cortex is 
nott always straightforward to recognize in coronal sections. Borders demarcating PER and POR. as well as 
thee subdivisions of EC are indicated. LEA comprises DLE, DIE. VIE and AE; MEA comprises ME and CE. 
Thee layers are indicated by roman numerals. The lamina dissecans is drawn as a dashed line. For 
abbreviations,, see list. Scale bar = I mm. 
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thee peri-, post- and entorhinal cortices were drawn. The exact location of both the injection 
sitee in the subiculum and the corresponding labeling in the peri-, post- and entorhinal cortices 
wass determined by projecting the contours and cell layers of the sections, as revealed by 
cresyll  violet staining, onto the drawings. In each case labeling shows two different features: 
eitherr fibers are branched and covered with many varicosities (inset fig. 2.4A,C) or fibers are 
moree or less smooth with no branching. The first type is considered to represent terminal 
Fiberss (van Haeften et al., 1995), whereas the smooth fibers are considered to be passing 
fibers.. To facilitate comparisons of projection patterns of different experiments all data were 
subsequentlyy mapped onto a series of standard coronal sections (figs. 2.5-8). 

Inn order to visualize the specific topographical pattern of termination of the subicular 
projections,, 3-dimensional topographical reconstructions were made of the exact location of 
thee subicular plexus in the parahippocampal region. For this, the contours of all sections 
containingg the peri-, post- and entorhinal cortices were drawn with the use of a microscope 
equippedd with a camera lucida and the specific location of the terminal field in that section 
wass transposed onto the contour of the section. Next, all contours were mapped with a 
graphicss tablet (Scriptel, Columbus, OH) with the use of reconstruction software (PC3D, 
Jandell  Scientific Products, CA), and transformed into a 3-dimensional representation. 

Photomicrographss were acquired using the MCID® system (ImagingResearch Inc., St. 
Catharines,, Ontario, Canada). Final preparation of the figures, including contrast 
enhancement,, were done using Corel PhotoPaint (Corel Corporation, Ottawa, Ontario, 
Canada). . 

RESULTS S 

Nomenclature e 
Subiculum Subiculum 

Thee subiculum, like the other subfields of the hippocampal formation, appears as an 
elongatedd structure with its long axis extending in a C-shaped fashion from the septal nuclei, 
rostrallyy and dorsally, to the temporal region caudally and ventrally. The long axis of the 
subiculumm is therefore referred to as the septotemporal axis (fig. 2.2A). Perpendicularly 
orientedd to the septotemporal axis of the subiculum is the transverse axis, on which a 
proximall  (close to CA1) and a distal (close to presubiculum) pole can be distinguished (fig. 
2.2B,C). . 

Wee adhere to the cytoarc hi tec tonic description of the subiculum as used by Kohier 
(1985),, Swanson et al. (1987), Witter et al. (1990), and Amaral and Witter (1995). In 
summary,, the subiculum consists of two layers. Starting superficially (i.e. close to the 
hippocampall  fissure), these layers include a molecular layer and a deep thick layer of large 
pyramidall  neurons (fig. 2.2B,C). 
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FIGUREE 2.5 The distribution of labeled fibers as observed in coronal sections (top-left to bottom-right = 
anteriorr to posterior) after anterograde tracer injection in septal proximal subiculum (filled circle, exp. 
85392).. The core of the labeled plexus is located in perirhinal cortex and adjacent lateral entorhinal area. 
Labeledd fibers outside the parahippocampal region are omitted for clarity. Arrows indicate area borders. For 
abbreviations,, see list. 

<—— FIGURE 2.4 Photomicrographs (digital montages) to illustrate the dense fiber plexus in layer V of the 
entorhinal.. perirhinal and postrhinal cortices as seen at low magnification (left). Areas enclosed by rectangles 
aree presented at higher magnification on the right, showing that terminal fibers are also present in layer II. Il l 
andd VI. A: Projections from septal proximal subiculum to perirhinal cortex and LEA (case #85392). Higher 
magnificationn figure on the right shows labeling of varicose, terminating fibers in both perirhinal and 
entorhinall  cortex (area DLE). which is further illustrated in the enlarged cutout. B: Projections from temporal 
intermediatee subiculum to LEA and MEA (case #88384). Higher magnification figure on the right shows 
clearr terminal labeling in Layes V andd deep II I  of areas VIE and DIE of LEA. C: Projections from septal 
distall  subiculum to postrhinal cortex (exp. 89261). Higher magnification figure on the right shows labeled 
fibersfibers in deep layers, as well as in deep layer II I  of the postrhinal cortex. Enlarged cutout illustrates the 
varicosee nature of the labeled fibers, indicating that they are terminating fibers. D: Projections from temporal 
distall  subiculum to MEA (exp. 88562). Higher magnification figure on the right shows that terminal labeling 
iss predominantly present in layer V of area ME of MEA. In all panels the layers arc indicated by roman 
numerals.. Borders of perirhinal and postrhinal cortices and entorhinal subdivisions are demarcated and 
indicatedd by arrows at the cortical surface. The locations of the borders are based on adjacent Nissl-stained 
sectionss or dark-field images. Abbreviations: d. dorsal; v, ventral; 1. lateral; m. medial. For other 
abbreviations,, see list. Scale bars = 1 mm for low magnification figures. 0.4 mm for higher magnification 
figures. figures. 
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EntorhinalEntorhinal cortex 

Wee use the description of the layers of the entorhinal cortex originally introduced by 

Lorentee de Nó (1933) (see also Amaral and Witter (1995) and Insausti et al. (1997)). 

Accordingly,, we consider the entorhinal cortex to consist of six layers, which are grouped into 

superficiall  layers (I-III ) and deep layers (V-VI) , separated by the cell-free lamina dissecans 

(layerr IV) (fig. 2.3C). 

Forr a topographical description of the location of the subicular terminal fields in the 

entorhinall  cortex, we adhere to the division of the entorhinal cortex as proposed by Insausti et 

al.. (1997). Based on differences in cyto-architecture, six sub-fields are distinguished (fig. 

2.3B.C):: a caudal entorhinal field (CE). which makes up the dorsal part of the caudal pole of 

thee hemisphere: a medial entorhinal field (ME), occupying the most ventro-medial part of the 

entorhinall  cortex; a ventral intermediate entorhinal field (VIE), which is located caudo-

medially;; an amygdalo-entorhinal transitional field (AE). located between VIE and the 

amygdalo-hippocampall  transitional area; a dorsal intermediate entorhinal field (DIE), which 

formss the ventro-lateral part of the entorhinal cortex; and a dorsal lateral entorhinal field 

(DLE).. which is located adjacent to the rhinal sulcus. The first two sub-fields (CE and ME) 

togetherr are commonly referred to as the medial entorhinal area (MEA), and the other four 
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FIGUREE 2.7 The distribution of labeled fibers as observed in coronal sections after anterograde tracer 
injectionn in septal distal subiculum (filled circle, exp. 86292). The core of the plexus is located in postrhinal 
cortexx and adjacent medial entorhinal area. Labeled fibers outside the parahippocampal region are omitted 
forr clarity. For abbreviations, see list. 

sub-fieldss (VIE. AE. DIE. DLE) are referred to as the lateral entorhinal area (LEA) (e.g. see 

fig.. 2.3B). This latter, simpler, nomenclature wil l be used for the summary of the projections 

ass well as for the discussion. 

Peri-Peri- and postrhinal cortices 

Basedd on cytoarchitectural and connectional criteria, the strip of cortex, which borders 

thee entorhinal cortex dorsally over its entire rostrocaudal extent, is parceled into two different 

regions.. The more rostrally located region is named the perirhinal cortex, whereas the caudal 

regionn is named the postrhinal cortex (fig. 2.3A-C). A detailed description of both areas can 

bee found elsewhere (Burwell et al.. 1995. Burwell, 2001. Naber et al.. 1997). 

Descriptionn of tracing experiments 

InjectionInjection sites 

Sincee large injections of anterograde tracer in the subiculum wil l not reveal the 

delicatee topography of' projections, injections have been deliberately made such to cover a 

smalll  area and to obtain optimal transport of the tracer. In a selection of rats (n=20), the 

injectionn sites appeared to be restricted to a relatively small portion of the transverse axis of 
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FIGUREE 2.8 The distribution ot" labeled fibers as observed in coronal sections alter anterograde tracer 
injectionn in temporal distal subiculum (filled circle, exp. 89350). The core of the plexus is located in the 
ventrall  part of medial entorhinal area. Labeled fibers outside the parahippocampal region are omitted for 
clarity.. For abbreviations, see list. 

thee subiculum. Injections included proximal and distal locations at septal and temporal levels 

off  the subiculum (fig. 2.1). Moreover, all of these small injections gave rise to a dense plexus 

off  labeled subicular fibers in the entorhinal cortex. Of all 20 selected cases camera lucida 

drawingss were made and of 16 cases the data were summarized in a 3D representation. A total 

off  13 non-overlapping injections were selected for further description. In the remaining 7 

casess the site of injection overlapped with at least one of the 13 selected cases. 

LaminarLaminar distribution of subicular fibers in the parahippocampal region 

Entorhinall  cortex. Our findings confirm earlier observations by Kohier (1985) that 

subiculo-entorhinall  projections are strictly ipsilateral. In addition, we observed that 

projectionss originating from injections at distinct locations on the transverse and septo-

temporall  axes of the subiculum did not differ in laminar terminal distribution in the entorhinal 

cortex.. In all cases, it appeared that the labeled fibers always terminated in a dense plexus 

locatedd deep to the lamina dissecans (fig. 2.4A-D). Fiber density was especially high in the 

superficiall  part of layer V (layer Va) where the fibers formed many varicosities, most likely 

representingg terminal boutons (see inset fig. 2.4A,B: cf. van Haeften et al.. 1995). A smaller 

fractionn of the fibers terminated in a significantly less dense fashion in layer Vb or VI . or 
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crossedd the lamina dissecans to end in superficial layers I-IIL Although between cases the 

relativee density of labeled fibers in superficial layers, compared to the plexus in layer V, could 

vary,, there was no systematic relation with the injection site in the subiculum. 

Peri-- and postrhinal cortex. Projections to peri- and postrhinal cortices were found to 

originatee mainly from septal parts of the subiculum (see below). Labeled fibers were 

predominantlyy observed ipsilateral to the injection site, but occasionally a much less dense 

projectionn to the contralateral side was found. Subicular fibers predominantly terminated in 

thee deeper layers (layers V-VI ) of both peri- and postrhinal cortex (fig. 2.4A.C). Few fibers 

weree observed in layers Mil . 

TopographyTopography of subicular projections 

Thee overall topographical organization of the subiculum efferents to the 
parahippocampall  region will be described on the basis of four tracer injections in proximal 
andd distal subiculum at septal and temporal levels. All other cases adhere to the overall 
patternn and are summarized in the following description and in figure 2.9. 

Proximall  subiculum 
AA representative example of the fiber pattern in entorhinal cortex resulting from a 

tracerr injection into the proximal part of the septal subiculum is shown in figure 2.5 (exp. 
85392,, see also fig. 2.4A). The injection site, involving the molecular and pyramidal cell layer 
off  proximal subiculum, abutted field CA1 and extended slightly into the intermediate part of 
subiculumm and the adjacent part of field CA1. 

Generally,, most labeling was present in perirhinal cortex and in the entorhinal areas 
comprisingg LEA. At rostral levels, a very dense plexus of labeled fibers and varicosities was 
observedd in the perirhinal cortex (fig. 2.4A). The plexus extended into the deep layers of the 
rostral-mostt part of area DLE of the entorhinal cortex and the dorsal part of the adjacent 
piriformm cortex. At more caudal levels, the plexus was still present in perirhinal cortex, 
whereass the density and size of the labeled plexus in DLE increased. Labeling in DIE was 
present,, but at a lower density than in DLE. At very caudal levels, the highest density of 
labeledd fibers was found in DLE. At these levels, a less dense fiber plexus was found in the 
dorsall  parts of areas DIE and VIE. No labeled projections were observed in the areas, which 
comprisee the medial entorhinal cortex or postrhinal cortex, except for a few passing fibers. 

Otherr tracer injections in septal proximal subiculum analyzed in detail using camera 
lucidaa drawings and 3D reconstruction (e.g. exp. 95278 and 87052L) showed considerable 
overlapp with injection 85392. These cases showed a similar distribution of labeled varicose 
fiberss in perirhinal cortex and areas DLE and DIE of the entorhinal cortex. In case 87052L it 
appearedd that the core of the plexus extended towards more ventral parts of area DIE (see also 
fig.fig. 2.9). 
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Ann injection in the proximal part of the temporal subiculum (exp. 86087, fig. 2.6), 
extendingg slightly into the intermediate part of the temporal subiculum, involved neurons in 
alll  layers. The labeled fiber plexus was mainly found in the central parts of the entorhinal 
cortex,, predominantly in those areas, which comprise LEA, and appeared to be rather diffuse. 
Rostrally,, a low-density plexus was observed in DLE. The highest density of labeled fibers 
wass found in the ventral parts of area DIE and most of area VIE. A few isolated fibers were 
observedd in areas AE, CE and ME and the perirhinal cortex, but no labeling was present in the 
postrhinall  cortex. This pattern was similar to that observed in another experiment with an 
injectionn in temporal proximal subiculum (exp. 86013, see fig. 2.9). 

Distall  subiculum 

Thee injection in experiment 86292 (fig. 2.7) was restricted to the distal part of the septal 
subiculumm and labeled neurons in both the molecular and pyramidal cell layer. A densely 
labeledd plexus was observed in all layers of the dorsal presubiculum, and the deep layers of 
thee parasubiculum, together forming the core of the plexus. At more caudal levels, high 
densityy labeling was also found in the postrhinal cortex and in the dorsal part of entorhinal 
areaa CE. A less dense labeling was observed in the more ventral parts of area CE and the 
dorsall  part of area ME. Thus, labeling was confined to those entorhinal areas that constitute 
MEA,, and no labeled fibers were found in any of the areas, which constitute the lateral 
entorhinall  area, or in the perirhinal cortex. In experiment 87052R the injection was also 
locatedd in septal distal subiculum, but more temporal than case 86292. In this case the densest 
labelingg was found in area CE, but the plexus also extended into the ventral part of the 
postrhinall  cortex and into the dorsal part of area ME. In one experiment (89261) the injection 
appearedd to be positioned extremely septal in distal subiculum. The resulting fiber plexus 
coveredd the whole postrhinal cortex, a few fibers were also found in the adjacent perirhinal 
cortex,, but the plexus did not extend into the entorhinal cortex (see figs. 2.4C and 2.9). 

Thee labeled plexus resulting from an injection in distal parts of the temporal 
subiculumm (exp. 89350) is shown in figure 2.8. The injection included all layers and was not 
completelyy restricted to the distal part of the subiculum but extended slightly into the more 
intermediatee parts. The corresponding plexus of labeled fibers was found in the more caudal 
portionss of the entorhinal cortex, predominantly MEA. When compared with the injections in 
distall  septal subiculum, dense labeling was not found in dorsal CE, but in the more ventral 
partss of MEA, i.e. area ME. At more caudal levels, the plexus extended, in a less dense 
fashion,, also dorsally into the ventral part of area CE. At even more caudal levels, the plexus 
coveredd a large extent of area CE. Only a few fibers were observed in areas DIE, AE, and 
DLEE and peri- and postrhinal cortices. A very similar pattern of labeled fibers was also found 
withh another injection in temporal distal subiculum (exp. 88562; see figs. 2.4D and 2.9). 
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Summaryy of topography 
Fromm the four tracing studies described here in detail, the concept emerges that the 

subiculo-parahippocampall  projection is organized according to two distinctive topographical 
principles.. The other tracing experiments do support this conclusion as summarized in figure 
2.9. . 

Onee principle is related to the location of the neurons of origin along the transverse axis 
off  the subiculum. Fibers originating in proximal (i.e. close to area CA1) parts of the 
subiculumm preferentially target those parts of the entorhinal cortex which constitute the lateral 
entorhinall  area (LEA: areas DLE, DIE, AE, VIE) and the adjacent perirhinal cortex (exp. 
85392,, 95278, 87052L, 86087, 86013; left column fig. 2.9). On the other hand, projections 
arisingg from distal parts of the subiculum (i.e. close to presubiculum) are restricted to those 
areass of the entorhinal cortex which are delineated as the medial entorhinal area (MEA: areas 
MEE and CE) and the postrhinal cortex (exp. 89261, 86292, 87052R, 88562, 89350; right 
columnn fig. 2.9). Injections intermediate to the proximal and distal poles of subiculum gave 
risee to labeling in both peri- and postrhinal cortex and in LEA and MEA (exp. 90200R, 
86188,, 88384; middle column fig. 2.9). 

Thee second topographical principle of subicular projections is related to a septal-to-
temporall  origin. Regardless of their location on the transverse axis, neurons in septal parts of 
thee subiculum project to the lateral band of the entorhinal cortex, more or less parallel to the 
rhinall  sulcus (including parts of both LEA and MEA) (i.e. exp. 89261, 86292, 85392, 95278, 
87052L,, 87052RJ. Neurons located in temporal subiculum give rise to projections to more 
mediall  portions of LEA and MEA (exp. 86013, 89350, 86087, 88562). In contrast to the 
ratherr rigid transverse topography, this septo-temporal topography is more gradually 
organized.. When moving the injection site along the longitudinal axis of the subiculum (top to 
bottomm in fig. 2.9), starting septally, a gradual shift of the terminal plexus from dorso-lateral 
too medio-ventral parts the entorhinal cortex occurs. Subicular input to the perirhinal and 
postrhinall  cortices arises mainly from the septal part of the subiculum although some labeled 
fiberss were present in perirhinal cortex in some cases after temporal subicular injections (e.g. 
fig.. 2.6). 

—— FIGURE 2.9 Summary of all selected cases demonstrating the topography of subiculum projections to 
perirhinal,, postrhinal and entorhinal cortices. The locations of terminal plexi are indicated in schematic three-
dimensionall  representations of the parahippocampal region for injections in proximal (left column), 
intermediatee (middle column) and distal (right column) subiculum at different septo-temporal levels (top to 
bottom).. The position of each scheme within the figure is related to the location of the corresponding 
injectionn site in subiculum according to the arrows. The area that has the highest density of labeled fibers 
(core)) is indicated in dark gray, whereas the extent of the total plexus is indicated in light gray. Inset shows 
thee position of the different entorhinal subdivisions and peri- and postrhinal cortices on a three-dimensional 
representationn of the rat brain (see fig. 3). For abbreviations, see list. 
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DISCUSSION N 

Too the best of our knowledge, this study is the first to describe in detail the 

organizationn of subicular projections to the perirhinal, postrhinal and entorhinal cortices in the 

rat.. With the use of anterograde tracing it was demonstrated that subicular projections to the 

entorhinal,, perirhinal and postrhinal cortices follow a topographical pattern, related to both 

thee transverse and septo-temporal axes of the subiculum. These results corroborate and extend 

previouss studies on subicular-entorhinal projections and demonstrate for the first time a clear 

topographicall  projection from subiculum to peri- and postrhinal cortices. 

Topographicall  and laminar organization 
Inn the rat, only a few studies have reported on the topographical organization of the 

projectionss from subiculum to the parahippocampal region. Our results led us to identify two 
organizationall  principles of the subiculo-rhinal pathway (fig. 2.10). The first one, regarding 
thee subiculo-entorhinal pathway, is that the septo-temporal axis of the subiculum corresponds 
too a lateral-to-medial gradient of termination in both LEA and MEA (fig. 2.10A). In contrast 
too the entorhinal cortex, peri- and postrhinal cortices do not receive projections from the full 
longitudinall  extent of subiculum. Thus subicular projections to peri- and postrhinal cortices 
arisee mainly from subicular neurons toward the septal end of the longitudinal axis and not 
fromm the temporal end of subiculum, as has also been reported by Deacon et al. (1983). 

AA second organizational principle of the subiculo-parahippocampal projection is related 
too the transverse locations of the subicular cells of origin (fig. 2.10B). Tamamaki and Nojyo 
(1995)) observed that cells in proximal and distal parts (with respect to CA1) of the dorsal 
subiculumm project to LEA and MEA, respectively. The present results confirmed this 
topographicall  relation and, in addition, extend previous conclusions by showing that this 
topographyy applies to all septo-temporal levels of the subiculum. A new finding here is that 
peri-- and postrhinal cortices are not targeted by projections from neurons at all levels on the 
transversee axis of subiculum. The proximal part of subiculum projects to perirhinal cortex, 
whereass the distal part of subiculum projects to postrhinal cortex. Based on the data presented 
heree it is clear that projections from neurons in the proximal and distal poles of the subiculum 
doo not overlap in the entorhinal cortex or peri -/postrhinal cortices. We found that injections in 
intermediatee subiculum gave rise to a labeled plexus around the borders between peri- and 
postrhinall  cortices and between LEA and MEA. This suggests that cells with a central 
positionn in subiculum (i.e. intermediate subiculum), in contrast to cells in the proximal and 
distall  poles, have terminals in both LEA/perirhinal cortex and MEA/postrhinal cortex. 
However,, our data cannot exclude the alternative of a strict separation between a proximal 
groupp and a distal group of cells, which exclusively project to LEA/perirhinal cortex or 
MEA/postrhinall  cortex respectively. 
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FIGUREE 2.10 A: Summary of the topography of subicular projections to the parahippocampal region, 
indicatingg the relationship between the septo-temporal origin in the subiculum with a latcral-to-medial 
terminationn in the parahippocampal region. Septal subiculum projects to PER. PÜR. and adjacent lateral 
portionss of both LEA and MEA. Temporal subiculum projects to medial portions of LEA and MEA. but not 
too PER or POR. B: Summary of the organization of subicular projections to the parahippocampal region, 
indicatingg that proximal subiculum (i.e. close to CA1) projects to PER and LEA and distal subiculum (i.e. 
closee to presubiculum) projects to PÜR and MEA. 

Subicularr neurons preferentially target layer Va. just deep to the lamina dissecans of the 

entorhinall  cortex. This laminar distribution of subicular projection confirms the results of 

previouss studies (Kohier. 1985. van Haeftcn et al.. 1995). In addition we have shown that a 

smalll  but appreciable part of the projection extends into the superficial layers I -111 and deeper 

layerss Vb and VI . Furthermore, we have found that the laminar organization is similar in all 

subdivisionss of the entorhinal cortex. Regarding the subicular output to the peri- and 

postrhinall  cortices, we have shown that fibers mainly reach deep layers. Only few fibers 

targett the superficial layers I-II I of peri- and postrhinal cortices. 

Speciess comparison 

Similarr to rodents, the entorhinal cortex in cat. monkey and human can be subdivided 

intoo LEA and MEA. although further subdivisions of these areas may differ between species 
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(cat:: Ino et al., 2001. van Groen et al.. 1986; monkey: Amaral et al.. 1987; human: Insausti et 
al.,, 1995). Previous anatomical studies have indicated the existence of projection fibers from 
thee subiculum to the entorhinal cortices (rat: Beckstead, 1978, Deacon et al., 1983, Kohier, 
1985,, Swanson and Cowan, 1977, Tamamaki and Nojyo. 1995; guinea pig: Sorensen and 
Shipley,, 1979; cat: Ino et al., 2001, van Groen et al., 1986; monkey: Blatt and Rosene, 1998, 
Inoo et al., 2001, Rosene and Van Hoesen, 1977, Saunders and Rosene, 1988, van Groen et al., 
1986).. In most studies this projection has been shown to terminate mainly in deep layers of 
thee entorhinal cortex, although a smaller projection to superficial layers has also been 
reported.. Generally, the topographies reported in this study for subiculo-entorhinal projections 
inn the rat are comparable to those described for other species. 

Withh respect to subiculum projections to the perirhinal cortex, it has been reported that 
inn primates the perirhinal cortex receives strong input from the prosubiculum (Blatt and 
Rosene,, 1998). Since the prosubiculum as defined by Blatt and Rosene is comparable to the 
proximall  part of the subiculum of the rat (Amaral and Witter, 1995), there does not seem to be 
ann obvious species difference. In contrast, with respect to the subiculum projections to the 
parahippocampall  cortex (area TF and/or TH) in primates, which is thought to be homologue 
too the postrhinal cortex in the rat (Burwell et al., 1995), differences are apparent. According to 
Blattt and Rosene (1998), area TH receives its input from the subiculum, which would be the 
distall  part of the subiculum in the rat. In contrast, the origin of the subiculum projection to 
areaa TF overlaps with that of the origin of the subiculo-perirhinal projections. It thus appears 
thatt with respect to the origin of subicular projections, area TF is more similar to the 
perirhinall  cortex, whereas area TH might be the true homologue of the postrhinal cortex of 
thee rat. 

Functionall  implications 

Thee entorhinal cortex is an important relay station in the communication between the 
hippocampall  formation and the neocortex. Previous studies showed that projections from the 
parahippocampall  region to the hippocampal formation are topographically organized. 
Anatomicall  studies have indicated that in the entorhinal cortex of the rat three lateral-to-
mediall  bands, more or less parallel to the rhinal sulcus, can be recognized that project to 
differentt septo-temporal levels of the hippocampal formation (Dolorfo and Amaral, 1998a). 
Similarr observations have been reported for the entorhinal to dentate gyrus projections in the 
monkeyy (Witter and Amaral, 1991). In addition, inputs to subiculum from LEA and MEA 
subdivisionss of the entorhinal cortex are segregated along the transverse axis (Witter, 1993). 
Similarly,, peri- and postrhinal cortices also project to distinct portions along the transverse 
axiss of the subiculum, but much more restricted than the entorhinal cortex does (Naber et al., 
1999,, Naberetal., 2001b). 

Ourr present findings clearly show that the subiculo-parahippocampal projections 
adhere,, with a remarkable precision, to the transverse and, albeit to a lesser extent, the septo-
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temporall  topography of parahippocampal projections to the subiculum. Such an interaction 
betweenn the subiculum and the parahippocampal region by means of a set of parallel 
channels,, may serve to segregate information flows and thus maintain identity of the 
informationn during processing. Interestingly, the organization of the projections from 
entorhinall  cortex to peri- and postrhinal cortices fits very well into this picture of parallel 
outputt channels (Burwell and Amaral, 1998b). Thus, perirhinal cortex is targeted by LEA and 
bothh areas receive direct input from the proximal part of subiculum. In contrast, postrhinal 
cortexx is targeted mainly by MEA, and both these areas receive direct input from the distal 
partt of subiculum. Apparently, peri- and postrhinal cortices receive two versions of subicular 
output:: the initial, direct output and after modification in the entorhinal cortex. This 
modificationn may consist of integration between subicular output channels, since these 
channelss are likely to overlap in the entorhinal cortexand since there are extensive 
associationall  connections within the entorhinal cortex (Dolorfo and Amaral, 1998b). The 
existencee of parallel hippocampal output pathways through the parahippocampal region may 
bee analogue to the parallel input pathways that we recognized in a previous paper (Naber et 
al.,, 2000). 

Hippocampall  output does not only originate in subiculum, but also in CA1. Tamamaki 
andd Nojyo (1995) argued that CA1 represents the major hippocampal output structure, since 
thee number of labeled neurons in CA1 was larger than in subiculum after retrograde tracer 
injectionn in entorhinal cortex. Our tracing studies in subiculum, however, revealed a massive 
subicularr output to ento-, peri- and postrhinal cortices, indicating that the subiculum is a 
majorr hippocampal output structure as well. Although the number of subicular cells 
projectingg to the entorhinal cortex may be smaller compared to CA 1, it is possible that 
subicularr cells possess a more extensive axonal collateralization within the entorhinal cortex. 

Thiss appears to be opposite to the degree of collateralization of CA 1 and subiculum 
amongg target areas. Thus, the output of single CA1 neurons is not specific for a single target 
structuree (Naber and Witter, 1998), nor is it specific for the ipsilateral side (van Groen and 
Wyss,, 1990), but within the entorhinal cortex CA1 neurons may project rather focally. In 
contrast,, single subicular neurons may rather specifically project to only the entorhinal cortex 
onn the ipsilateral side (Kohier, 1985, Naber and Witter, 1998; this study), but they may 
collateralizee extensively within the entorhinal cortex. 

Thee question remains what the implication is of having two hippocampal output 
pathways,, which distribute in essence to the same target regions, but show a strikingly 
differentt connectional organization. It is to be expected that relevant data pertinent to this 
questionn will come from studies in which firing characteristics of CA1 and subicular neurons 
aree measured and compared during different tasks and behaviors (Barnes et al., 1990, 
Hampsonn et al., 2000, Sharp, 1999). In this context it appears relevant that the responses in 
subiculumm after CA1 stimulation are decreased by acetylcholine (Hasselmo and Cekic, 1995). 
dopaminee (Behr et al., 2000) and serotonin (Behr et al., 1997, Boeijinga and Boddeke, 1996). 
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Thiss suggests that, depending on the activity states of these modulatory systems, CA1 and 
subiculumm may either act together in distributing processed output or act independently. 
Clearly,, more studies are needed to reveal the exact contribution of both CA1 and subiculum 
too hippocampal output. 
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ABSTRACT T 

Thee hippocampal formation communicates with the neocortex mainly through the 
adjacentt entorhinal cortex. Neurons projecting to the hippocampal formation are found in the 
superficiall  layers of the entorhinal cortex and are largely segregated from the neurons 
receivingg hippocampal output, which are located in deep entorhinal layers. We studied the 
communicationn between deep and superficial entorhinal layers in the anesthetized rat using 
fieldfield potential recordings, current source density analysis and single unit measurements. We 
foundd that subiculum stimulation was able to excite entorhinal neurons in deep layers. This 
responsee was followed by current sinks in superficial layers. Both responses were subject to 
frequencyy dependent facilitation, but not depression. Selective blockade of deep layer 
responsess also abolished subsequent superficial layer responses. This clearly demonstrates a 
functionall  deep-to-superficial layer communication in the entorhinal cortex, which can be 
triggeredd by hippocampal output. This pathway may provide a means by which processed 
hippocampall  output is integrated or compared with new incoming information in superficial 
entorhinall  layers, and it constitutes an important link in the process of re-entrance of activity 
inn the hippocampal-entorhinal network which may be important for consolidation of 
memoriess or retaining information for short periods. 
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INTRODUCTIO N N 

Thee hippocampal formation and the adjacent parahippocampal region are important 
brainn structures that mediate processing and storage of highly integrated sensory information. 
Thee connections between the hippocampal formation and the parahippocampal region are 
characterizedd by reciprocal pathways and multiple loops (Amaral and Witter, 1995, Lopes da 
Silvaett al., 1990, Witter, 1993). The entorhinal cortex, one of the major constituents of the 
parahippocampall  region, is both the main source of cortical information entering the 
hippocampall  formation as well as one of thee main destinations of processed output leaving the 
hippocampall  formation. 

Accordingg to the classic view of entorhinal-hippocampal connections, the cells giving 
riserise to hippocampal input pathways and cells targeted by the hippocampal output pathways 
aree segregated in different layers of the entorhinal cortex. More specifically, neurons in the 
superficiall  layers of the entorhinal cortex project to all subfields of the hippocampal formation 
(Canningg et ah, 2000, Dolorfo and Amaral, 1998a, Leung et al„  1995, Steward, 1976, Steward 
andd Scoville, 1976, Tamamaki, 1997, Witter, 1993). In turn, neurons in the entorhinal deep 
layerss are the main recipients of hippocampal output, that originates in area CA1 and 
subiculumm (chapter 2, Beckstead, 1978, Kohier, 1985, Naber and Witter, 1998, Swanson and 
Cowan,, 1977, van Haeften et al., 1995) and are the source of output fibers that project to the 
neocortexx (Insausti et al., 1997). 

Recently,, an extensive associational projection from deep to superficial layers was 
demonstratedd within the entorhinal cortex (Dolorfo and Amaral, 1998b, Kohier, 1986, 1988, 
vann Haeften et al., 2003). Also, a small portion of thee projections of subiculum and 
presumablyy CA1 to the entorhinal cortex terminates in superficial layers (chapter 2, Kohier, 
1985,, van Haeften et al., 1995). In the guinea pig, indirect activation of hippocampal output 
byy stimulation of commissural presubicular fibers in the dorsal psalterium resulted in long 
latencyy responses in all layers of the entorhinal cortex (Bartesaghi et al., 1989), and it was 
suggestedd that intra-entorhinal connections were involved in the generation of the superficial 
entorhinall  responses. Similar suggestions were made for the generation of epileptiform 
activityy in these brain areas (Pare et al., 1992, Scharfman, 2002). It has been also assumed that 
intra-entorhinall  communication takes place based on in vivo experiments showing delayed 
activationn of the dentate gyrus following hippocampal stimulation (Deadwyler et al., 1975, 
Wuu et al, 1998). How the deep entorhinal layers participate in this process, however, has not 
beenn firmly established. Indeed, the characteristics of the entorhinal deep-to-superficial 
communicationn are not yet well known. A recent ultrastructural anatomical study has 
providedd insight in the synaptic organization of the deep-to-superficial connections, indicating 
thatt this projection is predominantly excitatory, targeting both principal as well as inhibitory 
interneuronss in almost equal percentages (van Haeften et al., 2003). In the light of this new 
anatomicall  information, we decided to re-examine the physiology of the hippocampal-
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entorhinall  and intra-entorhinal circuitry in vivo in more detail. This was done using in vivo 

fieldd potential recordings, current source density analysis and single unit measurements. 

MATERIAL SS AND METHOD S 

Surgery y 
Femalee Wistar rats (180-250 gram, Harlan Centraal Proefdierbedrij f, Zeist, The 

Netherlands)) were anesthetized with a mixture of ketamine and xylazine (4:3, 1.0-1.5 ml 
intraperitoneal,̂, 10% solution of Ketaset Aesco, Boxtel, The Netherlands, and 2% solution 
off  Rompun, Bayer, Brussels, Belgium). Additional doses were administered intramuscularly, 
iff  the withdrawal reflex after hind paw pinching returned. Rats were placed in a stereotaxic 
apparatuss and kept warm with a circulating water bath. After exposure of the skull, trephine 
windowss were made to provide access to underlying brain structures. Part of the sagittal sinus 
wass exposed, the midpoint of which served as the medio-lateral zero-point. A stainless steel 
screw,, driven into the frontal bone, or the stereotaxic frame served as reference for recording. 

Stimulationn electrodes 
AA bipolar stimulation electrode (60 |um insulated stainless steel, 300-600 urn vertical tip 

separation)) was placed in the dorsal subiculum (6.0-6.2 mm posterior to bregma, 3.2 mm 
lateral,, 2.8-3.2 mm below cortical surface) (fig. 3.1 A). The coordinates of the stimulation 
electrodee were derived from a previous anatomical study (chapter 2) in which we described a 
topographicall  arrangement of subicular projections to the entorhinal cortex and from a 
stereotaxicc atlas of the rat brain (Paxinos and Watson, 1998). Since our recordings were 
performedd in the dorsal part of medial entorhinal cortex (MEA, see below), we positioned the 
stimulationn electrode in the distal half of subiculum (i.e. close to presubiculum border), 
althoughh in some experiments the stimulation electrode was located in more proximal-
intermediatee parts of subiculum. Subiculum was stimulated using a standard paired pulse 
protocoll  with a 100 ms inter-pulse-interval and a typical repetition rate of 0.08 Hz. In some 
experiments,, additional bipolar stimulation electrodes were positioned in Schaffer collaterals 
(3.22 mm posterior to bregma, 3.2 mm lateral, 3.0 mm below cortical surface) or in the 
entorhinall  cortex (0.3-0.5 mm anterior to the transverse sinus, 4.4-4.6 mm lateral, 2.0-2.5 mm 
beloww cortical surface). 

Fieldd potential recordings 

Twoo approaches were used to record evoked field potentials in MEA. In order to assess 

thee distribution of evoked field potentials along the dorso-ventral axis of MEA after dorsal 

subiculumm stimulation, a multi-channel probe (6 parallel insulated stainless steel wires of 60 

urnn diameter) was lowered into MEA just anterior of the transverse sinus, 5.0 mm lateral, 
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Figuree 3.1 Histology of stimulation and recording locations in subiculum and entorhinal cortex. A. Nissl-
staincdd sagittal section of the hippocampal formation illustrating the stimulation site in dorsal subiculum. 
Arrowss point to the lesions of the bipolar stimulating electrode. Lines indicate the extent of white matter and 
thee borders of the subiculum (dashed). B. Nissl-stained sagittal section illustrating the recording track of a 
16-channell  silicon probe in the dorsal part of the medial entorhinal cortex. Lesions were made at the P'. 8'h. 
andd 16"' recording sites (arrowheads). Entorhinal layers are indicated with Roman numerals. Extent of white 
matterr and the borders of layer II are drawn as lines, the lamina dissecans is drawn as a dashed line. For 
abbreviationss in this fisure and all following figures, see list. 

angledd at I2°-15° in the sagittal plane. Using this approach, recordings were made from 6 

sitess across several layers of' MEA at several dorso-ventral levels (2.0-4.0 mm below the 

corticall  surface). 

Too construct a detailed laminar profile of field potentials in MEA. either a glass 

micropipettee filled with 0.5 M NaCl and 2% pontamine sky blue solution (impedance: 10-30 

MW)) or a 16-channel silicon probe (100 urn inter-electrode spacing; kindly provided by the 

Universityy of Michigan Center for Neural Communication Technology sponsored by NIH 

NCRRR grant P41-RR09754) was used. The electrodes were lowered into MEA using a 

hydrostaticc micromanipulator (Narashige. Tokyo, Japan), at a location 1.0-2.0 mm posterior 

too bregma. 5.0 mm lateral, angeled at 50-60° in the sagittal plane. The glass micropipette was 

steppedd down 50 or 100 urn each time in order to record the depth profile. This approach 

resultedd in a recording track that ran almost orthogonal to the cortical layers (see fig. 3.1B). 

Evokedd field potentials appeared similar regardless of the recording procedure used. 

Inn some experiments, additional field potentials were recorded in CA1 and dentate 

gyruss using an assembly of three stainless steel wires cut at different lengths or an additional 

16-channell  silicon probe (100 pm spacing). 

Fieldd potentials were amplified (6-channel electrode and glass electrode: 100-500x. 

Axonn Cyberamp, Axon Instruments, Inc.. Union City, CA: 16-channel probe: 200x. custom 

madee amplifier), low pass filtered (6-channel probe and glass electrode: cut off at 5-10 kHz: 

16-channell  probe: no filtering) and sampled at 10-20 kHz using a CED 1401 acquisition 

interfacee and Signal software (Cambridge Electronic Design, Cambridge. UK). At the end of 
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ann experiment, the locations of the stimulation and recording sites were marked by an 

electrolyticc lesion (stainless steel electrodes: two 400 ms positive current pulses of 400 uA; 

siliconn probe: injection of two 15-20 u A positive current pulses into the two outer channels 

forr 10 seconds) or with dye ejection from the micropipette (10-20 minutes repetitive (0.5 s on, 

0.55 s off) negative current injection of 20-40 u A). 

Histology y 
Afterr completion of an experiment, the rat was decapitated and the brain was removed 

andd immersed in fixation solution (4% paraformaldehyde, 0.2% glutaraldehyde in 0.1 M 
phosphatee buffer, pH 7.4) for at least 24 hours. In some cases the rat was first transcardially 
perfusedd with saline and fixation solution and the brain was subsequently removed and stored 
inn fixation solution. Next, the brain was immersed in 20% glycerol, 2% dimethyl sulfoxide 
(DMSO)) in 100 mM phosphate buffer, pH 7.4, for cryoprotection. For visualizing Fe3+ ions 
depositedd by the electrolytic lesion induced by the stainless steel electrodes, 
hexacyanoferrate(II)) was added to the fixation solution. Sagittal sections (40 urn thick) were 
cutt on a freezing microtome, immersed in gelatin solution and mounted on slides, and finally 
stainedd with cresyl violet and inspected under a microscope. 

Drugg application 
Thetaa micropipettes were pulled to a final diameter of about 3 urn and filled with 6-

cyano-7-nitroquinoxaline-2,3-dionee (CNQX, 1.5-2 mM in saline, pH=8.5) and pontamine sky 
bluee solution (2% in 0.5 M NaCl). CNQX was iontophoretically applied (20-50 uA current) to 
thee deep layers of MEA close to the site of recording in 3 experiments. The delay between 
startt of the drug application and the effect on the deep entorhinal field potential responses was 
variable,, depending on the distance between the site of drug application and the recording 
site.. The site, at which CNQX was applied, was marked with pontamine sky blue at the end of 
thee experiment. CNQX was obtained from Tocris Cookson Ltd., Bristol, UK. 

Singlee unit recordings 
Singlee unit activity was measured using a glass micropipette (diameter 0.5-2 urn) filled 

withh a solution of 0.5 M NaCl and 2-2.5% Neurobiotin (Vector Laboratories, Burlingame, 
CA).. The electrode was inserted into MEA, 4.2-5.2 mm lateral, either 0.2-0.4 mm anterior to 
thee transverse sinus (aiming at superficial layers) or 0.6-0.8 mm anterior to the transverse 
sinuss (aiming at deep layers). Initial depth was 1-1.5 mm below the cortical surface. The 
electrodee was slightly angled (10-12°) so that the track was parallel to the layers of MEA. 

Widebandd signals were recorded using an Axoclamp 2a amplifier (Axon Instruments, 
Unionn City. CA) in bridge mode. The signals were additionally amplified and filtered with a 
Cyberampp (Axon Instruments, Union City, CA). Filter settings for single unit activity were: 
3000 Hz - 10 kHz; no filter was used for the evoked field potentials. Evoked field potentials 
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andd evoked unit responses were digitized at 10 kHz using Signal software (Cambridge 
Electronicc Design, Cambridge, UK). 

Att most three tracks separated by 300-400 urn were made in one hemisphere. Units 
weree detected along a given track and it was tested whether they responded to subiculum 
stimulationn with a clear change in firing rate, either an increase or a decrease. For those units 
forr which a clear change in firing rate was found, input-output curves were made. Since 
decreasess in firing rate are only clear for cells with a relatively high basal firing rate, this 
groupp was probably underestimated. This is especially the case for units in entorhinal deep 
layers,, since these had generally very low background firing. We attempted to label cells that 
respondedd to subiculum stimulation using the juxtacellular labeling technique (see below). 
Cellss were assigned to a particular entorhinal layer on the basis of labeling with neurobiotin 
and/orr shape of the evoked field potential and/or reconstruction of the recording track. 

Juxta-cellularr labeling and tissue processing 
Inn order to identify the exact location and morphology of recorded cells, they were 

labeledd according to the method described by Pinault (1996). In short, after recordings were 
finishedd the micropipette was positioned as close to the cell as possible, guided by the 
amplitudee of the recorded extra-cellular action potentials, without damaging it. Current was 
thenn injected through the micropipette (positive pulses 3-10 nA on negative baseline 1-4 nA, 
0.255 sec on, 0.25 sec off), which expelled Neurobiotin from the pipette and induced the cell to 
fire.. It most cases this protocol was applied for at least 20 minutes. 

Perfusion,, fixation and storage of the brain were performed as described above. Serial 
histologicall  sections were cut sagittaly (40 um thick) on a freezing microtome and collected 
inn phosphate buffer. Locations of the stimulation sites were verified by inspecting cresyl 
violett stained sections containing the lesions in the microscope. Free-floating sections 
containingg MEA were subjected to histochemistry as follows. First the sections were rinsed in 
phosphatee buffer, pH 7.4, followed by incubation for 30 min in 0.2% peroxidase solution in 
phosphatee buffer (pH 7.6), and rinsed again in phosphate buffer and in 0.5% Triton X-100 
dissolvedd in TBS, pH 8.0 (TBS-TX). In order to visualize Neurobiotin, sections were 
incubatedd overnight in avidin-biotin complex (Vectastain, Vector Laboratories, Burlingame, 
CA)) at 4°C (pH 8.0). Sections were then rinsed in TBS TX and in Tris/HCl and subsequently 
reactedd with 3,3'-diaminobenzidine tetrahydrochloride (DAB, Sigma, St. Louis, MO), H202 
andd nickel ammonium sulphate. After sufficient staining was obtained, the reaction was 
terminatedd with Tris/HCl, pH 8.0. Sections taken from gelatin solution (0.2% in 50 mM 
Tris/HCI,, pH 8.0) were mounted on glass slides and coverslipped with Entellan (Merck, 
Darmstadt,, Germany). 
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Dataa analysis 

Recordedd signals were processed and analyzed off-line using Signal (Cambridge 

Electronicc Design, Cambridge, UK) and Matlab (The MathWorks, Inc.) software. Averaged 

evokedd field potential responses were constructed from 4-16 sweeps. DC levels and low 

frequencyy drift present in the recordings were removed by subtracting the best linear fit. One 

dimensionall  current source density (CSD) was estimated by approximation of the 2nd order 

derivativee in space using the following formula: 

<xx (0(/i-nMj)-2<J>(/z,0 + <&(h  + n/Shj)) 
CSD{h,CSD{h, t) ~ — ; 

(nAh) (nAh) 

CSD(h,t)) is the current source density at fixed time t and depth h, F(h,t) is the average 

fieldd potential at time t and depth h, Dh is depth interval (100 urn), sh is tissue conductivity. 

Thee parameter n defines the amount of spatial smoothing applied to the data (Ahrens and 

Freeman,, 2001, Freeman and Nicholson, 1975). In this study we used n=2. CSD is presented 

inn arbitrary units (mV/mm ). 

Too give a crude estimate of the CSD at the two extreme recording sites in layer I of 

MEA,, we introduced two fictive recording sites superficial to the most extreme recording site 

andd assumed that the field potential does not change between the fictive sites and actual 

extremee recording site (Ahrens and Freeman, 2001). In the figures showing CSD depth 

profiles,, the crude CSD estimates at the two most superficial recording sites are indicated by 

dashedd lines. 

Wee should emphasize that one-dimensional CSD analysis assumes that the major extra-

cellularr current flows parallel to the recording track. Due to the complicated geometry of the 

entorhinall  cortex this assumption can hardly be fulfille d in practice. Nevertheless, we found 

thatt a given subiculum stimulation site results in a rather wide domain in MEA with similar 

evokedd responses (see Results) and that the recordings made at different angles with respect 

too the MEA layers displayed a strong similarity, what indicates that our CSDs were not much 

affectedd by the relative obliqueness of some tracks. This appears to indicate that the MEA 

domainss that were activated by the subicular stimulation occupied a rather wide extension of 

thee entorhinal cortex and that no significant contribution from transversal currents was 

present,, as was also shown before in a similar study in the cat (van Groen et al., 1987). 

Anotherr issue concerning the application of CSD analysis is the assumption that tissue 

conductivityy is homogeneous. For hippocampal area CA1 small gradients in conductivity 

havee been measured (Holsheimer, 1987). but it is generally assumed that these do not 

significantlyy alter the CSD profile. For the entorhinal cortex the tissue conductivity is 

unknownn and is usually taken as a constant (Ahrens and Freeman, 2001, van Groen et al., 

1987).. Considering the inhomogeneity of cell density in the entorhinal cortex (particularly 

layerr II and the lamina dissecans), it may be inferred that gradients in conductivity would 

exist.. Nevertheless, we assumed that these gradients are small and do not affect the CSD 

profiless substantially. 
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RESULTS S 

Dorso-ventrall  profile of subiculum evoked field potentials in MEA 
Too determine the extent of the area within MEA that is activated by a given stimulation 

inn dorsal subiculum, we recorded evoked field potentials at several locations in MEA using an 
arrayy of electrodes placed approximately parallel to the cortical surface. We found that the 
mostt prominent responses with similar amplitude and waveform were present in the dorsal 
halff  of MEA. Ventral to this region no or very small responses were detected. Therefore, all 
experimentss described below aimed at recording from the dorsal part of MEA. 

Subiculumm evoked responses in the entorhinal cortex 

Histologicall  verification of the electrode track showed that in 15 cases <n=7 for glass 
micropipette;; n=8 for 16-channel silicon probe) recordings were performed in all layers of the 
entorhinall  cortex (fig. 3. IB). Subiculum stimulation induced a typical spatio-temporal pattern 
off  field potential responses in MEA as shown in figure 3.2. 

Inn the majority of experiments (n=12/15), the first events after subiculum stimulation 
weree two short latency negative deflections (nl, n2\ fig. 3.2). The amplitude of nl was small 
inn layer III , but increased abruptly to a maximum in layer II. Here, the peak latency was 2.0
0.11 ms (range 1.6-2.9 ms). Following the nl event, a second negative deflection appeared in 
layerr V and II I  <n2, fig. 3.2) at a latency of 2.4  0.1 ms (measured in layer III , range 2.1 -2.9 
ms).. The amplitude of the n2 event was small throughout layer II I  and V. 

AA slower, longer latency, negative wave was observed in layer I close to the border with 
layerr II (ni; latency of trough 8.7  0.9 ms, n=l 1/15, fig. 3.2). This n3 event was only 
observedd in those cases where nl and nl responses were also present. In 7 cases a small 
amplitudee negative wave was observed in layer III , close to layer II at a latency of 5-8 ms (n4\ 

fig.. 3.2). 

Thee most prominent feature of the evoked response induced by subiculum stimulation, 
however,, was a sequence of events involving multiple layers. Based on two prominent events 
inn layer V and layer II I  we refer to this sequence of events as the early population spike-wave 
complexx (early PS- W complex). In deep entorhinal layers this response consisted of a sharp 
negativee deflection, called here layer V population spike (labeled 'ps' in fig. 3.2; pop. spike 
peakk latency 11.3  0.6 ms, n=10/15). Following the layer V population spike a slow negative 
wavee developed in layer II I  (labeled 'w37 in fig. 3.2). The latency of the maximal negativity 
off  this layer II I  wave with respect to the peak of the layer V population spike was 5.0  0.3 
ms.. At low intensity stimulation, a small amplitude, broad wave was present in layer V, but 
noo population spike was evoked and also the layer II I  wave was absent (fig. 3.3). 
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(10.88 ms) (15.5 ms) (10.8 ms) (15.5 ms) 

(figure(figure 3.2) 

AA long latency evoked response was observed in 8 cases, which was usually only seen 

afterr the test stimulus in a paired pulse protocol. In 6 of these experiments the response had 

similarr characteristics as the early PS-W complex, i.e. a population spike in deep layers and a 

negativee wave in layer III (fig. 3.4). hence we designated it delayed population spike-wave 

complexx (delayed PS-W complex). The latency of the delayed layer V population spike was in 

thee range of 25-35 ms. 

Duringg a high frequency stimulation train (250 Hz) the early superficial layer 

componentss nl and n2 decreased slightly in amplitude, but were still present (not shown). 
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<—— Figure 3.2 Subiculum evoked responses in the entorhinal cortex. A. Typical example of laminar profiles 
off  field potentials responses (average of 4 sweeps) in the entorhinal cortex evoked by subiculum stimulation 
(indicatedd by star). Early negative components in superficial layers (nl-n4) and the population spike (ps) and 
layerr III wave (w3) components of the PS-W complex are indicated. Additional shading is used for the nl 
(verticall  lines) and n2 (gray) components. Scheme of the layers of the entorhinal cortex on the left indicates 
thee location of the recording sites, as reconstructed from histology shown in figure 3. IB. B. The same field 
potentiall  responses shown in A are illustrated in a contour plot at 0.1 mV increments. Negative potentials are 
drawnn as black lines; positive potentials are drawn as dashed lines. The zero-level contour is not plotted. C. 
Detailss of the early PS-W complex. Note that only recording sites 4-13 are shown, covering layer VI-II I as 
indicatedd by the scheme in D. The start of the population spike (ps) at each recording site (indicated by 
arrows)) can be clearly recognized in the first time derivative (see inset for examples for recordings sites 10 
andd 11; dashed line represents raw signal, thick line represents first time derivative). The population spike 
componentt apparently propagated towards superficial layers and was followed by a negative wave in layer III 
(w3).. The vertical line marks the start of the population spike at recording site 11. D. Field potential and 
currentt source density depth profiles of population spike (ps) and the layer III wave (w3) components 
constructedd at the peak in layer V and layer III respectively (latencies are indicated between brackets). 
Relevantt sinks and sources are shaded gray. 

Thiss is compatible with the interpretation that the early superficial layer events (i.e. nl and 

nl)nl) were the result of antidromic activation of perforant path fibers that pass through the 

subiculumm (see Discussion). The subsequent components (n3 and n4) possibly reflect the 

activationn of local neurons through antidromically activated axon collaterals or the activation 

off  direct hippocampal to entorhinal superficial layer projections (see Discussion). Both the 

earlyearly and delayed PS-W complex were considered to reflect the process of deep-to-superficial 

layerr communication, therefore we describe these responses in detail below. 

Generationn of the delayed PS-W complex involves the tri-synaptic pathway of the 

hippocampall  formation 

Thee delayed PS-W complex was evoked optimally using a paired pulse protocol with 

intervalss ranging from 50-100 ms (fig. 3.4A). It was never observed at intervals <25 ms and 

onlyy rarely seen at intervals >150 ms. In most cases, the delayed PS-W complex appeared at 

higherr stimulus intensities than the early PS- W complex. However, in one case a delayed PS-

WW complex could be observed without prior early PS-W complex. Therefore, we excluded the 

possibilityy that the delayed PS-W complex arose from local rebound activity in the entorhinal 

cortexx as a result of the prior early PS-W complex. Occasionally, a full delayed PS-W complex 

didd not develop, but rather a small negative wave was present in deep layers without 

subsequentt superficial layer activation (see for example fig. 3.4A, 50 and 100 ms intervals). 

Inn most cases, both population spike and layer III wave of a fully developed delayed PS- W 

complexcomplex had large amplitudes, although in some cases, the deep layer population spike of the 

delayeddelayed PS-W complex was relatively small, compared with the layer III wave. 
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2000 uA 500 uA 
II  mV I mV 

Figuree 3.3 Entorhinal responses evoked at different stimulus intensities. A. Comparison of subiculum 
evokedd potentials in the entorhinal cortex after low (left. 200 uA) and high (right. 500 u A) intensity 
stimulation.. At low intensity stimulation a negative wave without population spike is present in deep layers 
andd no layer II I  wave is present. Deep layer responses after low intensity stimulation are also superimposed 
ontoo high-intensity evoked responses (dashed lines). B. Field potential depth profiles at the times indicated in 
A.. For the high intensity stimulation the population spike (ps) and layer II I  wave (w3) are superimposed. 

-»» Figure 3.4 Subiculum evoked delayed PS-Wcomplex. A. Averaged evoked field potentials in the 
entorhinall  cortex evoked by test stimuli in subiculum at variable intervals (50-100 ms) after a conditioning 
stimuluss (stim I). At all intervals an early PS-W complex was evoked (ps: layer V population spike: w3: layer 
IIII  negative wave), but only at 75 ms interval a full delayed PS-W complex could be observed (indicated by 
box).. Note the presence of an incomplete delayed PS-W (black arrows) mostly limited to deep layers at 50 ms 
andd 100 ms intervals. Only 4 of the 16 recording sites are shown. B. Simultaneous recording in hippocampal 
formationn and entorhinal cortex demonstrated a correlation between the tri-synaptically evoked CAI 
responsee and the delayed PS-W complex. Two individual sweeps from one experiment after stimulation with 
identicall  intensity are shown. Subiculum stimulation evoked an early PS-W complex in the entorhinal cortex 
andd also activated the tri-synaptic pathway of the hippocampal formation. A delayed PS-W complex was 
presentt in the entorhinal cortex if also a population spike occurred in CAI (right), but not in the absence of a 
CAII  population spike (left). Note also the presence of an antidromic population spike in CA1. Only a 
selectionn of the available recording sites is shown. C. Summary of 14 experiments in which recordings were 
performedd in both hippocampal formation and entorhinal cortex. The table shows the number of experiments 
withh a certain amount of activation of CAI through the tri-synaptic pathway (i.e. no response, small 
excitatoryy post-synaptic potential (EPSP) only, small population spike or large population spike) and the 
correlationn with the size of the delayed PS-W complex in the entorhinal cortex (no delayed PS-W complex. 
smalll  delayed PS-W complex limited to deep layers or full delayed PS-W complex). 
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Ass we suspected that stimulation in the subiculum also activates passing fibers of the 
perforantt path, we tested if hippocampal activation could underlie the generation of the 
delayeddelayed PS-Wcomplex. As shown in figure 3.4B, subiculum stimulation resulted in responses 
thatt are usually associated with activation of the hippocampal tri-synaptic pathway after 
classicc perforant path stimulation in the angular bundle. Thus, in the dentate gyrus a large 
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positivee potential was observed in the hilus and granule cell layer, which reversed in the 
molecularr layer. This response was associated with a current sink in the molecular layer and 
currentt source in the granule cell layer (not shown). Usually, a negative-going spike transient, 
representingg the simultaneous firing of granule cells, was superimposed onto the positive 
wave.. In addition, a longer latency (peak latency in the range of 17-20 ms) negative potential 
andd an associated current sink were observed in stratum radiatum of CA1, and a 
correspondingg current source was present in CA1 pyramidal layer (not shown). Occasionally, 
CA11 neurons fired action potentials simultaneously as evidenced by a population spike in the 
pyramidall  cell layer. Simultaneous recordings in the hippocampal formation and MEA in 14 
experimentss indicated a correlation between the delayed PS-W complex and the tri-
synapticallyy evoked CA1 response. In general, the delayed PS-W complex was only present in 
thosee cases in which a CA1 population spike could be observed as well (fig. 3.4B,C). 
Occasionally,, the CA1 population spike was small and in those cases the delayed PS-W 

complexcomplex was also small and usually limited to the deep layers. 

Iff  the delayed PS- W complex was indeed the result of activation of the hippocampal tri-
synapticc pathway, we assumed that stimulation at any other location within this pathway 
wouldd also result in a PS-W complex in the entorhinal cortex. Indeed, stimulation of the 
Schafferr collaterals in CA3 also evoked a population spike in layer V, followed by a negative 
wavee in layer III (labeled kps' and 'w3' respectively in fig. 3.5A). The latency of the Schaffer 
simulationn induced PS-W complex was in between those of thee early and delayed PS-W 

complexcomplex after subiculum stimulation (pop. spike peak latency 18.3  1.0 ms,range 15.1-20.9 
ms,, n=6). Similar to the delayed PS-W complex, the Schaffer stimulation induced PS-W 

complexcomplex in some cases had a small layer V population spike, followed by a large superficial 
layerr III wave. Note also in figure 3.5 that the Schaffer stimulation evoked PS-W complex 

resultedd in a positive-negative biphasic wave in layer I (labeled 'wl ' in fig. 3.5). 

Thesee results indicate that stimulation in the subiculum results in indirect activation of 
thee hippocampal output structures via tri-synaptic pathway, which eventually leads to a 
delayeddelayed PS-W complex in the entorhinal cortex. We therefore considered all occurrences of a 
PS-WPS-W complex in the entorhinal cortex as reflecting the activation of hippocampal outputs. 

Detailedd description of the PS-W complex 

LaminarLaminar profiles and current source density analysis 

Thee population spike of the early PS-W complex had maximal amplitude in layer V. 

Goingg from layer V in the direction of more superficial layers, the population spike 

diminishedd in amplitude and gradually changed from a negative-going deflection to a biphasic 

wavee and finally became positive-going close to layer II (fig. 3.2C). The population spike 

appearedd to propagate from deep to superficial layers, since the peak latency of the population 

spikee was shortest in deep layers and gradually increased in layer III (corresponding to a 
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propagationn speed of about 0.2 m/s), at the same time the population spike gradually became 

broader. . 

Inn layer V. the population spike usually appeared on top of a negative wave of smaller 

amplitudee and longer duration. In many cases a sudden change in the slope of the layer V 

evokedd potential marked the start of the population spike (fig. 3.2C, arrows). This was 

particularlyy clear in the derivative of the evoked response (fig. 3.2C, inset). The latency of the 

startt of the population spike increased from layer V towards layer III , similar to the latency to 

peak.. At low intensity stimulation only the underlying negative wave was present in deep 

layerss (fig. 3.3A). which had a similar depth profile as the population spike in layer V (fig. 

3.3B).. Current source density analysis showed that the layer V population spike corresponded 

too a sharp sink in layer V and sources in layer VI and III (fig. 3.2D). As was the case in the 

fieldd potential recordings, the population spike sink propagated from layer V towards layer 

III . . 

Thee layer III wave of the PS-W complex after subiculum stimulation had its maximal 

amplitudee in layer III and reversed close at the border with layer II (fig. 3.2CD). Usually the 

negativee wave continued into layer V and reversed midway the deep layers. The layer II I 

fieldd potential current source density 
21.77 ms 27.0 ms 33.0 ms  ; 

~~~ , ,---"", 1 mV 50 mV mm" 

Figuree 3.5 Schatter collateral stimulation evoked responses in the entorhinal cortex. A. Laminar field 
potentiall  profile of'the PS-W complex in the entorhinal cortex evoked by Schaffer-collateral stimulation. 
Bothh the layer V population spike (ps) and the layer III negative wave (w3) were present. Note the longer 
onsett latency as compared to the early PS-W complex evoked by subiculum stimulation. Also note that in 
layerr I an additional positive-negative wave (wl) was present. The location of the recording sites is shown in 
thee scheme on the left, as reconstructed from histology. B. Field potential and current source density depth 
profiless constructed at the peaks (latency indicated between brackets) of the population spike (ps). layer III 
wavee (w3) and layer I negativity (wl). Relevant sinks and sources are shaded gray. 
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Figuree 3.6 Short-term dynamics of the subiculum evoked early PS-Wcomplex. A. Left: response after 
conditionall  stimulus (stim 1). Right: responses after test stimulus (stim 2) at varying intervals after the 
conditionall  stimulus. Note the appearance of an additional layer I negative-going wave at 25-100 ms inter-
pulsee intervals. B. Quantification of the paired pulse ratio (peak amplitude after stim 2 / peak amplitude after 
stimm 1) as function of the inter-pulse interval. For the layer V population spike (top) the amplitude was 
determinedd with reference to the start of the population spike (see inset), for the layer II I  wave (bottom) the 
amplitudee was determined with reference to zero potential (sec inset). C. Top: The amplitude of the layer V 
populationn spike (black dots) and layer II I  wave (circles) after the conditioning stimulus (stim 1) and test 
stimuluss (stim 2) are linearly related. For this analysis all data points at 50, 75 and 100 ms inter-pulse 
intervalss were grouped. Lines indicate best linear fit. Bottom: Relation between the amplitude after the 
conditioningg stimulus (pi) and the paired pulse ratio. For both layer V population spike (black dots) and 
layerr III wave (circles) the paired pulse ratio increases with smaller amplitude after stim 1. 
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wavee was never observed without a preceding deep layer population spike. In contrast with 
thee Schaffer stimulation evoked PS-Wcomplex, there were no cases in which a relatively 
smalll  layer V population spike was associated with a large layer III wave. Current source 
densityy analysis showed that the layer III wave corresponded to a sink in layer III close to 
layerr V and a source in layer II and I and in some cases a source in layer V, just deep to the 
sinkk in layer III (fig. 3.2D). We should note that in the cases that a n4 component was clearly 
present,, this had a similarly located sink in layer III as the w3 component. This raises the 
possibilityy that the n4 and w3 components may represent at least partly the same synaptic 
event,, although the w3 event could be evoked without an obvious preceding n4 component. 

Comparisonn of the early PS-W complex evoked by subiculum stimulation (fig. 3.2C,D) 
andd the PS-W complex evoked by Schaffer collateral stimulation (fig. 3.5A,B) showed that the 
laminarr field potential profiles and CSDs of both the layer V population spike and the layer 
IIII  wave were similar. 

Short-termShort-term dynamics of early PS-W complex 

AA striking feature of subiculum-evoked early PS-W complex in the entorhinal cortex 
wass that both the layer V population spike as well as the layer III wave had a larger amplitude 
andd a shorter latency to peak after the test stimulus in a paired pulse protocol. Varying the 
intervall  between the two stimuli showed that facilitation was optimal at 25-100 ms intervals 
forr both events (moderate stimulation intensity; fig 3.6A,B), however there was a large 
variationn among experiments. Since paired pulse ratios at 50, 75 and 100 ms inter-pulse 
intervalss were similar, these were grouped. As shown in figure 3.6C (top), for this group the 
amplitudee after the second stimulus was related linearly to the amplitude after the first 
stimulus.. It was possible for the second stimulus to evoke a response, without a detectable 
responsee after the first stimulus (i.e. the fitted lines in fig. 3.6C do not pass through the 
origin).. Usually, this happened at low stimulation intensity. As a consequence, the paired 
pulsee ratio increased with smaller amplitude responses after the first stimulus (fig. 3.6C, 
bottom).. This explained the large variation in paired pulse ratio in figure 3.6B, since between 
experimentss there was variation in the actual amplitude of the first response. Regardless of 
thiss variation, in all cases the paired pulse ratio was larger than unity. 

Ass illustrated in figure 3.6A (black arrowhead), an additional negative going wave was 
evokedd in layer I, particularly at 25-100 ms intervals. This layer I negative going wave had 
similarr laminar profiles and associated CSDs (not shown) as the layer I wave that was part of 
thee Schaffer collateral stimulation evoked PS-W complex (see fig. 3.5A,B). 

SingleSingle unit responses 

Too further characterize the PS-W complex, evoked responses of single units in the 
entorhinall  cortex were recorded after subiculum stimulation. Of 169 cells (layers V-VI : n=55; 
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Figuree 3.7 Subiculum evoked responses of entorhinal deep layer neurons. A. Summary of single unit 
responsess of deep layer neurons evoked by paired pulse stimulation of subiculum. stim 1: conditioning 
stimulus;; stim 2: test stimulus at 100 ms interval. Plots were created by averaging the peri-stimulus time 
histogramss (PSTH) of all responsive cells. For those cases in which a clear field potential was present, units 
weree classified as occurring during the population spike of the early PS-Wcomplex (dark gray bars) or the 
delayeddelayed PS-W complex (light gray bars). Black bars represent the remaining cases. B. Example responses of 
twoo deep layer neurons after a conditioning stimulus at 100 ms interval. Both the PSTH (gray bars) and 
averagedd evoked potential (line) are shown. Both cells fired during the population spike component of either 
thee early (right) or delayed (left) PS-W complex. C. Example of a layer V pyramidal neuron that responded 
too subiculum stimulation (responses of this neuron are shown in B. right). The cell was labeled with 
neurobiotinn (left) and reconstructed with Neurolucida (right). D. Example of inhibitory responses of a deep 
layerr neuron, as evidenced by a transient decrease of unit firing probability (indicated by arrow) after 
subiculumm stimulation (stimulus artifacts indicated by stars). An overlay of 18 traces is shown, each high-
passs filtered at 300 Hz. This particular cell did not show excitatory responses after stimulation. 

layerr III : n=107; layer II : n=7) it was confirmed that they were located in entorhinal cortex. 

Fromm this group, 64 cells showed a clear increase in firing rate upon subiculum stimulation. 

Entorhinall  deep layer neurons that responded to subiculum stimulation (n=32) did not 

showw evoked responses at very short latencies. As shown in the histogram in figure 3.7A, 

mostt units fired around 10 ms (range 5-15 ms). Those cases in which a clear field potential 

couldd be recognized, along with distinct unit firing, deep layer neurons responded in 
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Figuree 3.8 Subiculum evoked responses of entorhinal superficial layer neurons. A. Summary of single unit 
responsess of superficial layer neurons evoked by paired pulse stimulation of subiculum. stim 1: conditioning 
stimulus:: stim 2: test stimulus at 100 ms interval. Plots were created by averaging the peri-stimulus time 
histogramss (PSTH) of all responsive cells. White bars represent presumed antidromic spikes. For those cases 
inn which a clear field potential was present, units were classified as occurring during layer III wave of the 
earlyearly PS-W complex (dark gray bars) or the delayed PS-Wcomplex (light gray bars). Black bars represent the 
remainingg units. B. Example responses of one layer III pyramidal neuron. The PSTH (gray bars) and 
averagedd evoked potential (line) after a test stimulus (left) and a conditioning stimulus at 100 ms interval 
(right)) are shown. Note that this neuron fired at early latencies and during the layer III wave of the early and 
delayeddelayed PS-W complex. This cell was identified as a layer II I pyramidal neuron after labeling with 
neurobiotinn (C. left) and reconstructing with Neurolucida (C. right). D. The example neuron shown in B and 
C.. also demonstrated a transient decrease of firing (indicated by arrow) upon subiculum stimulation (stimulus 
artifactss indicated by stars). An overlay of 9 traces is shown, each high-pass filtered at 300 Hz. 

associationn with the population spike component of either the early (dark gray bars in fig. 

3.7A.. see example fig. 3.7B. right) or delayed PS-W complex (light gray bars in fig. 3.7A; see 

examplee in fig. 3.7B. left). It is clear from figure 3.7A that the firing probability of deep layer 

neuronss during either early or delayed PS-W complex was increased after a test stimulus (stim 

2)) in a paired pulse protocol (100 ms inter-pulse interval). Some units did not relate to a 

(recognizable)) field potential component (indicated by black bars in fig. 7A) and many of 
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thesee fired just before or after the peak in the histogram corresponding to the population 
spike.. These units probably corresponded to cells that fired asynchronously from neighboring 
cellss and thus did not contribute to the field population spike. The responsive cells in layer V 
thatt were labeled with neurobiotin were exclusively pyramidal-shaped neurons (n=5, see 
examplee fig. 2.7C), whereas responsive neurons in layer VI displayed morphological 
characteristicss of multipolar neurons (n=3). 

Superficiall  layer neurons (layer III : n=28; layer II: n=3) responded at different latencies 
afterr subiculum stimulation. In figure 8A several peaks can be observed in the histogram at 
whichh superficial layer neurons preferably responded. Some units had very short latencies (1-
44 ms latency, n=7) and showed very littl e jitter in time, corresponding to antidromic activation 
(whitee bars in fig. 3.8A, see also example in fig. 3.8B). Four of these cells were labeled with 
neurobiotinn and, after reconstruction, appeared to be a layer II stellate neuron, two layer III 
pyramidall  neurons and a layer III multipolar neuron. 

Severall  superficial layer units responded at latencies, which would correspond to the 
earlyearly (9-20 ms) or delayed (>25 ms) PS-W complex in the local field potential (n=16, dark 
grayy bars in fig. 3.8A). If a clear layer III wave could be recognized in the local field potential 
thesee units usually appeared to respond during the descending part of the wave (fig. 3.8B). 
Somee units increased their firing rate during the trough of the wave (i.e. see example fig. 
3.8B),, but units did not fire during the ascending part of the wave. Note in figure 3.8A, that 
thee firing probability of superficial layer units was increased after a test stimulus (stim 2) that 
followedd a conditioning stimulus (stim 1) at 100 ms. Neurobiotin labeled cells belonging to 
thiss group included three layer III pyramidal neurons (fig. 3.8C) and one layer III multipolar 
neuron. . 

AA relatively large proportion of units responded at latencies between 4-8 ms (n=9; 
secondd peak in fig. 3.8A), which could not be classified as antidromic and also did not 
correspondd to the layer III wave in the local field potential. In some cases, these units fired 
duringg a small field negativity, possibly corresponding to the n4 event in the field potential 
describedd above. In contrast to unit responses during the PS-W complex, firing probability was 
nott enhanced in a paired pulse protocol (fig. 3.8A). Five cells of this group were labeled with 
neurobiotinn and were located in layer III ; four of these cells displayed characteristics of 
pyramidall  neurons and one of a multipolar neuron. 

Att least 28 units were found that showed a clear inhibition of firing after subiculum 
stimulationn (figs. 3.7D, 3.8D). For units, which had relatively high basal firing rates, 
reductionn of firing was already clear after the first pulse in a paired pulse protocol, however 
inhibitionn was most pronounced after the second pulse (100 ms interval). Typically, the 
reducedd firing lasted 200-600 ms, but in a few cases it lasted longer than 1000 ms. Both cells 
inn deep layers (n=7; fig. 3.7D) and superficial layers (layer III : n=19; layer II: n=l; fig. 3.8D) 
couldd show inhibitory responses. It was possible to find inhibitory responses both in 
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pree cnqx p o st 

Figuree 3.9 Effect of CNQX applied iontophoretically to deep entorhinal layers on responses evoked by 
subiculumm (A) or local entorhinal (B) stimulation, pre: before CNQX application, cnqx: after CNQX 
application,, post: after wash-out of CNQX. Note the disappearance of the responses in deep layers and the 
layerr II I  wave after subiculum stimulation, but not other superficial layer responses or the evoked responses 
afterr local entorhinal stimulation. C. Nissl-stained sagittal section of the entorhinal cortex showing the 
locationn of CNQX application (arrow). Lamina dissecans is drawn as a dashed line. 

combinationn as well as in the absence of excitatory responses (see examples in fig. 3.7D and 

3.8). . 

PS-WW complex reflects cleep-to-superficial layer communication 

Too test the hypothesis that the layer III wave is the result of decp-to-superficial layer 

communication,, CNQX was applied to the deep layers (fig. 3.9C) to block the layer V 

populationn spike evoked by subiculum or Schaffer collateral stimulation in three experiments 

Bothh deep and superficial layer responses during the PS-W complex evoked by subiculum 

stimulationn were abolished after CNQX application (fig. 3.9A). In all cases early superficial 

layerr components nl-n3 (fig. 3.9A) were not affected. Also we were confident that in at least 

onee case superficial layer responses evoked by local entorhinal stimulation were not affected 

(fig.. 3.9B), showing that CNQX had not diffused into superficial layers. This result suggests 

thatt the layer III wave of the PS-W complex requires the prior activation of layer V. and thus 

thatt the PS-W complex reflects deep-to-superficial layer communication 
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DISCUSSION N 

Thee main result of the present study, in short, is that 1) stimulation of hippocampal 

formationn output results in a population spike-wave complex in the entorhinal cortex, which 

reflectss sequentially activation of deep and superficial layers; and that 2) activation of the 

superficiall  entorhinal layers is the result of deep-to-superficial layer communication. 

Thee experimental approach followed in this study comprised a combination of 

simultaneouss multi-electrode recordings to construct depth potential and current-source 

densityy (CSD) profiles along with single unit recordings of morphologically identified cells. 

Thiss was performed in vivo in the intact, although anaesthetized, rat brain in order to obtain 

informationn about both the local circuitry of the entorhinal cortex and the regional circuitry of 

thee hippocampal-entorhinal cortex complex. This kind of information cannot be obtained 

directlyy from in vitro studies. 

Subiculumm stimulation - what is stimulated? 
Inn this study electrical stimulation of the dorsal subiculum was used as a means to 

activatee hippocampal-entorhinal pathway and to probe inter-laminar interactions in the 
entorhinall  cortex. The subiculum-entorhinal cortex projection is topographically organized, 
suchh that the dorsal (septal) part of subiculum projects to a dorso-lateral strip of entorhinal 
cortexx bordering the rhinal sulcus (chapter 2). Our electrophysiological results are consistent 
withh this topography, since the largest responses were found in the dorsal part of MEA (close 
too the rhinal sulcus) after stimulation of the dorsal subiculum. Although our aim was to 
stimulatee the subicular efferent pathway to the entorhinal cortex, we realized that the 
responsess in the entorhinal cortex were also to some extent due to the activation of axons that 
terminatee in or pass through the subiculum. For example, CA1 neurons that project to 
subiculumm (Amaral et al., 1991) were antidromically activated as evidenced by a short latency 
populationn spike in the pyramidal cell layer of CA1 (see fig. 3.4B). Since both CA1 and 
subiculumm project to the entorhinal cortex (chapter 2, Kohier, 1985, Tamamaki and Nojyo, 
1995,, van Groen and Wyss, 1990), it is possible that antidromic stimulation of the CA1-
subiculumm pathway via axon collaterals also results in orthodromic activation of the CA1-
entorhinall  cortex pathway (fig. 3.10). Therefore, we refer to subiculum stimulation as 
'activatingg hippocampal output', rather than claiming that the evoked responses in the 
entorhinall  cortex are solely due to the subiculum-entorhinal cortex projection. Subiculum 
stimulationn also activated passing fibers of the perforant path, which originate in layer II and 
IIII  of the entorhinal cortex and project to all sub-fields of the hippocampal formation (fig. 
3.10).. This was evidenced by 1) short latency, presumably antidromic field potentials (events 
nLnL n2) in layers II/III , which follow 250 Hz stimulation, 2) short latency single unit responses 
inn superficial layers which displayed minimal time jitter and 3) orthodromic responses in the 
dentatee gyrus. Furthermore, if the nl and n2 events were mediated by the sparse direct 
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Figuree 3.10. Summary scheme of hippocumpal-entorhinal connections and intra-entorhinal circuitry 
involvedd in Ihc generation of the different components of the evoked responses observed in MEA. 1: 
Subiculumm stimulation activates entorhinal deep layers (corresponding to the layer V population spike) by 
directt subiculum-entorhinal cortex projections and possibly by CA1-entorhinal cortex efferents (black dotted 
arrow).. 2: Activity of deep layer pyramidal neurons and interneurons is conveyed to superficial layers 
(correspondingg to w3 wave). 3: Subiculum stimulation results in antidromic activation of layer II and III 
neuronss due to stimulation of passing fibers of the perforant path (corresponding to components nl and n2). 
andd (4) in activation of associational connections in superficial layers (corresponding to component n4). 5, 6: 
Stimulationn of passing fibers of the perforant path results also in a sequential activation of hippocampal 
suhfieldss via the trisynaptic pathway, eventually leading to a secondary activation of hippocampal output, 
whichh elicits a delayed PS-Wcomplex in MF.A. 

hippocampall  to entorhinal superficial layer projections (chapter 2, Kohier, 1985), we would 

expectt similar evoked potentials at a slightly longer latency after Schaffer collateral 

stimulation,, but this was not the case. 

Takingg into account the mixed nature of subiculum stimulation and the anatomical 

connectionss described in the hippocampal-entorhinal system, our interpretation of the evoked 

fieldd potentials and single unit responses in the entorhinal cortex is as depicted in figure 10. 

Naturee of deep layer population spike 

Wee found that stimulation of hippocampal output excited pyramidal neurons in layer V, 

whichh appeared in the field potential as a population spike, and was associated with a current 

sinkk in CSD analysis. The population spike was superimposed onto a small negative wave, 

whichh likely represent a monosynaptic population EPSP. A similar potential in deep 

entorhinall  layers was found following long-latency hippocampal responses evoked by lateral 

olfactoryy tract stimulation in the whole brain guinea pig preparation (Biella and de Curtis. 

2000).. Indeed, anatomical studies have shown that the projections from the hippocampal 

formationn terminate predominantly in layer V of the entorhinal cortex (chapter 2, Kohier. 

1985.. van Groen and Wyss, 1990). These projections mainly involved asymmetrical 

excitatoryy synapses onto spine-bearing, presumably pyramidal neurons and onto dendritic 

shaftss of presumed inhibitory neurons (van Haeften et ah. 1995). Also, intracellular 

recordingss in vivo and in vitro showed excitatory responses of deep layer entorhinal neurons 

uponn subiculum stimulation (Finch et al., 1986, Jones, 1987). 
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Ourr laminar field potential recordings showed that the population spike evoked in layer 
VV apparently propagated to superficial layers. This probably reflects invasion of action 
potentialss in the long apical dendrites of layer V pyramidal neurons that extend into 
superficiall  layers. Ample evidence exists that dendritic backpropagation of action potentials 
occurss in neocortical areas (Buzsaki and Kandel, 1998, Finch et al., 1986, Jones, 1987, 
Markramm et al., 1995, Stuart et al., 1997, Stuart and Sakmann, 1994) and hippocampal area 
CAII  (Kloosterman et al., 2001, Miyakawa and Kato, 1986, Richardson et al., 1987, Spruston 
ett al., 1995) and it is not unlikely that the apical dendrites of entorhinal layer V neurons also 
possesss the mechanisms that support generation of action potentials. Interaction between 
back-propagatingg action potentials and synaptic inputs may result in modification of the 
activee synapses, depending on the timing between the dendritic action potential and the 
synapticc input (Markram et al„  1997). A second consequence of dendritic back-propagation of 
actionn potentials may be to increase the influence of distal dendritic inputs and thereby 
associatingg inputs arriving at different cortical layers (Larkum et al., 1999). 

Strikingly,, deep layer responses showed only frequency-dependent facilitation and no 
depression.. The absence of frequency-dependent depression may suggest that feedback 
inhibitionn is not prominent in deep layers of the entorhinal cortex at the population level. 
Nevertheless,, our unit recordings showed that some cells displayed increases in firing rate 
followedd by long lasting inhibition, which could be mediated by inhibitory feedback 
connections.. Previously, in the entorhinal cortex inhibition has been suggested to be exerted 
predominantlyy through feed-forward connections (Finch et al., 1988). This has been 
corroboratedd by the demonstration of a substantial excitatory projection onto presumed deep 
layerr intemeurons (van Haeften et al., 1995). We did not explore the mechanism responsible 
forr the phenomenon of frequency-dependent facilitation. However, recent studies showed that 
presynapticc metabotropic glutamate receptors may increase glutamate release (Evans et al., 
2000)) and decrease release of GABA onto layer V pyramidal neurons in vitro (Woodhall et 
al.,, 2001). Such a combination of effects could contribute to the observed paired pulse 
facilitationn of the field potential responses. 

Naturee of superficial layer responses 
Severall  processes may contribute to the second component of the early PS-W complex, 

i.e.. the layer III wave (w3) that followed the population spike in layer V. A first possibility is 
thatt the n4 and w3 components, which both have similar laminar CSD profiles, are part of a 
singlee monosynaptic EPSP, only temporally interrupted by sinks/sources associated with the 
layerr V population spike. However, the w3 event could also be found without preceding n4 

component,, this was particularly clear for the delayed PS-W complex and for SCHAF 
stimulationn evoked PS-W complex. In addition, whereas the w3 component showed prominent 
pairedd pulse facilitation, this was not obvious for the n4 component. This suggests that the n4 

andd w3 component may in fact represent separate responses. The n4 component may represent 
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aa subiculum evoked monosynaptic EPSP in layer III , direct projections from subiculum to 
superficiall  layers exist, but these are rather sparse in comparison with projections to deep 
layerss (chapter 2, Kohier, 1985). In this respect, it is remarkable that many superficial layer 
neuronss appear to fire at the time of the n4 component (i.e. 5-8 ms latency, fig. 3.8A). If a 
directt subiculum-superficial layer projection would have contributed to the n4 responses, it 
couldd be expected that just prior to the delayed PS-Wcomplex and SCHAF evoked PS- W 

complexcomplex an event similar to the n4 component would be observed, but this was not the case. 
Thuss the alternative explanation is more likely, namely that the n4 component is duee to local 
associationall  connections of layer II and III neurons, which are antidromically activated. Such 
associationall  connections have been demonstrated both anatomically (Dolorfo and Amaral, 
1998b)) and electrophysiologically (Dhillon & Jones, 2000; Biella et al., 2002). 

AA second possibility is that the w3 component may correspond to an active source in 
deepp layers and an associated passive sink located more superficially, due to synchronous 
GABA-mediatedd IPSPs or spike after-hyperpolarization in layer V neurons. Indeed, a few 
deepp layer neurons were recorded that showed reduced firing after stimulation. Whether this 
iss mediated by feed-forward or feed-back inhibition cannot be decided on the basis of the 
presentt experiments. At both the population and single unit level, however, paired pulse 
depressionn was not observed, suggesting that feed-back inhibition did not contribute much to 
observedd responses. The contribution of an active source in deep layers cannot explain the w3 

eventt completely, since 1. the sink in layer III was always stronger than the source in deep 
layers,, 2. the w\?-sink was associated with a source more superficially in layers I/II and 3. 
superficiall  layer neurons fired during the w3 component, indicating that the sink in superficial 
layerss was not merely passive. 

AA third possibility is that the w3 component is di-synaptically generated via synapses in 
deepp layers. This interpretation is supported by the demonstration that CNQX applied to deep 
layerss abolished the w3 component. Furthermore, single unit firing of layer III neurons 
coincidedd with the w3 component and both single unit firing and the n\?-sink were facilitated 
inn a paired pulse protocol. The apparent delay of the layer III wave with respect to the layer V 
populationn spike is compatible with this interpretation. 

Thus,, we conclude that at least part of the w3 event is due to an activation of the 
projectionn from deep layer neurons to superficial layers. 

Naturee of intrinsic deep-to-superficial entorhinal circuitry 
Thee fact that axons of entorhinal deep layer neurons project to superficial layers was 

alreadyy noted by Cajal (Ramón y Cajal, 1955, pages 689-698) and it was recently further 
demonstratedd using anterograde tracing techniques (Dolorfo and Amaral, 1998b, Kohier, 
1986,, van Haeften et al., 2003). A motivation to initiate the present study was the recent 
investigationn of the synaptic interactions between neurons in entorhinal deep and superficial 
layerss (van Haeften et al., 2003). How can we connect our electrophysiological results to 
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thesee and other relevant anatomical data? A large part of the deep-to-superficial layer 
projectionn terminates in layer IN and is excitatory (van Haeften et al., 2003), in agreement 
withh the occurrence of the w3 sink and the associated firing of neurons in layer III . These 
projectionss were not found to terminate on apical dendrites of deep layer neurons that extend 
intoo superficial layers, suggesting that EPSPs in these dendrites are less likely to contribute to 
thee observed w3 response. Almost 50% of the projection from deep to superficial layers 
consistss of asymmetrical synaptic contacts on presumed inhibitory interneurons (van Haeften 
ett al., 2003), constituting a prominent feed-forward inhibitory projection. This pathway may 
mediatee the long-lasting reduction of firing rate observed for some superficial layer neurons. 
AA relatively small portion of the deep-to-superficial layer projection consists of symmetrical 
synapticc contacts (assumed inhibitory) onto supposed inhibitory interneurons (van Haeften et 
al.,, 2003), possibly resulting in reduced firing of these interneurons and disinhibition of 
superficiall  layer principal neurons. This disinhibition could contribute to the observed 
frequencyy dependent facilitation of the w3 component. 

Inn the guinea pig, dorsal psalterium stimulation (mainly containing fibers originating in 
ipsi-- and contralateral presubiculum (Bartesaghi, 1985)) resulted in entorhinal responses that 
dependedd on hippocampal-entorhinal connections and which resembled our PS-Wcomplex 

(Bartesaghii  et al., 1989). Based on the increased latency of superficial layer responses 
comparedd to deep layer responses Bartesaghi et al. (1989) hypothesized that the former were 
evokedd by intracortical connections, what is in agreement with our present findings. 

Inn some in vitro studies electrical stimulation of deep layers was used to study synaptic 
inputss of superficial layers (Bartesaghi etal., 1989, Biella et al., 2002, Gloveli et al., 1997a, 
Glovelii  et al., 1997b, Jones, 1994, Richter et al., 1999), but this likely caused a mixed 
activationn of axons originating from deep layer neurons and axons from extrinsic sources 
whichh after leaving the white matter pass through deep layers to terminate in superficial 
layers.. Nevertheless, deep-to-superficial layer communication has been observed in 
hippocampal-entorhinall  slices under conditions of enhanced excitability (Dickson and 
Alonso,, 1997, Iijima et al., 1996, Jones and Lambert, 1990, Lopantsev and Avoli, 1998, 
Stewart.. 1999). 

Duringg slow-wave sleep the activity of deep layer entorhinal neurons is correlated with 

eventss called sharp waves in area CA1 (Chrobak and Buzsaki, 1994). In the same study 

relativelyy few layer III neurons and no layer II neurons showed sharp-wave related activity, 

andd therefore the authors suggested that during slow-wave sleep practically no 

communicationn takes place between deep and superficial layers. Nevertheless, we show here 

thatt this communication can take place even in anesthetized animals. 

Functionall  relevance of deep-to-superficial layer communication in the entorhinal cortex 

AA vast amount of evidence indicates that the entorhinal cortex and hippocampal 

formationn are required for the formation of new memories of facts and events. Multi-modal 
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sensoryy information reaches the hippocampal formation through neurons in layer II and III of 
thee entorhinal cortex. Hippocampal output is distributed to the neocortex by way of the output 
projectionss from area CA1 and subiculum to the deep layers of the entorhinal cortex. It has 
beenn suggested that the reciprocal connections between the entorhinal cortex and the 
hippocampall  formation constitutes a so-called re-entrant circuitry. The projection from deep 
too superficial layers is cruciall  in this respect, since it may provide a substrate for the 
interactionn between hippocampal output and hippocampal input pathways. Entorhinal 
dependentt re-entrance of hippocampal output back into the dentate gyrus has been 
demonstratedd in anesthetized rats (Deadwyler et al., 1975, Wu et al., 1998). Re-entrance into 
CA11 or subiculum via the direct entorhinal layer III projections to these areas, has also been 
foundd recently (Bartesaghi and Gessi, 2003). Re-entrance of information may eventually lead 
too reverberation of activity in a closed loop, providing a means by which information is 
dynamicallyy stored for a short time. This temporarily held information could then be 
comparedd to new sensory inputs arriving in superficial layers of entorhinal cortex, possibly 
formingg a novelty detection network (Naber et al., 2000). In addition, reverberation could 
providee the network with repeated exposures to the same memory traces and thereby 
facilitatingg the synaptic modifications necessary for storing the trace (Wittenberg and Tsien, 
2002). . 
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ABSTRACT T 

Thee entorhinal cortex has long been recognized as an important interface between the 
hippocampaii  formation and the neocortex. The notion of bi-directional connections between 
thee entorhinal cortex and the hippocampai formation have led to the suggestion that 
hippocampaii  output originating in CAI and subiculum may re-enter hippocampai sub-fields 
viaa the entorhinal cortex. To investigate this, we used simultaneous multi-site field potential 
recordingss and current source density analysis in the entorhinal cortex and hippocampai 
formationn of the rat in vivo. Under ketamine/xylazine anesthesia we found that repetitive 
stimulationn of subiculum or Schaffer collaterals facilitated entorhinal responses, such that a 
populationn spike appeared in layer III . In addition, a current sink in stratum lacunosum-
molecularee of area CA1 was found, that followed responses in the entorhinal cortex, 
indicatingg re-entrance into this area. Responses indicating re-entrance in the dentate gyrus 
weree not found under ketamine/xylazine anesthesia, but were readily evoked under urethane 
anesthesia.. Re-entrance into CA1 was also encountered under urethane anesthesia. These 
resultss suggest that parallel, but possibly functionally distinct connections are present between 
thee output of the hippocampai formation and cells in layer II I  and II of the entorhinal cortex 
thatt project to area CA1 and the dentate gyrus, respectively. 
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INTRODUCTIO N N 

Withinn the temporal lobe memory system, the entorhinal cortex constitutes a major 
interfacee between the hippocampal formation and the neocortex. Highly integrated multi-
modall  cortical information reaches the superficial layers of the entorhinal cortex via 
surroundingg cortices (Burwell and Amaral, 1998) and these layers, in tum, distribute the 
informationn to all sub-fields of the hippocampal formation (Dolorfo and Amaral, 1998a, 
Steward,, 1976, Steward and Scoville, 1976, Tamamaki, 1997. Witter, 1993). Hippocampal 
outputt to the entorhinal cortex arises from area CA1 and subiculum and terminates 
predominantlyy in deep layers (chapter 2, Kohier, 1985). Neurons in deep layers project to 
neocorticall  areas (Insausti et al.. 1997), but they also distribute axon collaterals into the 
superficiall  layers (Dolorfo and Amaral, 1998b, Kohier, 1986, 1988, van Haeften et al., 2003). 
Inn a recent study we concluded that this deep-to-superficial layer connection likely consists of 
aa primarily excitatory projection onto both principal neurons and inhibitory interneurons 
presentt in layers I-II I (van Haeften et al., 2003). Previously, we found that stimulation of 
hippocampall  output structures activates entorhinal deep layer neurons, which in turn transmit 
thee activity to superficial entorhinal layers (chapter 3). This communication between deep and 
superficiall  layers may form an essential link in a circuit that can mediate re-entrance of 
activityy into the hippocampal formation. Re-entrant circuits supporting reverberatory activity 
providee one possible mechanism contributing to persistent neuronal activity, which is 
supposedd to be one of the prerequisites for working memory. 

Deadwylerr et al. (1975) were the first to show, employing in vivo field potential 
recordings,, that Schaffer collateral stimulation could evoke a long latency synaptic response 
inn the dentate gyrus, that was dependent on a functional entorhinal input to the hippocampal 
formation.. This was confirmed by Wu et al. (1998), and these data suggest that layer II 
neuronss that project to the dentate gyrus can be activated by hippocampal output. Yet, it is not 
knownn whether, and in what way, deep entorhinal layers participate in this process of re-
entrance.. Very recently, while preparing this manuscript, another study was published in 
whichh re-entrance into area CA1 was investigated in the guinea pig (Bartesaghi and Gessi, 
2003).. However, in this study the dorsal hippocampal commissure, mainly containing fibers 
thatt originate in the presubiculum and target cells in the superficial layers of the entorhinal 
cortex,, was stimulated. 

Heree we focused on the activity in the entorhinal cortex that mediates re-entrance of 
activityy into the hippocampal formation and particularly on the deep-to-superficial layers 
communicationn that is required for the phenomenon of re-entrance. To achieve this goal we 
investigatedd the main hippocampal output by stimulating directly the subiculum and/or the 
Schafferr collaterals. Moreover, we asked whether in addition to the projection from entorhinal 
layerr II to the dentate gyrus (DG), the parallel projection from entorhinal layer III to the 
hippocampall  formation (CA1, Subiculum) could also be engaged in transmitting hippocampal 
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outputt back to the hippocampal formation, and we established whether the type of anesthesia 

hass influence on the occurrence of re-entrance in these two pathways. 

Mainn differences and similarities between these previous studies and ours are discussed. 

MATERIAL SS AND METHOD S 

Surgery y 

Femalee Wistar rats (180-250 gram) were anesthetized with a mixture of ketamine and 

xylazinee (1.0-1.5 ml intra-peritoneally, 4:3 mixture of 10% solution of Ketaset Aesco, Boxtel, 

Thee Netherlands, and 2% solution of Rompun, Bayer. Brussels. Belgium) or with urethane (1-

1.55 g / kg bodyweight) intra-peritoneally. Surgical procedures and electrode placement, 

optimizedd in order to get reliable evoked field potentials, were similar as described previously 

(chapterr 3). Briefly, a 16-channel silicon probe (100 urn inter-electrode spacing: kindly 

providedd by the University of Michigan Center for Neural Communication Technology 

sponsoredd by NIH NCRR grant P41-RR09754) was positioned in the dorsal part of the medial 

entorhinall  cortex; such, that it penetrated all lamina approximately perpendicularly. A second 

16-channell  silicon probe was positioned into the hippocampal formation, such that it covered 

bothh area CA1 and the superior blade of the dentate gyrus. Bipolar stimulation electrodes 

weree positioned in the dorsal subiculum and in the Schaffer collaterals in area CA3. 

A A BB SUB stimulation C SCHAF stimulation 
fieldd potential fieldd potential 

00 10 20 30 40 0 10 20 3040 0 10 20 30 40 0 10 20 3040 
time(ms)) time(ms) 

Figuree 4.1 Typical evoked responses in the entorhinal cortex after hippocampal output stimulation. A: 
Schemee of the major connections in the hippocampal-entorhinal circuitry that are involved in the generation 
off  evoked responses in the entorhinal cortex after stimulation of subiculum or Schaffer collaterals. B,C: 
Examplee traces of field potential responses (left) and corresponding current source densities (CSD, right) in 
entorhinall  layers V. Il l and II  after stimulation of subiculum (SUB) or Schaffer collaterals (SCHAF). 
Recordingss were made with a 16-channel silicon probe in all layers of the entorhinal cortex. Typical 
responsess arc labeled and the numbers between brackets correspond to the pathways labeled in A. which are 
involvedd in the generation of these responses. For furthei explanation, see Results. In this figure and all other 
figuress an asterisk indicates the time of a stimulus. Abbreviations: ps. layer V population spike: w3. layer II I 
wave:: a. antidromic spike. For other abbreviations, see list. 

84 4 



Re-entrancee in the hippocampal-entorhinal system 

Fieldd potential recording 
Widebandd signals were amplified 200x by custom amplifiers and digitized through a 

CEDD 1401 with 32-channel simultaneous sample-and-hold extension board (Cambridge 
Electronicc Design, Cambridge, UK). In a second set of experiments, digitization of amplified 
signalss was performed using a 64-channel National Instruments computer board. Brief trains 
off  isolated, constant current stimuli were applied to subiculum or Schaffer collaterals at 5-40 
Hz. . 

Histology y 
Att the end of an experiment, the locations of the stimulation and recording sites were 

markedd by an electrolytic lesion (stainless steel electrodes: two 400 ms positive current pulses 
off  400 uA; silicon probe: injection of two 15-20 uA positive current pulses into the two outer 
channelss for 10 seconds). Subsequently, the rat was transcardially perfused with saline and 
fixationn solution (4% paraformaldehyde, 0.2% glutaraldehyde in 0.1 M phosphate buffer, pH 
7.4).. The brain was removed and immersed in fixation solution for at least 24 hours. Next,, the 
brainn was immersed in 20% glycerol, 2% dimethyl sulfoxide (DMSO) in 100 mM phosphate 
buffer,, pH 7.4, for cryoprotection. Sagittal sections (40 um thick) were cut on a freezing 
microtome,, immersed in gelatin solution and mounted on slides, and finally stained with 
cresyll  violet and inspected under a microscope. 

Dataa analysis 
Currentt source density analysis was performed by estimating the 2n order spatial 

derivativee of the laminar field potential profiles by a differencing procedure: 

cc h <Th(<&{h-nAh,t)-2&(h,t) + ®(h + nAh,t)) 
(«A/ i ) 2 2 

CSD(h,t)) is the current source density at fixed time t and depth h, <D(h,t) is the average 

fieldfield potential at time t and depth h, Ah is depth interval (100 um), o~h is tissue conductivity 

(assumedd constant). The parameter n defines the amount of spatial smoothing applied to the 

dataa (Ahrens and Freeman, 2001; Freeman and Nicholson, 1975). Here, we used spatial 

smoothingg (n=2) for CSD analysis of entorhinal recordings and no spatial smoothing (n= 1) 

forr CSD analysis of hippocampal recordings. CSD is presented in arbitrary units (mV/mm"). 

Too give a crude estimate of the CSD at the two extreme recording sites in layer I of EC, 

wee introduced two fictive recording sites superficial to the most extreme recording site and 

assumedd that the field potential does not change between the fictive sites and actual extreme 

recordingg site (Ahrens and Freeman, 2001). 
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Figuree 4.2 Subiculum evoked PS-W complex in the entorhinal cortex is facilitated by repetitive stimulation. 
A.. Field potential responses in entorhinal layers I. II . Il l and V after several stimuli (PI. P2. P4 etc.) of a 10 
Hzz stimulus train applied to subiculum. Both the layer V population spike (indicated by 'ps') and the layer II I 
wavee (indicated by 'w3') were enhanced during a 10 Hz stimulus train in subiculum. During the train a 
biphasicc wave appeared in layer I (indicated by 'wl ') , which also facilitated. The antidromic spike in layer II 
(indicatedd by 'a') did not show significant facilitation or depression. B. Detailed laminar profiles of the PS-W 
complexx evoked by the Is' and 10" stimulus of a 10 Hz train (same experiment as in A). Notice the sharper 
troughh of the layer II I  wave and the appearance of a positive-negative wave in layer I after the 1 ()"' stimulus. 
C.. Contour plots of the current source densities associated with the field potential responses in B. Difference 
betweenn contour lines is 10 mV/mtrr. zero-contour is not shown. Sources are shown as dashed lines. D. 
Examplee of the development of the layer V population spike (circles) and layer Ml wave (triangles) 
amplitudess during stimulus trains applied to subiculum at 20 Hz. 10 Hz or 5 Hz. 
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RESULTS S 

Underr ketamine/xylazine anesthesia, a single stimulus applied to the subiculum (SUB) 
orr to the Schaffer collaterals (SCHAF) evoked characteristic field potentials and current 
sourcee densities in the entorhinal cortex (fig. 4.1, see also chapter 3). In the entorhinal cortex, 
thee main components of the evoked responses consisted of a layer V population spike, and a 
negativee wave in layer II I  (collectively termed PS-W complex). SUB stimulation evoked an 
earlyearly PS-W complex due to the direct activation of the subicular-entorhinal pathway (fig 
4.11 A,B). SUB stimulation could also elicit a long latency PS-W complex, due to stimulation of 
thee perforant path that courses through subiculum, which leads to activation of the 
hippocampall  tri-synaptic pathway, eventually generating a delayed PS-W complex in the 
entorhinall  cortex (for an example of a delayed PS-W complex see fig. 4.5). Alternatively, 
indirectt activation of hippocampal output from CA1/SUB to the entorhinal cortex by SCHAF 
stimulationn could also evoke a PS-W complex (fig 4.1A,C), with a latency intermediate to the 
earlyy and delayed PS-W complex evoked by SUB stimulation. 

Previously,, we showed that the layer II I  responses during the PS-W complex were 
mediatedd by deep-to-superficial layer connections (chapter 3). Since neurons in entorhinal 
layerr II I  give rise to a major projection to CA1 and subiculum (Steward and Scoville, 1976), 
wee asked whether it would be possible for hippocampal output to re-enter these sub-fields. 
Wee assumed that in the case of re-entrance, SUB or SCHAF evoked responses in 
hippocampall  sub-fields should appear later than the PS-W complex in the entorhinal cortex, 
withh a latency difference that is compatible with the delay introduced by an additional 
pathway.. However, we never found such a response after a single stimulus applied to SUB or 
SCHAF.. Therefore, we used repetitive stimulation to probe the occurrence of re-entrance in 
thee hippocampal-entorhinal system. 

Repetitivee stimulation of hippocampal output enhances entorhinal responses 
Too analyze the effects of repetitive stimulation, we chose frequencies of 5-40 Hz, 

whichh overlap with the range of paired pulse intervals investigated in our previous study 
(chapterr 3). During repetitive stimulation at 10 Hz in SUB the amplitudes of the layer V 
populationn spike and the layer II I  wave in the entorhinal cortex were enhanced (fig 4.2A,B, 
indicatedd by ps and w3 respectively). In addition, in layer I a biphasic positive-negative wave 
appearedd after the first few stimuli and was facilitated after subsequent stimuli (fig 4.2A,B, 
indicatedd by w 1). The peak of the negative component of this layer I component was 5-11 ms 
afterr the peak of the layer II I  wave. The layer II I  wave did not only increase in amplitude, but 
itss trough became sharper, such that we may describe this as a layer II I  population spike (fig. 
4.2A,B).. CSD analysis showed that this corresponded to a sharp transient sink superimposed 
ontoo the slower sink of the layer II I  wave (fig. 4.2C). This layer II I  population spike appeared 
too propagate towards layer II. It appeared that at the time of the facilitated layer II I  wave, a 
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Figuree 4.3 Summary of the dynamics of the layer V population spike (A), layer 111 wave (B) and long 
latencyy stratum lacunosum-moleculare response in CA1 (C) during a stimulus train applied to subiculum at 
200 Hz (top). 10 Hz (middle) and 5 Hz (bottom). Dots represent individual measurements from several 
experiments:: the line connects the averages at each stimulus. Amplitudes were normalized to the maximal 
valuee reached during the train. Note the delayed enhancement of the CAI SLM responses compared with that 
off  the other two events. 

largee negative-going potential was also present in deep layers, following the population spike, 

whichh was not present after a single stimulus (fig 4.2B. also indicated by an arrow in fig. 4.2A 

forr P10). However, CSD analysis revealed that in deep layers a current sink was only 

generatedd during the layer V population spike, but not during the later large negativity (fig 

4.2C).. demonstrating that this latter potential was due to volume conduction of layer III 

responses. . 

Facilitationn of the layer II I wave was stronger than that of the layer V population spike 

(fig.. 4.2A. D). The dynamics of the facilitation were different for deep and superficial layer 

responsess and also varied for different stimulation frequencies (fig 4.2D). To pool the data 

fromm several experiments, the amplitudes were normalized to the maximal amplitude within a 

trainn applied to SUB (fig 4.3A.B). At a stimulation frequency of 10 Hz. the layer V 

populationn spike reached a plateau level already after the second stimulus, whereas the 

amplitudee of the layer III response continued to increases until the 3rd-5th stimulus (fig 4.3B 

andd fig 4.2D). Stimulation at 20 Hz resulted in robust facilitation during the first few stimuli 

forr both the layer V spike and layer III wave. After the initial few stimuli of the train the layer 

VV population spike tended to de-facilitate slightly, whereas the amplitude of the layer III wave 

remainedd at the same level (fig 4.3A.B). A very similar patter was observed at 40 Hz 
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stimulationn (not shown). With 5 Hz stimulation responses were facilitated, albeit at a slower 
ratee (fig. 4.3A,B and 4.2D). That is, the layer V population spike reached a plateau level only 
latee during the train, and the layer III wave did not reach a plateau level at all during the ten 
stimulii  applied. 

DelayedDelayed PS- W complexes evoked by SUB stimulation and SCHAF stimulation evoked 
PS-PS- W complexes were also subject to facilitation. In all these cases the layer III wave became 
sharperr and current source density analysis demonstrated the presence of a layer III 
populationn spike. In addition, a layer I positive-negative wave was frequently present, similar 
ass described above. 

Repetitivee stimulation of hippocampal output evokes a long latency sink in stratum 
lacunosum-molecularee of area CA1 

Fieldd potential responses in CA1 and dentate gyrus evoked by a single stimulus in either 
SUBB or SCHAF reflected the activation of both perforant path fibers and intra-hippocampal 
pathwayss (Kloosterman et al., 2001, Leung et al., 1995, Wu et al., 1998). During repetitive 
SUBB or SCHAF stimulation, a long latency potential appeared in the hippocampal formation 
(figss 4.4A and 4.5). This response had a fixed time relationship to the PS-W complex in the 
entorhinall  cortex, such that it started 4-11 ms after the peak of the layer III wave of either the 
SUBB evoked early PS-W complex (n=5/8, fig 4.4A), the SUB evoked delayed PS-W complex 

(n=5/5,, fig 4.5) or the SCHAF evoked PS-W complex (n=4/5, fig. 4.4B). The long latency 
hippocampall  response appeared as a negative wave in the dentate gyrus (including the hilus) 
andd close to the fissure in area CA1, and reversed to a small positive wave in stratum 
radiatumm (RAD) and the pyramidal layer (fig. 4.4C1,C2). CSD analysis showed that the long 
latencyy response was associated with a current sink close to the fissure, most likely in the 
stratumm lacunosum-moleculare (SLM) of CAI, and a source in RAD (fig4.4C3). The laminar 
fieldfield potential profile of this response did not differ between SUB and SCHAF stimulation. 
However,, as illustrated in figure 4.4C2, it clearly differed from the profile of the dentate gyrus 
fEPSPP after SUB stimulation (due to activation of passing fibers of the perforant path). In 
addition,, it also differed from the profile of the fEPSP in CA1 evoked by low intensity 
stimulationn of the Schaffer collaterals (fig4.4Dl). These differences can also be clearly seen 
inn the CSD profiles (fig 4.4C3,D2). The fact that the source that accompanied the long latency 
sinkk was located in RAD, supports the notion that the response involved the distal dendritic 
regionn of CA1 neurons, rather than the outer molecular layer of the dentate gyrus. In a few 
casess lesions were made at the outer recording sites of the hippocampal probe (see Methods), 
andd the histology in these cases reinforced the interpretation that the sink was located in SLM 
(figg 4.5B). 

Thee SLM sink found after the early PS-W complex evoked by SUB stimulation was 
facilitatedd during a stimulus train. We compared the dynamics of the long latency SLM sink 
(fig.. 4.3C) to the layer V and III components of the early PS-W complex after SUB 
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stimulationn (fig. 4.3A.B). The dynamics of the SLM sink appeared to resemble the dynamics 

off  the layer II I wave more than the dynamics of the layer V population spike (particularly 

evidentt for stimulus trains at 20 and 10 Hz). 

90 0 



Re-entrancee in the hippocampal-entorhinal system 

<—— Figure 4.4 A. Repetitive subiculum stimulation evoked a long latency negative wave in the hippocampal 
formationn (arrows), which followed the PS-W complex in the entorhinal cortex. Only responses to the 1vi, 2"a. 
4lhh and 10th stimulus are shown. Top four traces were recorded from entorhinal layers I, II, III and V, bottom 
threee traces were recorded from area CA1 and dentate gyms. Note the presence of an early positivity in the 
hiluss as a result of activation of perforant path fibers. Vertical dashed lines mark the peaks of ps, w3 and wl 
fieldfield potential events in the entorhinal cortex, B. Example of the long latency CAI SLM negative wave 
(arrow)) in anoüier experiment following stimulation of the Schaffer collaterals. Only the 5th stimulus of a 10 
Hzz train is presented. C. Full laminar profile of the long latency hippocampal response after the 10lh stimulus 
off  a 10 Hz train (Cl7 same responses as shown in A). Depth profiles of the field potential responses (C2) and 
associatedd current source densities (C3) are shown for the time points indicated by the vertical dashed lines. 
Thesee times mark the peak of the early perforant path evoked responses in the dentate gyrus (6.5 ms) and the 
longg latency CAI SLM wave (38.5 ms). In this experiment channels 13 and 14 were short-circuited due to a 
technicall  problem and therefore only one of the channels is displayed at an intermediate location. A modified 
equationn was used for the current source density analysis to correct for the variable inter-electrode distance. 
D.. For comparison, the laminar profile of the population excitatory postsynaptic potential (EPSP) in area 
CA11 evoked by a single low intensity shock to the Schaffer collaterals in the same experiment is shown in 
Dl .. Field potential depth profiles and corresponding current source densities at the peak of this CA1 EPSP 
aree shown in D2. 

Re-entrancee into area CA1 and dentate gyrus under urethane anesthesia 
Ass mentioned above, under ketamine/xylazine anesthesia there was no indication of a 

longg latency event in the dentate gyrus that could point at re-entrance of activity into this 
structure.. Previously, however, long latency potentials in the dentate gyrus have been reported 
afterr SCHAF stimulation under urethane anesthesia (Deadwyler et al., 1975, Wu et al., 1998). 
Wee asked whether there was a difference between urethane and ketamine/xylazine anesthesia 
forr inducing re-entrance of neuronal activity into the hippocampal formation. 

SUBB stimulation resulted in a long-latency negative-going wave in the hippocampal 
formationn following a PS-W complex in the entorhinal cortex, similar as under 
ketamine/xylazinee anesthesia (n=5/6, fig 4.6A). CSD analysis showed that an associated 
currentt sink was located in stratum lacunosum-moleculare of CA1 and a current source was 
locatedd in stratum radiatum (fig 4.6B). In addition, a long-latency small positive-going 
potentiall  was found in the hilar region, which reversed in the molecular layer (n=4/6, fig 
4.6A,B).. It is important to note that this response was not observed under ketamine/xylazine 
anesthesiaa (e.g. compare figures 4.4A and 4.6A, stimuli P10). CSD analysis demonstrated that 
thee long-latency DG potential was associated with a current sink in the molecular layer of the 
dentatee gyrus and a current source in the granule cell layer (fig 4.6B). This sink-source 
configurationn was identical to that of perforant path evoked responses in the dentate gyrus 
(fig.. 4.6B). A long-latency dentate gyrus positivity and associated current sink in the 
molecularr layer could also be found after SCHAF stimulation (n=7/7). In only one case, 
SCHAFF stimulation evoked a small long-latency sink in SLM of CA1. 

Sincee we observed long latency potentials, indicative of re-entrance, in the dentate gyrus 
off  urethane, but not ketamine/xylazine anesthetized animals, we asked whether differences 
couldd be observed in the evoked responses in the entorhinal cortex. In most cases this was, 
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Figuree 4.5 A. A long latency hippocampal response in stratum lacunosum-moleculare can follow a delayed 
PS-WcomplexPS-Wcomplex (dPS-W. ps: layer V population spike. w3+ws: layer III population spike superimposed onto 
layerr III wave) evoked by activation of the perforant path in subiculum. An overlay of field potential 
responsess recorded using a 16-channel probe in the hippocampal formation shows that subiculum stimulation 
evokedd an antidromic spike in CA1 (a), a large positivity in the hilus (b) with superimposed population spike 
(c).. and tri-synaptic EPSP in stratum radiatum of area CAI (d). The inset shows the long latency SLM 
responsee (e) at larger scale. B. Sagittal Nissl-stained section showing lesions (arrowheads) of the outer 
recordingg sites of a 16-channel probe in the hippocampal formation. The complete recording track is 
reconstructedd by linear interpolation between the two lesions. In panel C. the depth profile of the long latency 
SLMM response and the associated current source density profile are shown. Notice that the current sink was 
locatedd in SLM. and the source in stratum radiatum. 

however,, not the case. Under urethane anesthesia, a single stimulus in subiculum evoked a 

PS-WPS-W complex in the entorhinal cortex (fig. 4.6A), that was similar to those evoked under 

ketamine/xylazinee anesthesia (fig. 4.2A). Also, under urethane the PS-W complex facilitated 

duringg a brief train of stimuli, in some cases leading to a layer III population spike (figs 4.6A, 

4.7A.B).. In a few cases after Schaffer collateral stimulation it appeared that the current sink in 

layerr III extended further into layer II than was ever observed under ketamine/xylazine 

anesthesiaa (fig. 4.7D. gray arrow), which may indicate additional involvement of layer II 

cells. . 

DISCUSSION N 

Inn the present study, we have demonstrated in the rat in vivo, that entorhinal field 

potentiall  responses evoked by stimulation of subiculum were enhanced during a stimulus 

train,, which was reflected in the emergence of a layer III population spike. Furthermore, we 

obtainedd evidence for re-entrance of activity into the hippocampal formation via the 

entorhinall  cortex upon subiculum or Schaffer collateral stimulation: - a late current sink in 
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Figuree 4.6. A. Under urethane anesthesia, repetitive 10 Hz subiculum stimulation evoked long latency 
responsess in both SLM (closed arrow) and dentate gyrus (open arrow), both following the PS-Wcomplex in 
thee entorhinal cortex. B. Full laminar profile of long latency hippocampal response after the 10th stimulus 
shownn in A. Field potential depth profiles (B2) and associated current source densities (B3) are shown for the 
timee points indicated by the vertical dashed lines. These time points indicate peaks of the early perforant path 
evokedd response in the dentate gyrus and the long latency responses in the dentate gyrus (21.5 ms) and CA1 
SLMM (31.0 ms). In C. Field potential depth profile and associated current source densities of the Schaffer 
collaterall  evoked LPSP in CA1 is shown for the same experiment for comparison. 
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Figuree 4.7. Evoked responses in the entorhinal cortex under urethane anesthesia. A full laminar profile of 
subiculumm evoked field potentials following the K)'1' stimulus in a 10 Hz train (same experiment as fig. 6) is 
shownn in A. In B and C. contour plots of current source densities associated with the field potentials 
followingg the l()'h (B) and 2nd (C) stimulus are plotted. Difference between contour lines is 6.7 mV/mnr; 
zero-contourss are not plotted. Sources are indicated by dashed lines. D. Contour plot of the current source 
densityy associated with SCHAF evoked responses following the I0'h stimulus in a 10 Hz train (same 
experimentt as A-C). The gray arrow indicates the extension of a current sink into layer II. 

stratumm lacunosum-molecularc of area CA1 appeared, that followed entorhinal responses, and 

-- a late current sink appeared in the molecular layer of the dentate gyrus following entorhinal 

responses,, hut this sink only occurred under urethane anesthesia and not under 

ketamine/xylazinee anesthesia. 

Frequencyy facilitation of entorhinal responses 

Duringg a paired pulse protocol, the subiculum evoked entorhinal responses showed 

facilitation,, with maximal effect at intervals ranging from 25-100 ms. but no depression 

(chapterr 3). Our present data show that a stimulus train applied to subiculum resulted in 

entorhinall  responses being even further enhanced, particularly in layer III . where a population 

spikee emerged. This enhancement was stronger at 10-20 Hz than at 5 Hz. which is in line with 

thee facilitation observed in a paired pulse protocol (chapter 3). The dynamics were different 

forr layer V and layer III responses and also for different stimulus train frequencies. This 

suggestss that the facilitation of the layer III response is not completely determined by the 

facilitationn of the layer V population spike. We did not investigate the mechanism of the 

facilitation,, but we may suggest that the observed facilitation in EC layer V after subiculum 

stimulationn may be due to a decrease in feed-forward inhibition jointly with an increase in 

glutamatee release, both involving presynaptic metabotropic glutamate receptors (Evans et al.. 
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2000;; Woodhall et al., 2001). Since the deep-to-superficial layer projection predominantly 
consistss of excitatory contacts onto principal neurons and inhibitory intemeurons in layer I-II I 
(vann Haef'ten et al., 2003), similar mechanisms may account for the additional facilitation in 
superficiall  layers that is not explained by the facilitation of deep layer responses. 

Signss of re-entrance in SLM of area CA1 
Followingg the subiculum evoked responses in tbe entorhinal cortex, a response was 

observedd in stratum lacunosum-moleculare (SLM) of area CA1. The laminar field potential 
profilee and associated current source density profile are similar to what could be expected 
basedd on computer simulations (Leung, 1995), and to responses evoked by direct entorhinal 
cortexx stimulation (Leung et al., 1995). Furthermore, current density profiles of the SLM 
responsee were clearly different from perforant path evoked responses in the dentate gyrus or 
Schafferr collateral evoked responses in stratum radiatum (RAD) of area CA1. Lastly, 
histologyy indicated that this response is likely generated in SLM. 

Howw are the CA1 SLM responses generated? Our results suggest that entorhinal layer 
IIII  to CA1 projections mediated the SLM response, based on the following observations: 1. a 
populationn spike emerged in layer III during train stimulation, 2. the SLM sink followed the 
layerr III population spike with a latency consistent with the delay introduced by a single 
synapsee and 3. entorhinal layer III and SLM responses during train stimulation have similar 
dynamics.. These findings taken together show that a functional re-entrance pathway exists 
fromm the output structures of the hippocampal formation, via the entorhinal deep layers, to 
entorhinall  layer III principal neurons that project to area CA1. 

Entorhinall  layer III neurons mainly form excitatory contacts with distal dendrites of 
pyramidall  neurons and intemeurons in SLM (Desmond et al., 1994, Witter et al., 1992). The 
currentt sink that was observed in SLM likely represents excitation of the distal dendrites of 
CA11 pyramidal neurons, which, however, was not sufficient to discharge the pyramidal 
neurons.. This corroborates other studies that showed a predominant feed-forward inhibition 
exertedd by the direct entorhinal input and only a small direct excitation that is not capable of 
depolarizingg the cell soma above threshold for action potential generation (Empson and 
Heinemann,, 1995a, b, Leung et al., 1995, Leung, 1995, Levy et al., 1995, Pare and Llinas, 
1995,, Soltesz, 1995). Some studies, however, did show discharge of CA1 pyramidal neurons 
uponn stimulation of the direct entorhinal input (Doller and Weight, 1982, Yeckel and Berger, 
1995)) and similar results have been obtained for the entorhinal cortex input to subiculum 
(Naberr et al., 1999). In addition, entorhinal input to SLM may induce pyramidal cell firing 
whenn inhibition is blocked (Empson and Heinemann, 1995b). 

Inn a recent paper, Bartesaghi and Gessi (2003) reported that stimulation of the dorsal 
hippocampall  commissure in the guinea pig resulted in a late current sink in SLM of area CA 1, 
whichh may be mediated by re-entrant activity in the hippocampal-entorhinal circuitry. Our 
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presentt data is in agreement with their conclusions and shows that re-entrance into area CA1 
cann also be found in rat. There are, however, a number of differences between the Bartesaghi 
andd Gessi study and ours, which we should address. Stimulation of the dorsal hippocampal 
commissuree is a different way of activating hippocampal output, since the commissural 
presubicularr input to superficial layers of the entorhinal cortex is initially activated, followed 
byy sequential activation of the dentate gyrus, CA3, CA1 and subiculum, which finally results 
inn responses in deep and superficial layers of the entorhinal cortex (Bartesaghi et al., 1988. 
1989).. In this protocol, the superficial layers are activated twice and it could be argued that 
thee initial response evoked by the commissural presubicular input influences the later 
entorhinall  responses. In contrast, we stimulated directly the entorhinal deep layers since the 
stimuluss was applied to SUB or Schaffer collaterals. It could be argued for SUB stimulation 
thatt superficial entorhinal circuits might have been stimulated antidromically, but this 
drawbackk does not hold for SCHAF stimulation. Another difference relates to the frequencies 
usedd for stimulation. Bartesaghi and Gessi used frequencies ranging from 1 to 5 Hz, and 
foundd that 3 Hz was optimal. In contrast, we used frequencies ranging from 5 to 20 Hz, and 
foundd that the re-entrance into CA1 was stronger at 10 and 20 Hz than at 5 Hz. Whether these 
contrastingg findings are due to the use of different anesthetic agents, i.e. sodium thiopental in 
thee Bartesaghi and Gessi study and ketamine/xylazine in our study, or to the distinct 
stimulationn protocols or reflect a difference between rat and guinea pig, is unclear. 

Signss of re-entrance in the dentate gyrus 
Contraryy to the sink in CAI SLM, a long latency response in the dentate gyrus 

indicativee of re-entrance of activity into this structure was not found under ketamine/xylazine 
anesthesia.. The latter was, however, found under urethane anesthesia. Bartesaghi and Gessi 
(2003)) reported that re-entrance into the dentate gyrus was not present in the guinea pig 
anesthetizedd with sodium thiopental. Apparently, layer II stellate neurons projecting to the 
dentatee gyrus do not fire upon hippocampal output stimulation under these conditions. One 
possiblee explanation would be that layer II neurons do not receive excitatory input from 
entorhinall  deep layers. This is not likely, however, since anatomical studies have indicated 
thatt an excitatory projection to layer II cells is present (van Haeften et al., 2003). Another 
explanationn could be that layer II stellate neurons projecting to the dentate gyrus are under 
strongg feed-forward inhibitory control. Nevertheless, under urethane anesthesia re-entrance 
intoo the dentate gyrus is readily evoked (present study; Deadwyler et al., 1975, Wu et al., 
1998),, and it was shown to depend on a functional input from the entorhinal cortex. 

Whatt possible mechanism accounts for the differential sensitivity of re-entrance into the 
dentatee gyrus to various anesthetic agents'? It is likely that the mechanism lies at the level of 
entorhinall  layer II neurons, rather than at the level of the dentate gyrus. An explanation could 
liee in the (ant)agonist effects of these anesthetic drugs on different neurotransmitter systems. 
Ketaminee is a competitive blocker of NMDA receptors and xylazine is an agonist of a2 
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adrenoreceptors.. Sodium thiopental, on the other hand, is a barbiturate that enhances 
GABAergicc synaptic transmission. Littl e is known about the anesthetic mechanism of 
urethane,, but a recent study demonstrated that at anesthetic doses it might have a modest 
effectt on a variety of ligand-gated ion channels, including AMPA, NMDA and GABA-A 
receptorss (Hara and Harris, 2002). Further study is needed to elucidate the mechanisms 
underlyingg these novel observations. This would also shed light on the physiological 
differencess between the two re-entrance pathways via layer II to DG and via layer III to CA1 
SLM,, respectively. 

Functionall  relevance of re-entrance 
Whatt could be the functional consequences of re-entrance pathways in the 

hippocampal-entorhinall  circuitry that connect hippocampal output (entorhinal layer V) with 
hippocampall  input (entorhinal layers II/III) ? From the point of view of the hippocampal 
formationn the outputs from CAl/subiculum can activate, via entorhinal deep layers, cells in 
superficiall  entorhinal layers II and III which project to the dentate gyrus and area CA1 / 
subiculumm respectively, as we have demonstrated here. Thus, in entorhinal superficial layers, 
integrationn of hippocampal output and cortical input may occur and serve a comparator 
functionn (Lorincz and Buzsaki, 2000, Naber et al., 2000). Or, in terms of the computional 
modell  put forward by Lorincz and coworkers (Lorincz, Buzsaki, 2000; Lorincz et al., 2002), 
thiss circuit may compute the 'error' between the actual neocortical input to the entorhinal 
cortexx and the representation stored in the hippocampal formation. Whether this comparison 
takess place in the connections between entorhinal deep layers and layer III (Naber et al., 
2000),, layer II (Lorincz and Buzsaki, 2000) or both is not clear. 

Takingg this a step further, we can see that the parallel projections from layer III to area 
CAl/subiculumm and layer II to the dentate gyrus close this circuit. This could constitute the 
anatomicall  and physiological substrate for reverberation to occur, in the sense of persistent 
activityy in these loops in the absence of external input (Wang, 2001). However, under the 
presentt experimental conditions, i.e. under anesthesia, we did not find evidence for 
reverberationn according to this definition. Nevertheless, it has been suggested that in the 
subcorticallyy denervated hippocampus of the freely moving rat, removal of tonic inhibitory 
influencess allows reverberation of information in the entorhinal-hippocampal-entorhinal 
cortexx circuitry (Buzsaki et al., 1989). It is still an open question whether also under 
physiologicall  conditions reverberation can take place. 

Inn conclusion, a novel aspect of this study is the demonstration that re-entrance to the 
hippocampall  formation can occur along two parallel pathways, one to the dentate gyrus and 
thee other one to CA1. This is in contrast to previous studies, which showed that re-entrance 
occurss in either one or the other pathway, but not in both simultaneously. Both re-entrance 
pathwayss are operational under urethane anesthesia, but the re-entrance pathway to the 
dentatee gyrus was not active under ketamine/xylazine anesthesia. These distinct 
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pharmacologicall  profiles suggest that these parallel pathways involve, at least partly, different 

neurotransmitterr systems. Whether in freely moving animals, these two parallel pathways act 

haha unison or differentially depending on behavioral conditions, is an interesting issue that 

meritss further study. 
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ABSTRACT T 

Wee investigated the slow oscillations of the entorhinal cortex and hippocampal 
formation,, using multi-site field potential recordings, current source density analysis and 
singlee unit measurements in ketamine/xylazine anesthetized rats. Entorhinal slow oscillations 
weree associated with current sinks and sources in superficial, but not deep layers. Neurons in 
alll  entorhinal layers were found that discharged in phase with the local slow oscillations. In 
thee hippocampal formation local slow oscillation generators were found in CA1 and dentate 
gyrus,, which were coherent with the entorhinal slow oscillations. Several low frequency 
oscillationss with overlapping spatial and frequency distributions were identified using spectral 
andd independent component analyses. Entorhinal sharp potentials, associated with current 
sinkss in layer II I  and layer V, had a strong phase relation to the entorhinal and hippocampal 
sloww oscillations. During the sharp potential in all layers there was a significant increase of 
multi-unitt activity, that started earlier in deep than in superficial layers, indicating that intra-
entorhinall  pathways might contribute to the generation of sharp potentials. CA1 sharp waves 
showedd only a moderate relation to the local slow oscillation and no relation to the entorhinal 
sharpp potentials. Finally, we showed a relative increase of gamma power in the 50-150 Hz 
frequencyy band just after the peak of the local slow oscillations. Significant coherence was 
presentt in the gamma frequency band between signals from entorhinal cortex and dentate 
gyrus.. These data show that slow oscillations in the entorhinal cortex and the hippocampal 
formationn are locally generated and that they may play an important role in coordinating and 
modulatingg entorhinal-hippocampal communication. 
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INTRODUCTIO N N 

Thee hippocampal formation and the entorhinal cortex are involved in the formation and 
storagee of new memories. A characteristic feature of the hippocampal-entorhinal networks is 
thee presence of reciprocal connections. The reciprocal connections between the hippocampal 
formationn and entorhinal cortex have been studied anatomically in some detail. All sub-fields 
off  the hippocampal formation (i.e. dentate gyrus, CA1-3 and subiculum) receive highly 
integratedd cortical input via the superficial layers of the entorhinal cortex (Dolorfo and 
Amaral,, 1998a, Leung et al., 1995, Steward and Scoville, 1976, Tamamaki, 1997, Witter, 
1993).. Conversely, CA1 and subiculum are the main output structures of the hippocampal 
formation,, projecting to neocortical areas mainly via deep entorhinal layers (chapter 2, 
Beckstead,, 1978, Kohier, 1985, van Groen and Wyss, 1990). Moreover, there is experimental 
evidencee for entorhinal-dependent functional re-entry of hippocampal output back into the 
dentatee gyrus (chapter 4; Deadwyler et al., 1975, Wu et al., 1998) and to areas CA1 and 
subiculumm (chapter 4; Bartesaghi and Gessi, 2003). The intra-entorhinal circuitry that 
mediatess this kind of re-entry has been elucidated both anatomically (Dolorfo and Amaral, 
1998b,, Kohier, 1986, 1988, van Haeften et al., 2003) and physiologically (chapter 3 & 4; 
Bartesaghii  et al., 1989, Bartesaghi and Gessi, 2003, Dickson and Alonso, 1997, Iijima et al, 
1996,, Stewart, 1999). Re-entry (Edelman and Tononi, 2000) along these connections may 
servee to coordinate activities of both areas in both space and time. This may be considered to 
playy an essential role in the formation of dynamic memories. 

Itt has been hypothesized (Buzsaki, 1989, 1996, Stickgold et al., 2001) that during 
wakefulnesss and REM sleep the flow of information from the neocortex to the entorhinal 
cortexx and hippocampal formation is strong, which would facilitate the formation of new 
memories.. During non-REM sleep, on the other hand, information flow would be in the 
oppositee direction, i.e. from the hippocampal formation to the neocortex via entorhinal deep 
layers,, which would facilitate memory storage or consolidation in the neocortex. 

Thee effective transfer of information between different brain areas depends on the 
coordinatedd activities of populations of neurons that may be expressed in the form of 
oscillatoryy potentials (Buzsaki, 2002, Engel et al., 1991) and other mass potentials (Chrobak 
ett al., 2000, Pare et al., 1995). These population activity patterns differ markedly between 
behaviorall  states. For example during wakefulness and REM sleep, theta and gamma 
oscillationss are present in the superficial layers (I-III ) of the entorhinal cortex (Alonso and 
Garcia-Austt,, 1987, Chrobak and Buzsaki, 1998, Dickson et al., 1995), which are coupled to 
similarr oscillations in the dentate gyrus and CA1 (Buzsaki, 2002, Csicsvari et al., 2003, 
Leung,, 1998). The theta-gamma pattern may play an important role in the communication and 
synapticc plasticity in the perforant pathway (Chrobak and Buzsaki, 1998). During non-REM 
sleepp and in anesthetized animals, neocortical local field potentials as well as intracellular 
recordss display characteristic slow oscillations (Steriade et al., 1993a, Steriade, 2000). It has 
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beenn demonstrated that this slow oscillatory activity is generated within the neocortex since it 
wass insensitive to disruption of thalamocortical interactions (Steriade et al., 1993b). A similar 
sloww rhythmic activity has also been described in the perirhinal cortex of the cat (Collins et 
al.,, 1999, Collins et al., 2001), but its relationship with entorhinal and hippocampal activities 
iss not yet clear. Slow-wave oscillations appear to play an important role in the consolidation 
off  memory traces acquired during wakefulness (Steriade, 1999, Steriade and Timofeev, 2003), 
ass such and in relation to specific transients (Buzsaki, 1998). This feature makes it especially 
interestingg to analyze how the communication between the entorhinal cortex and HPF is 
functionallyy organized during this pattern of activity, since these brain areas form the core of 
thee temporal lobe memory system. 

Inn addition to the slow oscillations, several other distinct activity patterns have been 
reportedd in the hippocampal-entorhinal system during natural sleep and anesthesia, that are 
likelyy important in mediating the communication between specific neuronal populations of 
HPFF and the entorhinal cortex. These activities include sharp waves and associated ripples in 
areaa CA1 (Buzsaki, 1986, Chrobak and Buzsaki, 1994, Csicsvari et al., 2000, Suzuki and 
Smith,, 1987), sharp potentials in the entorhinal cortex (Pare et al., 1995) and gamma 
oscillationss in both the entorhinal cortex and hippocampal formation (Chrobak and Buzsaki, 
1998,, Csicsvari et al., 2003, Leung, 1998). 

Thee main aim of this study was to analyze how the slow oscillations are coordinated 
withinn and between the entorhinal cortex and HPF and how the slow oscillations are related to 
otherr activity patterns in this system. This was investigated using multi-site field potential 
recordings,, corresponding current source densities and single-unit recordings in 
ketamine/xylazinee anesthetized rats. 

MATERIAL SS AND METHOD S 

Surgeryy and recording of local field potentials 
Femalee Wistar rats (n=7, 180-250 gram) were anesthetized with a mixture of ketamine 

andd xylazine (1.0-1.5 ml intra-peritoneally, 4:3 mixture of 10% solution of Ketaset Aesco, 
Boxtel,, The Netherlands, and 2% solution of Rompun, Bayer, Brussels, Belgium). Surgical 
proceduress and electrode placement were the same as described previously (chapter 3 & 4). 
Briefly,, one 16-channel silicon probe (100 pm inter-electrode spacing; kindly provided by the 
Universityy of Michigan Center for Neural Communication Technology sponsored by NIH 
NCRRR grant P41-RR09754) was positioned in the dorsal part of the medial entorhinal cortex, 
suchh that it penetrated all lamina approximately perpendicularly. A second 16-channel silicon 
probee was positioned in the hippocampal formation spanning both area CA1 and the superior 
bladee of the dentate gyrus. 
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Beforee an experiment, the impedances of the iridium recording sites on the silicon 
probess were lowered by creating an iridium-oxide layer on the surface through cyclic 
voltammetryy ('activation'). Activation was performed using an electrolyte of 0.3 M Na:HP04 
andd potential was cycled between -0.85 and 0.75 V until a maximal charge storage capacity 
off  30 mC/cnr was reached. 

Locall  field potentials (LFPs) were recorded relative to a silver chloride wire in the 
frontall  cortex. Wideband signals were amplified 200x by custom amplifiers. In five 
experiments,, signals were digitized at 10 kHz using a 64-channel ADC board (National 
Instruments)) and custom-built software. In an earlier set of experiments (n=3), signals were 
digitizedd at 200 Hz by a CED 1401+ system equipped with a 32-channel simultaneous 
sample-and-holdd extension board and Signal software (Cambridge Electronic Design, 
Cambridge,, UK). We found that in some cases potentials recorded with the 16-channel probe 
displayedd low frequency drifting. If present, it was usually found at one or at a few recording 
sites;; in rare cases it could be found at almost all recordings sites. These latter experiments 
weree not included in this study. 

Analysiss of local field potentials 
Off-linee analysis was done using Matlab software (Mathworks, Inc., Natick, MA), 

includingg both built-in and custom-made functions. Signals digitized at 10 kHz were digitally 
re-sampledd at 500 Hz for most analyses described below and were high-pass filtered at 0.5 
Hz.. Additional band-pass filtering was used for some analyses, to isolate specific frequencies 
off  interest. Spectral properties of the LFPs were analyzed using the fast Fourier transform 
(FFT)) algorithm. 

CurrentCurrent source density (CSD) analysis. CSD analysis was performed by estimating the 
2ndd order spatial derivative of the laminar LFPs by a differencing procedure, according to the 
followingg formula: 

cc h = <Th(Q{h-nAh,t)-2&{h,t) + <I>(h  + nMi,t)) 
(nAhf (nAhf 

CSD(h,t)) is the current source density at fixed time t and depth h, <D(h,t) is the recorded 
potentiall  at time t and depth h, Ah is the distance between recording sites (100 pm), o>, is the 
tissuee conductivity. We used spatial smoothing (n=2) for CSD analysis of entorhinal 
recordingss and no spatial smoothing (n=l) for CSD analysis of hippocampal recordings. 
Tissuee conductivity was assumed constant. To provide a crude estimate of the current source 
densitiess at the most superficial recording sites in the entorhinal cortex, two fictive sites were 
introducedd at which the LFP was assumed equal to the most extreme recording site in 
entorhinall  layer I (Ahrens and Freeman, 2001). 

IdentificationIdentification and detection of events. Event occurrence times were determined by 
applyingg a simple peak-searching algorithm to the LFP or CSD signal from the recording site 
wheree the event was largest after appropriate filtering (as specified in the Results section). For 
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eachh kind of event, the times of occurrence were used as temporal references for aligning and 
forr subsequently averaging entorhinal and hippocampal LFPs and associated CSDs. The same 
proceduree was applied to average the occurrence times for other events, resulting in cross-
correlationn (or auto-correlation) histograms. 

Event-triggeredEvent-triggered spectrograms. To analyze the relationship between specific events and 
highh frequency oscillations, the following procedure was used. For each occurrence of an 
eventt a short-time Fourier analysis (STFT) was calculated of the CSD for 2.056 s surrounding 
thee event, using an epoch size of 49 samples (98 ms at 500 Hz). Each epoch was smoothed 
usingg a Hanning window and overlapped the previous epoch by 42 samples (86 ms). STFTs 
weree log-transformed and averaged, creating an event-triggered spectrogram (ETS). We also 
calculatedd the average ETS that can be expected by chance by shuffling 50x the event 
occurrencee times and then averaging the corresponding ETSs. The average ETS expected by 
chancee was subtracted from the real ETS, such that the final values represent an increase or 
decreasee of log(power) relative to chance level that was related to the event. We only 
consideredd values outside 2.58x the standard deviation (i.e. p<0.01) of the average ETS 
expectedd by chance as statistically significant. 

OrdinaryOrdinary and partial coherence. Ordinary coherence between two signals was 
calculatedd using estimates of the auto-spectra (Px(0, Py(ü) ana< cross-spectrum (Pxy(f)) of the 
twoo signals according to the following formula: 

IcjfiIcjfi  = „ V 
II  I PJf)PAf) 

Partiall  coherence is a measure of coherence between two signals x and y, after removal 

off  the influence of a third signal z on both x and y. Partial coherence was calculated from the 

partiall  auto-spectra and partial cross-spectrum using the following formula: 

I -- .: lAv . - ( / ) f 
\C\Cnn,Af)\,Af)\

Too test whether coherence values were significantly different from zero, the upper 
 i

100(l-a}%% confidence limit was calculated using the expression \-a /_l , in which L is the 
numberr of data sections used to estimate the coherence (Halliday et al., 1995). Only 
coherencee values above this limit were considered statistically significant. 

Too test whether partialization significantly altered coherence values we used the 
differencee of coherence test (Amjad et al.. 1997, Rosenberg et al., 1989). Coherence values 

weree first transformed using Fisher's z-transform: z, =Tanh \ A||C,| |, and then the test 

statisticc was calculated at each frequency separately using: 
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kL kL 
,, in which L is the number of data sections used to estimate the 

coherencee and k=2 (as two coherence values are compared). The null hypothesis that both 
coherencee values have equal mean was rejected if this test statistic exceeded the confidence 
limitt at 100(l-a)% set by the value x2fa;k-i>-

Multi-unitMulti-unit activity. To isolate multi-unit activity, original signals digitized at 10 kHz 
weree band-pass filtered between 500 and 2000 Hz and then full-wave rectified. Using a 
simplee peak-searching algorithm, all peaks in the rectified signal were detected in 1 ms long 
slidingg windows. Only peaks were counted which had amplitude larger than 3x the standard 
deviationn of the non-rectified band-pass filtered signal. For the entorhinal cortex, isolated 
MUAA peaks from recording sites in a single layer were grouped. In the hippocampal 
formation,, the three recording sites surrounding the CA1 and DG cell-layers were grouped. 
Too analyze the relation between MUA and specific events, the occurrence times of the events 
weree used to construct event-triggered histograms of multi-unit activity, which were 
normalizedd to the averaged rate. Event-triggered histograms were also calculated for 100 
shuffledd event time series to find the mean and standard deviation of MUA that can be 
expectedd by chance. 

IndependentIndependent component analysis. A relatively new technique that can be used to 
decomposee multivariate signals is independent component analysis (ICA, see Box; Makeig et 
al.,, 1996). ICA was performed using the extended Infomax algorithm, which is able to 
separatee both super- and sub-gaussian sources (Bell and Sejnowski, 1995, Lee et al., 1999). 
Forr this we used the Matlab toolbox of Makeig et al. (2000). 

ICAA transforms signals such that they can be described by a set of variables that have 
minimall  mutual information. This is different from principal component analysis, which only 
minimizess the co-variance matrix. ICA can be used to separate n linear mixtures of n different 
variables.. In the present context, the LFPs recorded at multiple sites in the entorhinal cortex 
andd HPF can be represented by a n x t data matrix M, n being the number of recording sites 
andd t the number of time samples. The goal of ICA is then to find a new set of temporally 
independentt waveforms A, which when linearly combined using the weights described by the 
nxnnxn matrix W, equal the original data matrix M. 

Thee weighting matrix W determines the contribution of each recording site to the 
independentt component and these coefficients can thus be viewed as a 'spatial profile' of the 
component,, in this context. In addition, the temporally independent waveforms that form rows 
off  matrix A describe the 'activation' time courses of each independent component. 

Insteadd of reconstructing the complete original signals, it is also possible to reconstruct 
artificiall  signals using only a few independent components of interest and to exclude those 
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BOX.. Independent component analysis explained 

PrinciplePrinciple of independent component analysis. Independent component analysis (ICA) is 

aa technique that can be used to separate a number of statistically independent signals 

('sources')) from an equal number of linear mixtures of these sources. A simple example wil l 

demonstratee the technique and its applications. Suppose two people are in a room talking 

simultaneouslyy (personl and person 2 in fig. A). Two microphones are present in the room as 

welll  and they record everything that is said (indicated by the ears ml and m2 in fig. A). Each 

off  the microphones records a mixture (fig. A. right) of the sounds ('sources*; fig.A. left) that 

aree emitted by the two persons. The contribution of each of the two sources to the mixtures 

recordedd by the microphones is dependent on the distance between the source and the 

microphone.. For the example in fig. A. the sound emitted by personl contributed 60% to ml 

andd 30% to m2, whereas person2 contributed 40% to ml and 70% to m2. Mathematically, this 

iss a simple transformation of one matrix (containing the sources) to another matrix 

(containingg the mixtures) by multiplication with a mixing matrix (fig. B, left). The inverse of 

thee mixing matrix (i.e. the unmixing matrix) can be used to decompose the set of mixtures 

intoo the original sound sources (fig. B, right). Since in most cases we don't know how the 

sourcess are combined (i.e. coefficients used for mixing are unknown), we should try to 

estimatee the unmixing coefficients in order to obtain the original sound sources from the 

A A 
SOURCESS ROOM MIXTURES 

bl-aa bl-aa bl-a-a-a bla bl-a bike-able bl-abi-a-e-e blapff 

personn 1 

personn 2 

bl-ebl-ee ble bl-e-e-e pff bl-aa blbi-able bl-abd-a-e-e blapff 

B B 

0.66 0.4 

0.33 0.7 

MIXIN G G 

personl personl 

personl personl 

mi mi 

ml ml 

0.66 0.4 

0.33 0.7 

UNMIXIN G G 

m\ m\ 

ml ml 

perper som 

person! person! 

mixingg matrix sources mixtures unmixing matrix mixtures independent 
components s 

Figuree A.B. Illustration of one possible application of independent component analysis to separate two sound 
sourcess from two linear mixtures of these sources (A). The mathematical notation of the ICA problem is 
shownn in B. 
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mixturess that were recorded by the microphones. This is exactly what ICA attempts to do and 

itt does so by finding the set of independent components, which have minimal mutual 

information.. If ICA is successful, the independent components wil l be very similar to the 

originall  sources. There are a few restrictions on what ICA can do. First, the sources should be 

non-gaussian,, a mixture of gaussians can not be separated by ICA. In practice, however, a 

singlee gaussian source (e.g. white noise) may not be a problem. A second restriction is that 

thee number of sources should not exceed the number of mixtures. If it does, then only the 

largestt sources may be separated gracefully. 

IndependentIndependent component analysis applied to biomedical signals. ICA can be applied to 

biomedicall  signals, for example obtained from EEG or fMRI. A major assumption here is that 

thesee signals are linear mixtures of a limited number of independent sources. In the present 

chapter,, ICA was applied to laminar local field potential recordings in the hippocampal 

formationn and the entorhinal cortex. What do the independent components represent in this 

context'?? Suppose we are recording at multiple sites along the CA1-dentate gyms axis. If CA3 

inputss to CA1 are active a negative potential wil l be recorded in CAl-rad, which reverses in 

CAl-slmm and CAl-pyr. If entorhinal inputs to CA1 are active, a different laminar potential 

profilee wil l be present in CA1, i.e. negative in CAl-slm and dentate gyrus with reversal in 

CAl-rad.. If both inputs independent and overlap in time, ICA wil l be able to separate the two 

inputss into two independent components, each associated with its own 'activation' time 

coursee and spatial map (i.e. laminar profile). Some comments should be made about the 

independencee of the underlying sources. First, independence refers to the lack of dependency 

betweenn coincident source activations, but not to possible time-delay dependencies. Thus if 

onee source always follows another source by say 100 ms, but both source do not overlap in 

time,, ICA has no problem separating them (in fact they were separate already and ICA was 

notnot really necessary in the first place). However, if two source activations would have 

overlapped,, then ICA may separate these sources in multiple components, for example two 

componentss that define the non-overlapping sections and one component that represents the 

overlap.. A last comment wil l be made about the assumption that the local field potentials are 

indeedd linear mixtures of underlying sources. Considering the example of CA3 and entorhinal 

inputss to area CA1, the two inputs do linearly mix in CA1 neurons, within certain limits, if the 

dendritess are considered 'passive' cables. However, non-linear mixing can occur, particularly 

iff  inputs are strong (e.g. ceiling effect) or when the synaptic inputs also activate voltage-

dependentt membrane currents. 

Selectedd reading: 
Jungg T-P. Makeig S. Lee T-W, McKeown MJ, Brown G. Bell AJ and Sejnowski TJ (2000) Independent 

componentt analysis of biomedical signals. In: The 2nd Int'1 Workshop on Independent Component Analysis and 

Signall  Separation, pp 633-644. 

Makeigg S. Bell AJ. Jung T-P and Sejnowski TJ (1996) Independent component analysis of 
electroencephalographicc data. In: Advances in Neural Information Processing Systems (Touretzky D. Mozer M 

andd Hasselmo M. eds), pp 145-151. Cambridge. MA: MIT Press. 
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thatt may represent noise or artifacts. This was achieved by setting the activation waveforms of 
alll  unwanted components to zero in the activation matrix A, before multiplication with the 
weightingg matrix W. Current source density analysis can be applied to the reconstructed 
singlee component (i.e. 'the projection1 of this component), to reveal its contribution to the 
currentt densities of the original signal. In fact, this contribution was also determined by 
directlyy applying the 2nd order differencing procedure (according to the expression described 
above)) to the spatial maps in the weighting matrix W, resulting in a set of 'source maps'. 
Thesee source maps identify the current sources associated with an independent component. 
Negativee and positive coefficients in these source maps, however, cannot be equaled to 
inwardd (sinks) or outward (sources) currents, since the final sign is determined by both these 
coefficientss and the activation waveform. 

Too give an indication of the relative contribution of a component to the original signals, 
thee explained variance of each component was determined by calculating the mean variance 
acrosss all recording sites after reconstruction of the single component. This was directly 
calculatedd from the spatial/source map and activation time course by multiplication of the 
variancee of the activation curve and the mean squared spatial/source map coefficients. 
Explainedd variance was expressed as percentage of the summed explained variances of all 
components.. Explained variances of a single component calculated before or after CSD 
analysiss (i.e. using the spatial or source maps respectively) can be quite different. This can be 
accountedd for by the difference in the contributions of the field potentials and corresponding 
CSDss to the total variance. For example, a field potential component may have a strong 
contributionn to the original signal, but if it has an approximately constant spatial map, the 
correspondingg CSD will be near zero and hence it will have almost no contribution to the total 
variancee of the signal after CSD analysis. 

Singlee unit recordings 

Singlee unit activity was measured in a separate set of experiments using a glass 
micropipettee (diameter 0.5-2 îm) filled with a solution of 0.5 M NaCl and 2-2.5% 
neurobiotinn (Vector Laboratories, Burlingame, CA). The electrode was inserted into MEA, 
4.2-5.22 mm lateral, either 0.2-0.4 mm anterior to the transverse sinus (aiming at superficial 
layers)) or 0.6-0.8 mm anterior to the transverse sinus (aiming at deep layers). Initial depth was 
1-1.55 mm below the cortical surface. The electrode was slightly angled (l0-12°) so that the 
trackk was parallel to the layers of MEA. A bipolar stimulation electrode was positioned in the 
dorsall  subiculum. 

Widebandd signals were led through an Axoclamp 2a amplifier (Axon Instruments, 
Unionn City, CA) in bridge mode. The signals were additionally amplified and filtered with a 
Cyberampp (Axon Instruments, Union City, CA): 300 Hz - 10 kHz for single unit activity and 
0.11 -100 Hz for LFPs. Single unit time stamps and local field potentials (digitized at 200 Hz) 
weree recorded with Spike2 for DOS software (Cambridge Electronic Design, Cambridge, 

108 8 



Sloww oscillations and related activities 

UK).. We attempted to label cells that responded to subiculum stimulation using the juxta-
cellularr labeling technique (see below). Cells were assigned to a particular entorhinal layer on 
thee basis of labeling with neurobiotin and/or shape of the evoked field potential and/or 
reconstructionn of the recording track. 

Juxta-cellularJuxta-cellular labeling and tissue processing. In order to identify the exact location and 
morphologyy of recorded cells, they were labeled according to the method described by Pinault 
(1996).. In short, after recordings were finished the micropipette was positioned as close to the 
celll  as possible, guided by the amplitude of the recorded extra-cellular action potentials, 
withoutt damaging it. Current was then injected through the micropipette (positive pulses 3-10 
nAA on negative baseline 1-4 nA, 0.25 sec on, 0.25 sec off), which expelled neurobiotin from 
thee pipette and induced the cell to fire. It most cases this protocol was applied for at least 20 
minutes. . 

Perfusion,, fixation and storage of the brain were performed as described above. Serial 
histologicall  sections were cut sagittaly (40 urn thick) on a freezing microtome and collected 
inn phosphate buffer. Locations of the stimulation sites were verified by inspecting cresyl 
violett stained sections containing the lesions in the microscope. Free-floating sections 
containingg MEA were subjected to histochemistry as follows. First the sections were rinsed in 
phosphatee buffer, pH 7.4, followed by incubation for 30 min in 0.2% peroxidase solution in 
phosphatee buffer (pH 7.6), and rinsed again in phosphate buffer and in 0.5% Triton X-100 
dissolvedd in TBS, pH 8.0 (TBS-TX). In order to visualize Neurobiotin, sections were 
incubatedd overnight in avidin-biotin complex (Vectastain, Vector Laboratories, Burlingame, 
CA)) at 4°C (pH 8.0). Sections were then rinsed in TBS-TX and in Tris/HCl and subsequently 
reactedd with 3,3'-diaminobenzidine tetrahydrochloride (DAB, Sigma, St. Louis, MO), H2O2 
andd nickel ammonium sulphate. After sufficient staining was obtained, the reaction was 
terminatedd with Tris/HCl, pH 8.0. Sections taken from gelatin solution (0.2% in 50 mM 
Tris/HCl,, pH 8.0) were mounted on glass slides and coverslipped with Entellan (Merck, 
Darmstadt,, Germany). 

SingleSingle unit analysis. To analyze the relation between the slow oscillation and unit firing, 
wee constructed peri-event histograms (PEHs) of the firing probability of units around the 
positivee (PEH+) and negative (PEH-) extremes of the slow oscillation waves. Histograms 
weree smoothed with a 3-point moving average filter. Significance of the cross correlations 
wass determined by constructing PTHs of shuffled copies of the spike trains and comparing the 
meann and standard deviation of the amplitudes of these surrogate histograms with the 
amplitudee of the original PTH. Only strongly significant cross-correlations (p<0.001) of either 
PTH++ and/or PTH- were considered. 
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RESULTS S 

Visuall  inspection of the spontaneous field potential activity in the entorhinal cortex and 
hippocampall  formation (HPF) under ketamine/xylazine anesthesia revealed the presence of 
severall  characteristic types of local field potentials (LFPs, fig. 5.1 A). At deep anesthesia 
levels,, the power spectra of the entorhinal cortex and HPF signals were dominated by a peak 
att low frequencies (fig. 5. IB), corresponding to slow oscillations in both structures. In 
addition,, entorhinal sharp potentials, CA1 sharp waves, spindle-like waves and fast (gamma) 

activityactivity could be recognized (fig. 5.1 A). First, we describe the properties of the slow 

oscillationsoscillations in the entorhinal cortex and their relation to hippocampal slow oscillations, since 
thesee oscillations constitute the main focus of the present study. Subsequently, the 
relationshipp between the slow oscillations and the other activity patterns is described. The 
resultss are presented on the basis of one representative experiment and details about the other 
experimentss are given when appropriate. 

Entorhinall  slow oscillations 
LaminarLaminar distribution and source identification. Low frequency waves in the entorhinal 

cortexx occurred either regularly, almost continuously, or alternatively in 'bursts' of a few 
cycles.. These slow oscillations were clearly visible in the raw traces (fig. 5.1A) and they were 
reflectedd in characteristic power spectra (fig. 5. IB). For the example shown in figure 5.1, the 
mainn peak in the power spectra occurred at a frequency of 1.5 Hz at all recording sites in the 
entorhinall  cortex, but it could range from 0.8-1.5 Hz in other experiments. In some cases 
(n=3)) small peaks were present at harmonic frequencies at the most superficial recording sites 
inn layer I (EC-I) (see fig. 5. IB). 

Thee slow oscillations power in the entorhinal cortex was large in deep layers and layer 
I-II ;;  a minimum was found in layer II I  (fig. 5.2A). Such a profile was observed in all 
experiments,, although the relative power between layer I/I I  and deep layers could vary. 
Significantt coherence was present between deep and superficial layer slow oscillations 

(rangingg from 0.4 to almost 1, data not shown). Since our entorhinal recordings were 
performedd in dorsal MEA, close to overlying cortical areas (e.g. peri- and postrhinal cortices) 
itt was possible that the observed slow oscillations were volume-conducted from adjacent 

«—Figuree 5.1 A. Examples of local field potentials recorded simultaneously in all layers of the entorhinal 
cortexx (top) and in area CA1 and dentate gyrus of the hippocampal formation (bottom). Note that in both the 
entorhinall  cortex and the hippocampal formation low frequency waves are present. Several other activity 
patternss are indicated as well. The arrowheads point at examples of sharp waves in area CA1. B. Overlay of 
thee power spectra (0-20 Hz) of all signals recorded in the entorhinal cortex (top) and hippocampal formation 
(bottom),, showing a dominant peak at 1.5 Hz. Spectra were calculated on 40 Hz resampled versions of the 
originall  155 seconds long signals. Note the small peaks at harmonic frequencies (3 and 4.5 Hz) in the 
entorhinall  cortex. The inset shows higher resolution power spectra of hippocampal signals, revealing a 
shoulderr at lower frequencies (arrow), which was only present in the dentate gyrus. 
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sites,, what could mask possible local generators. In order to determine these local generators 
off  the slow oscillations in the entorhinal cortex, current source density analysis (CSD) was 
performedd on the averaged slow oscillations. In figure 5.2C, the peak of the slow oscillations 

LFPP in superficial layers was used as a reference for averaging (low pass fdtered; cut off at 
2.55 Hz). In addition to the slow oscillations in the LFPs of superficial layers, large waves 
weree also present in the deep layers, consistent with the high coherence between deep and 
superficiall  layers. CSD analysis revealed, however, that a sink-source configuration was 
presentt in superficial layers, but not deep layers (fig. 5.2C). If the peak of the slow 

oscillationsoscillations in deep layers was used as a reference for averaging, still a main sink-source 
configurationn was found in superficial but not deep layers. Accordingly, the power of the 
CSDD of thee slow oscillations presented peaks in layers I-II , but not in deep layers (fig. 5.2A). 
Sincee in entorhinal deep layers no sink-source configuration could be identified, we may state 
thatt the slow oscillations LFPs recorded in deep layers, although of large amplitude, are not 
generatedd locally but are volume-conducted from other cortical areas. 

RelationRelation to cell firing. In order to determine the relation between the slow oscillation in 
thee entorhinal cortex and cell firing, multi-unit activity (MUA) was extracted from the 
originall  field potential data, digitized at 10 kHz, in 3 experiments. In two of these, MUA in 
layerss II and III was significantly modulated by the slow oscillations (fig. 5.2D). In both 
experiments,, also significant modulation of deep layer MUA was found (fig. 5.2D). In all 
layerss MUA was increased during or just after the peak of the slow oscillations LFP in layer I, 
correspondingg to the transition from sink to source in layer II. To further investigate the 
relationn between the entorhinal slow oscillations and neuronal discharge in more detail, single 
unitt recordings were performed in the entorhinal cortex in a separate set of experiments. A 
totall  of 135 single units were recorded and assigned to either deep (V-VI , n=36) or superficial 

<—<— Figure 5.2 A. Laminar power profiles at the peak frequency of the slow oscillations in the entorhinal 
cortexx (i.e. 1.5 Hz for this example). Note that high power in the LFPs in layers II and I and in deep layers. 
Afterr CSD analysis, slow oscillation power was only observed in superficial layers. Same experiment as 
figuree 5.1. B. Average of the slow oscillations LFPs in the entorhinal cortex, using the peak in EC-I (channel 
I)) as a reference. C. Current sinks and sources associated with the averaged slow oscillations in the 
entorhinall  cortex. The asterisk indicates the channel that was used for the analyses shown in figure 5.4, D. 
Relationn between the entorhinal slow oscillations and multi-unit activity in layers II, II I  and deep layers. The 
peakk of the slow oscillations in layer I was taken as a reference to construct peri-event histograms (PEH). 
Thee horizontal line indicates the averaged PEH expected by chance  2 standard deviations (dotted lines). In 
eachh histogram the averaged slow oscillations LFP from EC-Ï (channel 1 in B) is drawn at the top for 
reference.. E. Relation between slow oscillations and single unit activity in a separate set of experiments. The 
peakk of the local slow oscillations was taken as a reference to construct peri-event histograms. Most cells 
firedfired preferentially during the descending slope or trough, but some fired during the ascending slope or peak. 
Numberss between brackets indicate the number of cells encountered in superficial layers/deep layers that 
displayedd that particular relation to the slow oscillations. In each histogram the averaged local slow 
oscillationn is shown for reference. Roman numerals indicate the entorhinal layer in which the cell was 
located.. F,G, Photograph and Neurolucida reconstruction of a layer II I  neuron (F) and a layer II neuron (G) 
thatt fired preferentially during the descending slope and the peak of the local slow oscillations, respectively. 
Peri-eventt histograms of these cells are shown in E. 
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(II-III ,, n=98) entorhinal layers as revealed by histology and/or electrophysiological 
characteristicss (see Methods). Average firing rates of deep layer units was generally low (< 1 
Hz)) and in many cases these units were only detected because they responded to test stimuli 
appliedd to the dorsal subiculum (chapter 3). In contrast, superficial layer units had higher 
spontaneouss firing rates. 

Forr analysis of a possible correlation between unit firing and the slow oscillations in the 
locall  EEG, only units with average firing rates above 0.5 Hz were considered. Furthermore, 
casess were only included in the analysis if the local EEG showed clear .slow oscillations as 
evidencedd by a large peak in the power spectrum and rhythmicily in the autocorrelogram. This 
selectionn procedure yielded a total of 89 single units that were available for analysis (deep: 
n=16;; superficial: n=73). 

Moree than 60% (n=46/73) of the superficial layer units were significantly modulated by 
thee local slow oscillations. Most units (n=27) had increased firing probabilities during the 
descendingg slope (fig. 5.2E, first histogram) or trough of the local slow oscillations (fig. 5.2E, 
secondd histogram). In addition, we found cells that fired in phase with the ascending slope 
(n=8,, fig. 5.2E, third histogram) or the peak (n=8, fig. 5.2E, fourth histogram) of the slow 

oscillations.oscillations. Three units, although their PTHs came out the analysis as significant, could not 
bee classified into one of these 3 groups. 

Off  the superficial layer cells that were included in the PTH analysis, fifteen were 
successfullyy labeled with Neurobiotin. All but four of these neurons displayed significant 
sloww oscillation modulation. This group of 11 cells mainly consisted of layer III pyramidal 
neuronss (n=7), but also layer II stellate neurons (n=2, fig. 5.2G) and one layer II pyramidal 
neuron.. Two other neurons had both multipolar and pyramidal characteristics (fig. 5.2F). 

AA significant cross-correlation was found for 9 deep layer units (-56%, n=9/16), which 
alll  showed a clear phase relation to the slow oscillations. Most of these units (n=6) showed 
increasedd firing probability during the descending slope or trough of the local slow 

oscillation.oscillation. Of the remaining units, two had increased firing probability at the positive peak 
andd one unit preferentially fired during the ascending slope of the slow oscillations. 

Ass the total percentage of successfully labeled neurons was rather low and the group of 
deepp layer neurons included in the PTH analysis was relatively small, only a few of these 
neuronss (n=2) were labeled with neurobiotin. These two deep layer neurons both had 
morphologicall  characteristics of pyramidal neurons and one of these neurons, which was 
locatedd at the border with postrhinal cortex, showed significant modulation by the slow 

oscillations. oscillations. 

Importantly,, the analysis of unit activity showed that even though the slow oscillations 

currentt generator, as revealed by the CSD analysis, is located in EC-II/I, cells in EC-III and 
entorhinall  deep layers may still fire in relation to these oscillations. Briefly we may state that 
thee relation between probability of unit firing and the phase of the local oscillations was 
similarr for cells in superficial and deep layers. 
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Figuree 5.3 A. Laminar power profiles at the peak frequency of the slow oscillations in the hippocampal 
formationn (i.e. 1.5 Hz for this example). Note the high power in the LFPs around the fissure. Same 
experimentt as shown in figures 5.1 and 5.2A-D. B. Average of the slow oscillations LFPs in the hippocampal 
formation,, using the peak in CAl-slm as a reference. C. Current sinks and sources associated with the 
averagedd slow oscillations in the hippocampal formation. The asterisks indicate the channels that were used 
forr the analyses shown in figure 5.4. D. Power spectra of hippocampal signals after CSD analysis. Note that 
besidee the main slow oscillation at 1.5 Hz. also other low peaks at low frequencies are present, most 
conspicuouslyy in DG. Scale bars: 200 (mV/mm2)2 for EC-II. and 5000 (mV/mm )2 for hippocampal signals. 

Entorhinall  slow oscillations - relation to hippocampal slow oscillations 

SlowSlow oscillations were also prominent in the HPF (fig. 5.1 A) and these corresponded to 

aa main peak in the power spectra at the same frequency as the entorhinal slow oscillations 

(fig.. 5.1B). A laminar profile of the slow oscillations power demonstrated that these were 

mostt prominent around the fissure, i.e. in CAl-slm and DG-ml: but considerable power was 
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alsoo present in the DG-hilus (fig. 5.3A). This was also reflected in the averaged LFPs, 
constructedd using the slow oscillations peak at the site with maximal power as a reference 
(loww pass filtered, cut off at 2.5 Hz) (fig. 5.3B). CSD analysis applied to these averages 
revealedd that the main sink-source configuration was located in CAl-slm / CAl-rad (fig. 
5.3C).. An additional, usually smaller sink/source pair was observed in the dentate gyrus (fig. 
5.3C). . 

Too study how the local slow oscillations in the entorhinal cortex and HPF were 
functionallyy related, in three experiments coherence analysis was applied to selected CSD 
signalss from DG-gc, CAl-slm and EC-II. An example of such analysis is shown in figure 
5.4AA for the coherence function between EC-II and DG-gc (channels used for this analysis are 
indicatedd by asterisks in figs. 5.2C and 5.3C). In this example, a significant coherence was 
presentt at the frequency range of the slow oscillations frequency. Notice also that significant 
coherencee was present in the theta frequency band (4-6 Hz). In summary (fig. 5.4B), in all 
threee experiments coherence between EC-II and CAl-slm was high (0.79, 0.67, 0.79). 
Somewhatt lower coherencies were found between DG-gc and EC-II (0.41, 0.38, 0.72) and 
betweenn DG-gc and CA1 -slm (0.49, 0.43, 0.74). 

Partializationn of coherence can be used to determine the contribution of a third signal to 
thee coherence between a given pair of signals. For the example in figure 5.4A, partializing 
withh the signal from CAl-slm completely removed the existing coherence between EC-II and 
DG-gc.. Notice, however, that it had no effect on coherence in the theta frequency band. In 
summaryy (fig. 5.4B), the coherence between EC-II and DG-gc was strongly reduced when the 
signalss from CAl-slm were used for partialization (-99%, -92%, -82%). Likewise, a large 
reductionn of the coherence between CA1 -slm and DG-gc was observed, when it was 
partializedd for the EC-II signal (-73%, -74%, -76%). A more variable and smaller reduction of 
thee coherence between EC-II and CAl-slm was found, when partializing with the signal from 
DG-gcc (0%, -27%, -55%). 

Thesee analyses show that a strong phase coupling of the slow oscillations is present 
betweenn entorhinal superficial layers and CAl-slm. With respect to DG-gc, we found also 
phasee coupling to both EC-II and CAl-slm, although to a lesser degree. In order to determine 

*—Figur ee 5.4 A. Example of coherence between CSD signals from EC-II and DG-gc (thick line). Note that 
coherencee was present at slow oscillations frequencies (~1.5 Hz) and at theta frequencies (4-6 Hz), The 
coherencee between EC-II and DG-gc was reduced significantly by parti alization with the signal from CAl-
slmm only in the slow oscillations frequency band. Gray area represents the 95% confidence interval. 
Horizontall  dashed line indicates the coherence level below which signals were considered independent. B. 
Summaryy of coherence and partial coherence analyses in three cases. The straight lines represent the 
coherencee between signals. Curved lines indicate the effect of partiahzation. C. Overlay of cross correlations 
calculatedd from 5-second epochs for three combinations of signals for one experiment (case #1, same 
experimentt as shown in figs 5.1 -5.3). D. Summary of cross correlation analysis for each combination of 
signalss in all three cases. Each point in the radial plots indicates the squared correlation coefficient and phase 
(relativee to zero time lag) of the peak/trough closest to zero time lag in the cross correlation (indicated by 
dotss in C). For clarity, axis labels are only displayed for one plot. 
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too time relation between entorhinal and hippocampal slow oscillations in these experiments, 
filteredd CSD signals (low-pass at 2.5 Hz) were subdivided into 5 second long epochs and 
cross-correlationss of these epochs were computed for each combination of signals from EC-II, 
CAl-slmm and DG-gc. In figure 5.4C, the results of these analyses are shown for one 
experimentt (channels used for this analysis are indicated by asterisks in figs. 5.2C and 5.3C). 
Inn all cases, CAl-slm was out of phase with both EC-II and DG-gc; in other words the sinks 
inn CAl-slm were approximately in phase with the sources in EC-II and DG-gc. Phase shifts 
weree determined from the cross-correlation of each epoch by locating the peak or trough 
nearestt to zero time lag (indicated by dots in figure 5.4C). In figure 5.4D, these phase delays 
aree plotted with the corresponding squared correlation coefficients (r2) for all three 
experiments.. In all cases a phase delay was found of the EC-II source with respect to CA1 -
slmm sink in most epochs. This reached statistical significance, however, in only one 
experimentt when tested against the null-hypothesis of zero phase shift (fig. 5.4D, case #3, 
p<0.05,, only epochs with r2>0.2 included). In two experiments there was also a tendency for 
EC-III  to lag behind DG-gc in the majority of epochs (fig. 5.4D, case #1 and case #3); the 
average,, however, was not significantly different from zero phase shift. Between CAl-slm 
andd DG-gc the phase shifts were not significantly different from zero. 

Sloww oscillations - independent component analysis 
Evenn though the power spectra of the entorhinal and hippocampal LFPs showed one 

mainn peak, additional low frequency activities could be distinguished. For example, in the 
powerr spectrum of the experiment shown in figure 5. IB a small shoulder at lower frequencies 
cann be discerned, which was localized to the DG. Moreover, a closer look at the power spectra 
afterr CSD analysis indicated that in most experiments there was more than one peak at low 
frequencies.. For example in one experiment, in CAl-slm the main peak was at -1.5 Hz, but in 
DG-mll  the main peak was at ~1 Hz and the spectra of CAl-rad, CAl-pyr and DG-gc showed 
multiplee peaks in the 1-2 Hz frequency band, as illustrated in figure 5.3D. This suggested that 
multiplee low frequency oscillations were present in the hippocampal formation that had 
overlappingg spatial and frequency distributions and which therefore were difficult to isolate 
byy filtering. 

Inn order to explore whether slow oscillations at different frequencies could be identified, 

wee applied independent component analysis (ICA) to 60 second long recordings in three 

i—— Figure 5.5 Independent component analysis applied to 60 second long records of hippocampal (A) and 
entorhinall  (B) LFPs. Only components that were deemed interesting based on the spatial map or activation 
timee course are shown. For each component the following is shown: explained variances fin % of total 
variance),, associated spatial (line) and source maps (gray area), 15-second long section of the activation time 
coursee and power spectra of the activation time courses. For better display, spatial and source maps were 
normalizedd to their maximal absolute value. Activation time courses were normalized to unit variance. 
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experiments.. Several independent components that were retrieved and described the activities 
off  interest are displayed in figure 5.5. For each component, its spatial and source maps are 
presented,, as well as a 15 second long trace of its activation time course and the associated 
powerr spectra. ICA was also able to isolate artifacts into a single independent component 
(componentss not shown in fig. 5.5). Generally, in both HPF and the entorhinal cortex a single 
independentt component was found which described most of the slow oscillations LFP (i.e. E1 
andd HI), which had spatial maps and source distribution similar to what was described above 
regardingg the slow oscillations averages. Other components with peaks at frequencies close 
thee main slow oscillations were present (i.e. H4 in fig. 5.5A). In addition, other components 
withh spectral power at lower frequencies were identified (e.g. H2, H3, H9, H10, E4, E5), but 
thesee were usually not as conspicuous, and the corresponding peaks not as sharp as the 
componentss at the frequency of the main slow oscillations. These components had a main 
frequencyy in the range of 1 Hz and they were identified mainly in the DG and around the 
hippocampall  fissure (H2, H3, H9, H10) and in the entorhinal cortex (E4, E5). By means of 
independentt component analysis we were also able to extract other activity patterns in 
additionn to the slow oscillations. For example, components E3 and E7 describe the entorhinal 
sharpsharp potential (respectively the superficial layer and deep layer components of the sharp 

potential).potential). Components H6 and H7 describe CA1 sharp waves. Gamma oscillations were 
distributedd over multiple components and these components generally also had some power at 
loww frequencies (e.g. H2, H3, H8 and E2, E3). Notice that the power spectrum of component 
E22 showed several small peaks in the range from -30 to -65 Hz, whereas component E3 only 
hadd a maximum at about 35 Hz. 

Thee relation between these activity patterns and the slow oscillations in the entorhinal 
cortexx and hippocampal formation are described next. 

Sloww oscillations - relation to entorhinal sharp potentials 

Thee spontaneous LFPs in EC-I displayed regularly occurring positive going peaks 

«—— Figure 5.6 A. Left: Raw LFPs in the entorhinal cortex illustrating sharp potentials (open arrowheads). 
Right:: Current sources and sinks associated with the LFPs shown on the left. Sharp potential were associated 
withh a prominent current sink in layer III . Note that spindle wave were present in the LFPs, but had no 
associatedd current sources. B. Averaged entorhinal sharp potential (LFP) and corresponding current sources 
(CSD).. using the current sink in layer III as a reference. Notice the small deep layer current sink (arrow) that 
peakss prior to the current sink in layer III . C. Relation between the entorhinal sharp potential and multi-unit 
activityy in layers II. Il l and deep layers. D. Histogram of the occurrence times of sharp potentials in relation 
too the peak of the slow oscillations in EC-I. The averaged EC-I slow oscillations LFP is shown for reference. 
E.. Left: Sharp potential triggered average of hippocampal CSD signals. Right: Comparison of the averaged 
sharpp potential related current source densities in the entorhinal cortex (corresponding channels are indicated 
byy asterisks in B) and hippocampal formation (black lines). Sharp potential related events in CA1 -slm could 
bee reconstructed using only the independent components that represented the main slow oscillation {HI and 
H4.. dashed line). Events in DG-gc. were best described by a combination of independent components HL H4 
andd H8 (light gray line, compare with the reconstruction based on HI and H4 only). Scale bars: 5 mV/mnr 
forr the entorhinal cortex. 10 mV/mnr for CA1 and DG. 
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(termedd sharp potentials, see Pare et al.. 1995) of short duration (-100 ms) as is shown in the 
raww traces in figures 5.1 A and 5.6A (left). Visual inspection of the raw traces after CSD 
analysiss demonstrated that a major current sink in EC-III (close to EC-II) was associated with 
thee sharp potential (fig. 5.6A, right). To analyze the laminar distribution of sharp potentials 

inn more detail, the trough of the EC-III current sink was used as reference to construct an 
averagedd CSD of the sharp potential in the entorhinal cortex (fig. 5.6B). Notice that both the 
slowslow oscillations and the sharp potential have current sinks in the entorhinal superficial 
layers.. A comparison of figure 5.2C and figure 5.6B shows that the major sink of the sharp 

potentialpotential -was located 100-200 urn deeper (i.e. in layer III ) than that of the main slow 

oscillationsoscillations (i.e. EC-II), which was seen in all experiments. In addition to the main current 
sinkk in EC-III and the associated source situated more superficially, in four cases a clear 
secondd sharp potential related sink was observed in EC-V (fig. 5.6B). This layer V sink had 
ann amplitude that was much smaller than the layer III sink and in all cases its peak occurred 
priorr to the layer III sink. 

Nextt we determined the relation between entorhinal sharp potentials and multi-unit 
activityy in three experiments. In two cases, there was a significant increase of MUA during 
thee sharp potential in all layers compared to the MUA level that could be expected by chance, 
ass illustrated in fig. 5.6C. In entorhinal deep layers, the increase of MUA started prior to the 
increasess observed in EC-II and EC-ÏII, 

Auto-correlationn of the sharp potentials, considered as point-processes, revealed that in 
alll  experiments sharp potentials had a tendency to recur at a periodicity similar to that of the 
slowslow oscillation, i.e. -0.1 seconds for the experiment shown in figure 5.6. To determine 
whetherr there was a phase relation between the slow oscillations and the sharp potentials, 

histogramss were constructed of the occurrence times of sharp potentials relative to the peak 
off  the superficial entorhinal slow oscillations LFP (fig. 5.6D). These showed that sharp 

potentialspotentials were strongly related to the slow oscillations, occurring preferentially just after the 
peakk of the slow oscillations LFP in EC-I. The strong relation between entorhinal sharp 

potentialspotentials and the slow oscillations was also reflected in the sharp potential related activity in 
thee HPF (fig. 5.6E). The peak of the sharp potential sink in EC-III occurred at the downward 
flankk of the hippocampal slow oscillations in CAl-slm (fig 5.6E, right). To examine whether 
thee sharp potential related events in CAl-slm were associated with the slow oscillations that 
weree mainly accounted for by the independent components HI and H4, we made a 
reconstructedd signal adding these two components (fig. 5.6E, red trace). This showed that this 
neww signal H1+H4 resembled closely the sharp potential related events in CAl-slm. 

Inn the DG, however, sharp potential related activity was not completely reconstructed 
usingg only these two components; rather a third component had to be added (H8) as illustrated 
inn figure 5.6E. Notice that this component H8 also contained high frequency (gamma) activity 

(fig.. 5.5A). 
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Sloww oscillations - relation to gamma oscillations 
Fastt activity was present in the dentate gyrus and entorhinal cortex (fig. 5.1A), reflected 

byy a peak at -30 Hz (range 25-35 Hz, n=5) in the power spectra (figure 5.7A,C). In the 
entorhinall  cortex, gamma oscillations LFP power was largest in layer I; much less power was 
presentt in layer III and deep layers. An averaged laminar profile of the entorhinal gamma 

activityactivity (using the peak in EC-I as a reference) showed a reversal near layer II (fig. 5.7B), 
whichh corresponded to a current sink-source pair in layer II and I after CSD analysis (fig. 
5.7B),, similar as has been described previously (Chrobak and Buzsaki, 1998). Note that the 
sink-sourcee distribution of the slow oscillations (fig. 5.2C) and that of the gamma activity (fig. 
5.7B)) show similar depth profiles. In the DG, gamma activity power was high in DG-gc and 
DG-hil,, but we did not observe gamma activity in CA1, except for the high frequency ripples 
associatedd with sharp waves, as described below. Gamma oscillation associated current 
sourcess were observed in DG-gc and DG-ml (fig. 5.7D). 

Thee power spectra after CSD analysis revealed that in the entorhinal cortex relatively 
moree power was present at higher frequencies (i.e. -65 Hz in fig. 5.7A) when compared to the 
powerr spectra of the LFPs, resulting in two gamma peaks (fig. 5.7A). Note also that in the 
HPFF gamma power after CSD analysis was highest in DG-ml, but the peak generally occurred 
att slightly higher frequency than was observed for the LFPs (fig. 5.7C). Significant coherence 
wass present in the gamma frequency band between CSD signals from EC-II and DG-ml (fig. 
5.7E,, channels used are marked with an asterisk in figs. 5.7B and 5.7D). When compared with 
thee power spectra after CSD analysis (fig. 5.7A,C) we noted that significant coherence (range 
0.05-0.35)) was present at frequencies between 50 and 100 Hz, whereas the main peak in the 
powerr spectra usually occurred at lower frequencies (30-50 Hz). Estimates were made of the 
timee delay between EC-II and DG-ml gamma oscillation currents as determined from the 
slopee of the phase spectrum at frequencies with significant coherence. In the three 
experimentss that displayed the highest coherence (>0.1) EC-II was always leading (0.9 - 3.7 
ms).. To further investigate the relation between the entorhinal cortex and DG gamma 
oscillations,, averages were constructed of DG current densities, using the gamma peaks in 
EC-III  as a reference (fig. 5.7F). These averages showed multiple gamma current sinks in DG-
mll  related to entorhinal gamma waves; the largest sink reached maximum approximately 5 ms 
afterr the peak of the entorhinal gamma wave (fig. 5.7F). Note also in this figure, that DG 
currentt sinks related to entorhinal gamma waves were restricted to a single recording site in 
thee middle molecular layer, whereas current sinks in the averages in figure 5.7D were 
observedd in both middle and outer molecular layer. 

Wee also noted a difference between the inten-als distributions of gamma CSD peaks in 
EC-III  and DG-ml (fig. 5.7G). In all experiments, EC-II gamma peaks occurred more 
frequentlyy with an interval of -10 ms than gamma peaks in DG-ml. The latter occurred 
preferentiallyy with an interval of ~20 ms. 
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Too study a possible relation between slow oscillations in the entorhinal cortex and HPF 

andd gamma oscillations e vent-triggered spectrograms (ETS) were constructed. In figure 5.7G, 

thee stow oscillations LFP peaks in EC-I were used as a reference to create an ETS of 

entorhinall  gamma oscillation potentials (channel 1). A relative increase of log(power) was 

observedd in the 50-150 Hz frequency band just after the peak of the local slow oscillations 

(fig.. 5.7G, red). During the trough and ascending slope of the slow oscillations LFP a relative 

decreasee of log(power) was observed in the same frequency band (fig. 5.7G, blue). The low 

frequencyy component around zero time lag (indicated by asterisk in fig. 5.7G) is due to the 

sharpsharp potential. The time course can be better appreciated if Alog(power) is averaged for the 

50-1500 Hz frequency band (fig. 5.7G, bottom). 

Sloww oscillations - relation to CA1 sharp waves 
CA11 sharp waves were frequently observed in areaCAl (fig. 5.1 A). These sharp waves 

hadd similar characteristics as described previously (Buzsaki, 1986, Suzuki and Smith, 1987, 
Ylinenn et al., 1995) and are therefore only described briefly here for the sake of completeness 
andd to be able to compare the behavior of sharp waves with that of the phenomena that form 
thee core of the present study. Sharp waves were negative in CAl-rad and reversed close to 
CAl-pyr.. CSD analysis demonstrated that sharp waves were associated with a current sink in 
CAl-radd and sources in CAl-pyrr and CAl-slm, as is illustrated by the averaged sharp wave 

inn figure 5.8A. Sharp waves were associated with high frequency oscillatory waves ('ripples') 
inn CAl-pyr (see fig. 5.1 A) similar as has been reported before (Ylinen etal., 1995). 

Cross-correlationn of sharp waves with the slow oscillations LFPs in HPF, demonstrated 
thatt sharp waves had a tendency to occur during the peak of the hippocampal slow oscillations 

LFPss (fig. 5.8C). As entorhinal sharp potentials were strongly related to the stow oscillations, 

wee looked closer at the possible relation between these two activity patterns. Cross-correlation 
betweenn the two events showed no obvious relation (fig. 5.8D). No difference was found 
betweenn the averaged sharp potentials that followed a sharp wave within 300 ms and the 
averagee of the remaining sharp potentials. An average constructed of entorhinal LFPs using 
thee trough of the sharp wave current sink in CAl-rad as reference revealed a small current 
sinkk in entorhinal deep layers, but no clearly noticeable sinks and/or sources in superficial 
layerss (fig. 5.8B) as was the case for sharp potentials. We may note that for the example 
shownn in figure 5.8B, the sharp wave associated sink in entorhinal deep layers was located 
2000 urn deeper than the sink associated with the sharp potential in deep layers (i.e. compare 
fig.. 5.8B for the sharp wave with figure 5.6B for the sharp potential). These results 
demonstratee that CA1 sharp waves showed a moderate relation to the hippocampal slow 

oscillationsoscillations but that they were unrelated to entorhinal sharp potentials. 
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Spindle-likee waves 
Inn addition to the above mentioned activity patterns we also observed spindle-like 

wavess (fig. 5.1 A), but these had no obvious associated current generators in the entorhinal 
cortexx or HPF (e.g. see fig. 5.6A). Therefore, we did not explore these spindle waves in more 
detail.. We should note, however, that visual inspection of the raw data suggested that spindle 
wavee occurred during the same phase of thee slow oscillations as the entorhinal sharp potential 
(e.g.. see figs. 5.1A and 5.6A), but they were not always simultaneously present. 

DISCUSSION N 

Thee findings reported here give new insights regarding the dynamics of characteristic 
spontaneouss activities in the entorhinal cortex and HPF occurring during the anesthetized 
state,, and the interrelations between both areas. Our results reveal how the entorhinal cortex 
andd HPF spontaneous activities are coordinated in this state. One main finding in the present 
reportt is that slow oscillations are locally generated in the entorhinal cortex and HPF in a 
coherentt fashion. In addition, we demonstrated that these slow oscillations show a specific 
temporall  relation to entorhinal sharp potentials and gamma activity. The main features can be 
summarizedd as follows: (i) The dominant slow oscillations have distinct current sources in 
EC-II/I,, but not in entorhinal deep layers. Neurons in all entorhinal layers, however, may 
dischargee in phase with the local slow oscillations. Slow oscillations were also generated in 
thee HPF, and a strong phase coupling between the entorhinal cortex and CAl-slm and DG-gc 
wass found. In addition to the main slow oscillation, other low frequency components were 
identifiedd using independent component analysis, particularly in DG, but also in the 
entorhinall  cortex, although with relatively small spectral power, (ii) Strongly associated with 
thee slow oscillations are entorhinal sharp potentials, which are transient surface-positive and 
depth-negativee potentials in the entorhinal cortex, (iii ) Entorhinal gamma activity (>30 Hz) is 
increasedd during the descending slope and trough of the entorhinal slow oscillation. 
Significantt coherence between EC-II and DG-ml gamma oscillations is present, although at 
frequenciess that were higher than the main frequency of gamma in the entorhinal cortex and 
DG.. (iv) CA1 sharp waves are moderately related to the slow oscillation, but they appear 
unrelatedd to entorhinal sharp potentials. 

Originn of entorhinal-hippocampal slow oscillations 
Thee entorhinal slow oscillations have a local cortical origin, since we found a current 

sink/sourcee pair in EC-I/EC-II. Entorhinal slow oscillations were strongly coupled to slow 
oscillationss locally generated in CA1 and DG, as revealed by CSD analyses. Based on the 
locationn of current sources in the superficial layers of the entorhinal cortex, the slow 
oscillationss modulated firing of layer II and III neurons and the finding that slow oscillations 
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sourcess in the hippocampal formation were located in the same layers where entorhinal 
afferentss terminate (i.e. CAl-slm, DG-ml) it may be thought that slow oscillations in the HPF 
wouldd depend on inputs arising in the entorhinal cortex. 

WhichWhich processes at the cellular and network level are responsible for the slow 

oscillationsoscillations in the entorhinal cortex and HPF? The majority of entorhinal neurons discharged 
duringg the descending slope or trough of the local slow oscillation and these phases 
correspondedd to (the initial part of a current sink in EC-I and a source in EC-II. In addition, 
duringg this same phase there was an increase of gamma oscillation power in EC-II. The 
dischargee of superficial entorhinal neurons has been shown to be phase-related to the gamma 
oscillationss (Chrobak and Buzsaki, 1998). It may therefore be suggested that this sink in EC-I 
representss a depolarizing phase induced by synaptic activity, similar to what has been 
describedd in neocortex (Steriade et al., 1993a, b). Using a biophysical network model for the 
sloww oscillation observed in vitro Compte et al. (2003) proposed that cortical neurons oscillate 
slowly,, at about <1 Hz, between a 'down state' and an *up state1, the latter being maintained 
byy strong recurrent excitation balanced by inhibition and the transition to the 'down state' 
beingg mediated by a slow adaptation Na+-dependent K+-current, The slow oscillations in the 
neocortexx are generated via intra-cortical synaptic linkages (Sanchez-Vives and McCormick, 
2000,, Steriade et al., 1993b, Timofeev and Steriade, 1996). Accordingly, current generators of 
thee K-complex, electroencephalographic elements associated with the slow oscillation that 
representt excitation in large pools of cortical neurons (Amzica and Steriade, 1998b), are 
locatedd in superficial cortical layers where intra-cortical connections terminate (Amzica and 
Steriade,, 1998a). It is likely that synaptic inputs arriving in layer I in the medial entorhinal 
cortex,, that may originate from extrinsic sources like postrhinal cortex, piriform cortex or 
presubiculumm (Burwell and Amaral, 1998a, b. Caballero-Bleda and Witter. 1993, Room et al., 
1984),, may contribute to the generation of the entorhinal slow oscillations. Slow oscillations 
havee been described in the perirhinal cortex of the cat, as well, and these oscillations were 
correlatedd with entorhinal slow oscillations (Collins et al., 1999. Collins et al., 2001). Thus it 
iss possible that at least part of the entorhinal slow oscillations may be relayed from the 
perirhinall  (or postrhinal) cortex to layer II and III neurons. Intrinsic associational projections 
originatingg from deep or superficial entorhinal layers that terminate extensively in layer I 
(Dolorfoo and Amaral, 1998b) may also contribute, since we found that neurons in layer V and 
IIII  also discharge in relation to the local slow oscillation. However, we should note that we 
didd not observe slow oscillation current sources in layer V. One possible explanation for this 
apparentt disparity might be that the sources in EC-I and EC-II represent not only trans-
membranee currents of neurons with somata and dendrites superficial layers, but also of the 
apicall  dendrites of layer V that can extend all the way to the pial surface. Input fibers 
distributedd to superficial entorhinal layers may indeed terminate on these apical dendrites, as 
wass shown for the input from presubiculum (van Haeften et al., 2000), but whether this is also 
thee case for the projections from other cortical areas, is presently unknown. At the level of the 
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entorhinall  superficial layers an ordered arrangement of synaptic inputs appears to exist, 
resultingg in a clear current source density depth profile. In addition, phasic excitatory and/or 
inhibitoryy inputs that arrive in layers III and V may not cause an overt field potential level if 
thee basal dendrites of layer V and layer III neurons that are targeted by these inputs, are not 
arrangedd in a regular way such that currents flowing in and out of neurons would tend to 
cancell  each other at the macroscopic level. 

Inn the neocortex intracellular recordings during slow oscillations indicated that the 
depolarizingg phase is followed by a hyperpol arizing phase characterized by disfacilitation of 
thee cortical network (Contreras et al., 1996). Neurons in neocortex, perirhinal cortex and 
amygdalaa discharge during the depolarizing phase ('up state') and much less during the 
hyperpolarizingg phase ('down state') of the local slow oscillation (Collins et al., 2001, 
Steriade,, 1997). Nevertheless, we found some entorhinal neurons that fired preferentially 
duringg the ascending slope or peak of the local slow oscillation, rather than during the 
descendingg slope or trough. This may be interpreted as reflecting that the neurons strongly 
modulatedd by the slow oscillation do not form a homogeneous population, rather they consist 
off  different populations, both principal and interneurons, the firing of which has different 
dynamicall  relations to the slow oscillations. 

Regardingg the sources of slow oscillations in DG and CA1 we must note the phase 
measurementss indicated that the hippocampal slow oscillations (CAl-slm and DG-gc) lead 
thee entorhinal slow oscillations. This would be compatible with the general idea that during 
thee slow oscillations state transmission is mainly directed from the HPF to the cortex, 
althoughh incompatible with the hypothesis that slow oscillations in the HPF depend on inputs 
arisingg in the entorhinal cortex as described above. However, taking into consideration that 
thee relationship between phase shift and time-delay is ambiguous (Boeijinga and Lopes da 
Silva,, 1989) we can not derive time-delays from these phase shifts in a simple way, since 
severall  processes can contribute to a given phase shift in addition to transmission delays, 
namelyy (non-)linear filtering properties of soma-dendritic membranes and local circuits. The 
phasee shifts encountered here may mainly reflect that the cellular mechanisms of transfer 
betweenn input firing and membrane current changes, that are ultimately apparent in the CSD 
profiles,, have different dynamical properties in the three areas (entorhinal cortex, CAl-slm, 
DG-gc).. Therefore we cannot make a definitive statement concerning the time-delay of the 
sloww oscillations between the entorhinal cortex and the hippocampal areas. 

WhatWhat are the implications of finding slow oscillations at different frequencies? Low 
frequencyy activities in the neocortex of the cat during slow-wave sleep and in the anesthetized 
statee have been subdivided into 'slow oscillations' (<1 Hz) and 'delta oscillations' (1-4 Hz) 
(Steriadee et al., 1993a, b, Steriade, 2000). In the behaving cat, slow oscillations were 
describedd in the perirhinal and entorhinal cortex, which could occur regularly at 
approximatelyy 1 Hz (Collins et al., 1999). Similar slow oscillations were found in the 
perirhinall  cortex in the anesthetized cat (Collins et al., 2001). The slow oscillations that we 
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observedd in the entorhinal cortex and HPF of the rat under ketamine/xylazine anesthesia 
displayedd frequencies in the range of 0.7-1.5 Hz, which are slightly higher than the frequency 
off  slow oscillations described in cat. It has been noted, however, that with the deepening of 
sleepp the slow oscillation becomes more regular and faster (i.e. higher frequency) (Amzica 
andd Steriade, 2002). In our experiments relatively deep levels of anesthesia may thus have 
contributedd to a slightly higher frequency slow oscillation. Nevertheless we found that the 
spectraa of the main slow oscillation presented, in addition, small spectral peaks at higher 
harmonicss indicating that the underlying neuronal generators have non-linear properties. 
Furthermore,, independent component analysis demonstrated that the main slow oscillation 
componentss co-existed also with other components with oscillations at lower frequencies. 
Mostt of the corresponding ICA components had rather broad spectra, but those that were 
locatedd in DG showed narrow spectral peaks around 0.7 - 1.0 Hz. Whether these components 
aree sub-harmonics of the main slow oscillation is a possibility that has to be investigated 
usingg higher order spectral analyses. The fact that the local generators appear to have non-
linearr properties, as indicated above, makes it likely these slow oscillations have complex 
dynamicss with sub- and high harmonic components. 

Relationss between slow oscillations and other activity patterns 

Ourr results indicate that the entorhinal slow oscillation was strongly related to the 

occurrencee of entorhinal sharp potentials, which are transient surface positive, deep negative 

potentialss (Pare et ah, 1995). Sharp potentials occurred predominantly just at the start of the 

currentt sink in entorhinal layer I. 

WhatWhat is the origin of the entorhinal sharp potential? It was previously suggested that 
sharpp potentials reflect entorhinal intra-laminar (i.e. deep-to-superficial layer) communication 
(Chrobakk and Buzsaki, 2002, Pare et al„  1995). Indeed, our results show that the sharp 

ee 5.7 A. Overlay of power spectra of entorhinal LFPs (top) and current sources (bottom) showing the 
presencee of high frequency components. Notice that in this case two peaks were present (32 Hz and 65 Hz), 
mostt clearly visible in the CSD, B. Averaged gamma waves in the entorhinal cortex and associated current 
sourcess (bottom), using the peak in EC-I as a reference. C. Overlay of power spectra of hippocampal LFPs 
(top)) and current sources (bottom). D. Averaged gamma waves in the dentate gyrus and associated current 
sourcess (bottom), using the peak in DG-gc as a reference. E. Coherence between CSD signals from EC-I I 
andd DG-ml. F. Averaged current source densities in the dentate gyrus, using the gamma peaks in EC-I as a 
reference.. Notice the presence of multiple gamma current sinks in DG-ml. the largest occurring -5 ms after 
zeroo time lag. G. Interval distribution of isolated gamma sinks in EC-II and DG-ml. Notice that EC-H gamma 
wavess had a preferred interval of - 10ms. whereas DG-ml gamma waves preferentially occurred at an interval 
off  -20 ms. H. Relation between the entorhinal slow oscillations and gamma oscillations. The event-triggered 
spectrogramm (ETS) was constructed using the peak of the slow oscillations in EC-I as a reference. Red and 
bluee indicate significantly more or less power than can be expected by chance. The averaged slow 
oscillationss LFP of EC-I is plotted for reference. The figure at the bottom shows an average of the ETS for 
frequenciess between 50 and 150 Hz. Statistics were obtained by shuffling the triggers and calculating the 
averagedd ETS  standard deviation that could be expected by chance. Values were considered significant if 
theyy were larger than 2x the standard deviation (gray area in the bottom plot). 
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potentiall  in several cases is associated with a current sink in layer V, which occurred prior to 
thee large current sink in layer III . indicating deep-to-superficial layer communication (chapter 
3).. However, a sharp potential related current sink in deep layers was not clear in all cases 
and,, as yet, we can not dismiss the possibility that sharp potentials encountered in superficial 
layerss may be activated by inputs relayed from perirhinal or postrhinal cortex similarly as for 
thee slow oscillations. Pare et al. (1995) argued that sharp potentials are generated by inputs 
fromm BLA to the entorhinal cortex as neurons in the baso-tateral amydgala (BLA) fired in 
relationn to the entorhinall  sharp potential and lesions of the BLA abolished sharp potentials. 
Accordingg to the anatomy of amygdalo-entorhinal projections, however, the region of the 
entorhinall  cortex where we performed our recordings (dorsal part of MEA, sub-field CE). 
receivess littl e or no direct input from the amygdala (Pitkanen et al., 2000). Nevertheless, BLA 
mightt contribute to the generation of sharp potentials through indirect pathways, for example 
byy facilitation of cortical or hippocampal inputs (Kajiwara et al., 2003). The latter, arising 
fromm area CA1 and subiculum (Kohier. 1985, Tamamaki and Nojyo, 1995, van Groen and 
Wyss,, 1990), would lead to the activation of an entorhinal deep layer current sink of the sharp 
potential,, found in some, but not in all, experiments. Pare et al. (1995) reported that a subset 
off  subicular neurons (but not CA1 neurons) discharged early during the sharp potential. The 
possibilityy exists, therefore, that subicular projections to deep and superficial layers of the 
entorhinall  cortex (Kohier, 1985) contribute to the sharp potential related currents in the 
entorhinall  cortex. We found that in addition to the existence of the main generator of sharp 
potentialss in the superficial (EC-II/III ) layers and a smaller one in deep layers (EC-V) there 
existt sharp potential related events in CA1 and DG. The latter are strongly associated with the 
locall  slow oscillation as was shown by the reconstructions based on independent component 
analysis. . 

Previously,, two types of sharp potentials were reported: simple and complex sharp 
potentials.. The latter involved the additional discharge of layer II neurons, which could then 
resultt in synaptic potentials in the dentate gyrus (Pare et al., 1995). Under barbiturate 
anesthesia,, all hippocampal sub-fields could be recruited in sequence, whereas during natural 
sleepp activation only the dentate gyrus was involved (Pare et al., 1995). We did not observe 
complexx sharp potentials or an additional involvement of layer II; this could be due to the 
depthh of anesthesia (Pare et al., 1995) or the type of anesthesia used by us (chapter 4). 

IsIs there a relation between sharp potentials and sharp waves? It is interesting to discuss 
ourr findings in the light of what has been described concerning another conspicuous 
spontaneouss activity, the synchronous population bursts in area CA1 called sharp waves 
(Buzsaki,, 1986, Suzuki and Smith. 1987). Sharp waves can be recorded from the entorhinal 
cortexx as well (Chrobak and Buzsaki. 1994). Our data show, however, that sharp wave related 
eventss in the entorhinal cortex only involves deep layers, but not superficial layers, similar as 
hass been reported before (Chrobak and Buzsaki, 1994). Also, we found that sharp waves were 
relativelyy weakly modulated by the slow oscillation, unlike the sharp potentials. In addition. 
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Figuree 5.8 A. Averaged current sourees associated with the CAI sharp wave, taking the current sink in CA1-
radd as a reference. B. CA1 sharp wave related LFPs and current sources in the entorhinal cortex. Notice a 
clearr sink in deep, but not superficial layers. C. Relation between the hippocampal slow oscillation and CAI 
sharpp waves. Slow oscillations peak in CAl-slm was taken as a reference to construct a histogram of sharp 
wavee occurrences. D. Sharp potential triggered histogram of CA1 sharp wave occurrences. 

entorhinall  sharp potential related activity in area CA1 did not reveal any clear relation 

withh CAI sharp waves. Thus it seems unlikely that CA1 sharp waves are involved in the 

generationn of entorhinal sharp potentials. 

WhatWhat is the significance of gamma oscillations during slow oscillations state.' 

Entorhinall  gamma oscillation sources were located in superficial layers, similar as reported 

beforee (Chrobak and Buzsaki, 1998). Our results demonstrated that gamma oscillations in the 

dentatee gyrus were phase coupled to entorhinal gamma oscillations. Entorhinal gamma waves 

precededd dentate gyrus gamma waves by approximately 5 ms. suggesting a transmission of 

entorhinall  cortex to the dentate gyrus (Csicsvari et al.. 2003). Indeed, lesions of the entorhinal 

cortexx almost completely abolish dentate gamma oscillations (Bragin et al.. 1995). indicating 
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thatt dentate gyrus gamma oscillations are driven extrinsically by the entorhinal cortex (but see 
Pöschell  et al., 2002). In contrast to the observations of Csicsvari et al. (2003) that in the 
behavingg rat there are two gamma generators, in the DG and CA3-CA1, we only found clear 
evidencee for the former. It is possible that the discrepancy may be due to the fact that we used 
anesthetizedd animals. Anyway, this implies that apparently the DG (and entorhinal) gamma 
generatorss are affected differently by the anesthetic mixture used. The cellular and network 
mechanismss underlying the generation of entorhinal gamma oscillations are a matter of 
intensee research. It has been suggested that at least part of the gamma oscillations may be due 
too synchronous inhibitory post-synaptic potentials mediated by divergent projections of 
GABAergicc intemeurons to principal cells, but gap junctions may also contribute (Chrobak 
andd Buzsaki, 1998, Tamas et al.. 2000, Traub et al.. 2001). 

Thee finding that the power of gamma oscillations increased during the phase of the 
entorhinall  slow oscillations in which most neurons presented maximal firing rates, indicates 
thatt the gamma oscillations are enhanced when the majority of neurons is depolarized. This is 
compatiblee with the interpretation that pyramidal neurons are entrained by synchronized 
activityy of GABAergic neurons so that they tend to fire preferentially on the decaying phase 
off  the resulting IPSPSs in phase with the local slow oscillations (Collins et al., 2001). 

Synchronizationn of gamma oscillations have been proposed as a general mechanism of 
transientt association between neuronal cell assemblies (Engel and Singer, 2001, Fell et al., 
2003,, Varela et al., 2001), for example to 'bind' the different features of a sensory stimulus. 
Similarly,, synchronized gamma oscillations in the entorhinal-hippocampal circuit may allow 
distributedd populations of entorhinal and hippocampal neurons to form temporally 
coordinatedd ensembles (Chrobak and Buzsaki, 1998, 2002), which is likely needed for the 
successfull  formation of memory traces (Fell et al., 2001). 

Entorhinal-hippocampall  gamma oscillations are usually studied during the awake state 
orr REM sleep, due to their strong correlation with the theta rhythm (Chrobak and Buzsaki. 
1998,, 2002, Csicsvari et al., 1999). Nevertheless, gamma oscillations are present in SWS and 
inn anesthetized animals, states in which cortical slow oscillations are found (Collins et al., 
2001,, Steriade, 2000), albeit at lower power than during waking or REM sleep (Csicsvari et 
al.,, 2003, Maloney et al., 1997). The modulation of fast activity by slow oscillations reported 
heree for the entorhinal cortex was previously also described in the perirhinal cortex and 
neocortexx (Collins et al., 2001, Steriade et al., 1996). Thus we may propose that also during 
sloww oscillations the entorhinal cortex superficial layers and dentate gyrus are transiently 
coupledd to form neuronal ensembles. 

Relevancee for the operation of the hippocampal-entorhinal network 

Thee finding that the main slow oscillation presents a relatively strong coherence 

betweenn the entorhinal cortex and the hippocampal formation (CAl-slm and DG-gc) merits 

speciall  attention. It allows us to note that in this condition these two brain structures form one 
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coordinatedd system. Noteworthy, we obtained these findings under anesthesia. This 

dynamicall  state shares with slow-wave sleep the property that the EEG is dominated by slow 

oscillations.. During slow-wave sleep the brain may be involved in memory processes, for 

examplee consolidation of previously acquired information (Hobson and Pace-Schott, 2002, 

Stickgoldd et al., 2001). It has been proposed that during slow-wave sleep the information flow 

iss mainly directed from the hippocampal formation to the neocortex. In contrast, during states 

inn which theta oscillations are prevalent information flow would be from the cortex to the 

hippocampall  formation (Buzsaki, 1989, 1996, Stickgold et al„  2001). One hypothesis states 

thatt during slow-wave sleep consolidation may occur of memory traces that were initially 

storedd in the hippocampal formation. This would involve re-expression of the activity patterns 

thatt represent the memory traces (Nadasdy et al., 1999, Skaggs and McNaughton, 1996, 

Wilsonn and McNaughton, 1994), possibly during the spontaneously occurring sharp waves in 

CA11 (Buzsaki, 1998). 

WhatWhat is the role of slow oscillations and sharp potentials in memory processes during 

sleep?sleep? Here we present evidence that in the state characterized by dominant slow oscillations 

thee cntorhinal cortex and HPF constitute one dynamical system where the slow oscillations 

aree strongly coordinated with main generators in EC-II, DG and CA1; deep entorhinal layers 

aree also recruited in this coordinated system since the firing of neurons of these layers is also 

phasee coupled with the slow oscillations. This common dynamical state involving both 

superficiall  and deep entorhinal neuronal populations, DG and CA1 is put in even more 

evidencee during sharp potentials that may be considered carriers of signals mediating the 

coordinationn between the entorhinal cortex and HPF. Thus the slow oscillations/sharp 

potentialss set the dynamical state to the same level both in the entorhinal cortex and HPF. 

Sloww oscillations may facilitate synaptic plasticity in cortical circuits, which could be 

instrumentall  for consolidation of memory traces (Steriade, 1999, Steriade and Timofeev, 

2003).. Similarly, entorhinal slow oscillations per se or through their grouping of faster events 

(i.e.. sharp potentials and gamma oscillations), may facilitate synaptic plasticity in entorhinal 

and/orr hippocampal circuits, particularly in the perforant path synapses in area CA1 and the 

dentatee gyrus. Alternatively, the slow oscillatory membrane fluctuations in CAl-slm might 

modulatee Schaffer collateral inputs to CA1 pyramidal neurons (Levy et al., 1998, Remondes 

andd Schuman, 2002), and thus promote the temporal coordination, or synchronization, of 

activityy in the entorhinal-hippocampal circuits. 

Inn conclusion, we may propose that continuous coordination between activity in the 

hippocampall  formation and entorhinal cortex is a requirement for the process of memory 

consolidation.. The slow oscillations and related activities appear to be important in setting a 

specificc dynamical state of entorhinal-hippocampal coordinated activity. 
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Inn the preceding chapters, the interactions between the hippocampal formation and the 

parahippocampall  region, particularly the entorhinal cortex, have been studied using a 

combinationn of anatomical (chapter 2) and electrophysiological {chapters 3-5) techniques. The 

organizationn and functionality of re-entry circuits in the hippocampal-parahippocampal 

systemm was a central theme in all studies. The results that were obtained provide valuable 

cluess about possible operations of the hippocampal memory system. In this final chapter I will 

summarizee and discuss the main findings and conclusions of this thesis. 

jj  Anatomical organization and physiology of hippocampal output to the entorhinal 
11 cortex (chapters 2 & 3) 

Onee characteristic of the connections within the PHR and HPF as well as input 
projectionss from the PHR to the HPF is their topographical organization. With respect to the 
connectionss from the PHR to the HPF this organization is clearly present along both the 
septo-temporall  and transverse axes (Amaral et al., 1991, Burwell and Amaral, 1998, Dolorfo 
andd Amaral, 1998a, Naberet al., 1999, Naber et al.. 2001, Steward, 1976, van Groen and 
Wyss,, 1990, Witter, 1993). In chapter 2, it was shown that the return projections from the 
subiculumm to the ento-, peri- and postrhinal cortices also display a clear topographical pattern, 
whichh matches remarkably well the organization of input projections that the subiculum 
receivess from the PHR. In the introductory chapter 1, it was argued that the organization of 
inputt projections in the hippocampal memory system might have the functional consequence 
thatt distinct sensory information flows are kept segregated. The results described in chapter 2 
implyy that this segregation is maintained on the output side. We may thus propose that the 
hippocampall  memory system is organized by way of multiple parallel circuits (fig. 6.1, see 
alsoo Naber et al., 2000). 

Subicularr projections to the entorhinal cortex (and in fact also to the peri- and 
postrhinall  cortices) terminate predominantly in the deep layers (V and VI), and only sparsely 
inn superficial layers (I-III ) as was demonstrated in chapter 2 (see also Kohier, 1985). Thus the 
populationn of neurons that receives hippocampally-processed information (layer V) to a major 
extentt does not overlap with the population of neurons that give rise to the projection to the 
hippocampall  formation (layers II and III) . In chapter 3, we indeed showed that electrical 
stimulationn of subiculum evoked a simultaneous discharge of layer V pyramidal neurons, 
whichh was evident as a sharp spike potential/current sink in layer V at the population level. 
Twoo properties of the subicular-evoked response in entorhinal deep layers should be 
mentionedd here. First, the layer V population spike is subject to facilitation, but not 
depression,, if two stimuli are presented in short succession (i.e. 10-500 ms interval). This 
contrastss with pathways in the hippocampal formation and with entorhinal input pathways to 
thee hippocampal formation, which generally show paired-pulse depression at short intervals. 
duee to local feedback inhibitory circuitry. Thus, as was suggested in chapter 3. feedback 
inhibitionn may not be prominent in the subiculo-entorhinal pathway (see also Finch et al.. 
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1988)) The second feature of the entorhinal deep layer response is that the population spike 
appearss to propagate into superficial layers along the apical dendrite of layer V pyramidal 
neurons.. Such a back-propagation of action potentials into dendrites has been implicated in 
thee induction of synaptic plasticity. Changes of synaptic strength occur only if the dendritic 
actionn potential is coincident with synaptic input within a certain time window (Markram et 
al.,, 1997). Furthermore it was demonstrated in hippocampal (Nakamura et al„  1999) and 
neocorticall  (Larkum et al,, 2003) pyramidal neurons that repetitive stimulation can cause 
back-propagatingg action potentials that are capable to generate calcium waves along the 
dendrites,, which can trigger intracellular cascades for the induction of synaptic plasticity. 
Whatt inputs to the apical dendrites of layer V neurons may be subject to this plasticity? 
Certainlyy any input terminating in superficial layers has the potential of making contacts with 
thesee dendrites, but up to now such a connection has only be firmly established for 
presubicularr inputs (van Haeften et al., 2000). Assuming that other cortical areas project to 
layerr V apical dendrites as well, how could these inputs be temporally and meaningfully 
coordinatedd with the subiculum evoked back-propagating action potential such that 
intracellularr processes leading to plasticity are triggered? What follows is a very speculative 
account.. Suppose sensory information reaches the superficial layers of the entorhinal cortex 
viaa peri- and postrhinal cortices and evokes an excitatory response in layer II and III neurons, 
somee of which may discharge. Layer V apical dendrites may also receive excitatory input, but 
aree (initially) much less prone to firing in response to this input (e.g. since synapses are 
locatedd far from the action potential trigger zone in the axon-hillock). Several subicular and 
CA11 neurons may receive direct input from layer III neurons or indirect input from layer II 
neuronss (via dentate gyrus and CA3). The combined result would be that by virtue of the 
topographicall  organization of the connections a limited number of neurons in CA1 and 
subiculumm will fire and return activity to the same patch of entorhinal cortex where activity 
initiallyy originated (i.e. chapter 2). Subsequently, some of the recipient entorhinal layer V 
neuronss may discharge and produce a back-propagating action potential in their apical 
dendrite.. If the same neurons also received input from cortical inputs at the very beginning, 
thesee synapses may undergo facilitation. The end result is that layer V neurons would now 
firee in response to the initial cortical input, bypassing the necessity of hippocampal input. 

Ass illustrated in figure 6.1 and also mentioned in chapter 1, area CA1 also projects to 
thee entorhinal cortex (Tamamaki and Nojyo, 1995, van Groen and Wyss, 1990). There are 
strongg indications that the topographical and laminar organization of this projection is similar 
too that of the subiculo-entorhinal pathway. Moreover, both CA1 and subiculum are in the 
positionn to receive similar information from the entorhinal cortex, directly from layer III 
(Stewardd and Scoville. 1976, Witter, 1993), or indirectly via layer II and dentate gyrus/CA3. 
Thiss of course raises the question whether CA1 and subiculum are functionally equivalent or 
distinct.. Several observations suggest that the latter is the case. For example it appears that 
efferentt projections of subiculum are much more widespread than those of area CA 1. 
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Moreover,, single CA1 neurons may project to a variety of targets, whereas subiculum neurons 

preferentiallyy have a single target (see discussion chapter 2). There are physiological 

differencess between CA1 and subiculum as well. Most noticeably, in subiculum there is a 

relativelyy large population of bursting neurons, but these are not present in area CA1. Large 

differencess are also found with respect to the firing behavior of single CA1 and subiculum 

neuronss during behavioral tasks. CA1 pyramidal neurons fire in relation to the actual position 

off  the animal in the environment, i.e. they have 'place fields' (O'Keefe. 1979). If the animal is 

transferredd from one environment to another, new place fields develop. Subicular cells do 

havee location-related firing, but this is much less specific and they tend to generalize among 

environmentss (Sharp, 1999). This means that a subicular neuron that discharges when the 

animall  is in a particular location in the arena, it wil l discharge in a similar location in another 

arena.. Firing patterns of subicular and CA 1 neurons also differ during a delayed non-match to 

samplee (DNMS) task (Hampson et al., 2000). CA I neurons captured some task-relevant 

eventss (i.e. place and phase of the task), but they did not exhibit much activity during the 

delayy phase of the task, i.e. they did not hold information for longer times. Subicular neurons, 

however,, did exhibit delay-dependent activity, although they coded much less for task-

relevantt events. Remarkably, this behavior of subicular cells (i.e. the less specific location-

relatedd firing and generalization among environments, as well as the activity during a DNMS 

task)) is similar to that of entorhinal neurons (Frank et al.. 2000. Hampson et al., 2000, Quirk 

etal.,, 1992. Sharp, 1999. Suzuki et al.. 1997, Young et a l, 1997). 

Thesee data suggest that CA1 and subiculum exert different functions. A prominent 

pathway,, however, exists from CA1 to subiculum (Amaral et al., 1991). so that the two 

structuress strongly interact. It would be interesting to see what kind of interaction this is and 

whetherr it is dependent on behavior or modulatory input from serotonin, dopamine or 

acetylcholinee neurotransmitter systems. 

^^ Inter-lamina r  connections in the entorhinal cortex: interplay between the output 

Z*Z*  and input streams (chapters 3 & 4) 

Inn addition to the relay of information from the neocortex to the hippocampal formation 

andd back to the neocortex, the entorhinal cortex may mediate interaction between the input 

andd output streams by way of the connections between deep and superficial layers. In chapter 

3,, we demonstrated that stimulation of hippocampal output could indeed result in a response 

inn the superficial layers, which followed the population spike in deep layers. Moreover, 

blockingg the deep layer responses by local application of a glutamate receptor antagonist also 

abolishedd superficial layer responses, showing that this was indeed the result of inter-laminar 

connections. . 

Thee deep-to-superficial layer connections were described already in the early 20r 

centuryy by Ramon y Cajal (see pages 689-698 in Ramón y Cajal. 1955) and recent anatomical 
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Figuree 6.1 Two re-entrant loops in the hippocampal-entorhinai system. A short loop is defined by the 
connectionss between EC-HI, CAI/subiculum and EC-V. A long loop is defined by the connections between 
EC-II,, DG/CA3. CAl/subiculum and EC-V. Multiple parallel loops may be present as a consequence of 
segregationn due to the topographical organization of the input and output projections. 

studiess confirmed these projections (Dolorfo and Amaral. 1998b, Kohier. 1986. 1988. van 

Haeftenn et al., 2003). In a very recent study, it was demonstrated that these projections formed 

mainlyy excitatory contacts with both principal and interneurons in superficial layers (van 

Haeftenn et al.. 2003). 

Afterr repetitive stimulation of subiculum. delayed current sinks were found in CA1-

slmm and in DG-ml (chapter 4). This indicated that among the superficial layer neurons that 

weree recipients of deep layer inputs were those that also provided the input to the dentate 

gyruss and area CA1 (see also Bartesaghi and Gessi. 2003. Deadwyler et al.. 1975. Wu et al., 

1998).. Apparently, hippocampal output may re-enter hippocampal sub-fields via deep 

entorhinall  layers (see fig. 6.1). What could be the functional relevance of inter-laminar 

communicationn in the entorhinal cortex and subsequent re-entrance to the hippocampal 

formation?? As depicted in figure 6.1. the re-entrance pathways through layer II and III can be 

consideredd as part of a long and a short entorhinal-hippocampal-cntorhinal loop, respectively. 

Thee topographical organization of the connections in the entorhinal-hippocampal system (see 

chapterss 1 & 2) assures that these loops are functionally closed. Activity within such loops 

mayy circulate or reverberate and as such these circuits could act as dynamic information 

storess (Hebb. 1949). As already alluded to above, persistent activity was found in the 

entorhinall  cortex and subiculum during the delay phase of a delayed non-match to sample 
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taskk (Hampson et al., 2000, Suzuki et al., 1997, Young et al., 1997). According to 
Eichenbaumm and Cohen (2001), the sustained activity of neurons in the entorhinal cortex and 
otherr areas of the parahippocampal region indicate that these regions are buffering 
informationn that than can be used and manipulated by other structures (e.g. the hippocampal 
formation).. We may speculate that re-entrant circuits, e.g. the entorhinal-subiculum-entorhinal 
loop,, maintain the persistent activity. It should be noted that as CA1 does not show delay-
dependentt activity in the DNMS task (Hampson et al., 2000), the loops involving this area 
mightt not be involved in the generation of persistent activity. Also, other mechanisms may, 
eitherr alone or in combination with re-entrant circuits, support persistent activity (i.e see 
Egorovv et al., 2002). Up to date, however, there is no direct evidence that reverberation really 
takess place in behaving animals. 

Anotherr view on the function of the connections between hippocampal output and 
inputt via intra-entorhinal connections is that these connections could support the comparison 
off  hippocampally-processed information with new or buffered information in the entorhinal 
cortex.. In this way the circuit may act as a 'novelty detector' (Naber et al., 2000), signaling 
whenn a previously unknown stimulus arrives. In the model of Lorincz et al. (2000, 2002), the 
hippocampal-entorhinall  system is regarded as a 'novelty-detecting reconstruction network', 
whichh develops representations of series of events and is able to make predictions about 
ongoingg events based on these stored representations. In their model, the connection from 
entorhinall  layer V to layer II serves to compare the predicted output of the hippocampal 
formationn (arriving in layer V) and the actual neocortical input. Any deviation between the 
twoo inputs, they assume, leads to changes in the network to minimize this error. 

AA novel and interesting finding that we reported in chapter 4 is that the two re-entrance 
pathwayss (i.e. via layer II and III respectively) differed markedly in their sensitivity to 
anestheticc agents. Under urethane anesthesia both re-entrance pathways could be activated 
(chapterr 4), but under ketamine/xylazine (chapter 4) or sodium thiopental (Bartesaghi and 
Gessi,, 2003) only the re-entrance pathway to CAl-slm could be activated. It is difficult to see 
whatt single mechanism could explain these results. Synaptic responses of layer II stellate 
neuronss are controlled by both fast and slow GABAergic inhibitory potentials, which are 
usuallyy powerful enough to prevent the cells from discharging (Finch et al., 1988, Jones. 
1993,, 1994). This inhibition could explain the absence of re-entry via layer II to the dentate 
gyruss under sodium thiopental anesthesia, since this anesthetic is a barbiturate that enhances 
GABAergicc receptor function. Layer II basket cells are one type of interneuron that could 
exertt an inhibitory influence on layer II stellate neurons (Jones and Buhl, 1993, Wouterlood et 
al... 1995). These basket cells, however, receive a strong excitatory NMDA-receptor 
dependentt input (Jones and Buhl, 1993) and thus one would expect that under 
ketamine/xylazinee anesthesia, via the antagonistic properties of ketamine on NMDA-
receptors,, these interneurons would become less active what would result in disinhibition of 
layerr II cells, facilitating re-entrance into the dentate gyrus through layer II. In our 
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experiments,, however, we did not find support for this mechanism, since under 
ketamine/xylazinee anesthesia the re-entrance from layer II to the dentate gyrus is blocked. 
Thereforee we may hypothesize that a strong NMDA-receptor component affects preferentially 
thee transmission of information from deep layers to layer II, but not layer III , which may 
explainn the difference between the two re-entrance pathways under ketamine/xylazine 
anesthesia. . 

Thee finding that re-entrance pathways trough layer III and II are differentially 
influencedd by various anesthetic agents, may indicate that also under more physiological 
circumstancess activity in these pathways can be modulated separately. Several possible 
mechanismss for such modulation can be suggested. For example, it would be interesting to 
seee whether these pathways are modulated by behavior (e.g. slow-wave sleep, REM sleep, 
waking),, as was demonstrated for several pathways of the hippocampal formation (Winson 
andd Abzug, 1978). Such a behavioral modulation of synaptic transmission could also be 
mediatedd by sub-cortical inputs to the entorhinal cortex, which contain a variety of 
neuromodulatoryy substances (serotonin: Vertes et al., 1999; dopamine: Kohier et al., 1991; 
acetylcholine:: Alonso and Kohier, 1984; noradrenaline: Loughlin et al., 1982, Swanson et al., 
1987)) and which show a different amount of activation during specific periods of the sleep-
wakee cycle (see Pace-Schott and Hobson, 2002). Ample evidence exists that these 
neurotransmitterr systems may affect both the intrinsic membrane properties and synaptic 
inputss of entorhinal neurons (serotonin: Grunschlag et al., 1997, Schmitz et al., 1998a, 
Schmitzett al., 1998b, c, 1999; dopamine: Pralong and Jones, 1993, Stenkamp et al., 1998; 
acetylcholine:: Chapman and Racine, 1997, Cheong et al., 2001, Dickson and Alonso, 1997, 
Dicksonn et al., 2000, Fantie and Goddard, 1982, Mizumori et al., 1992, Richter et al., 1999, 
Robinsonn and Racine, 1986; noradrenaline: Assaf et al., 1979, Pralong and Magistretti, 1994, 
1995),, It is not yet clear, however, whether deep-to-superficial layer inputs are affected 
differentiallyy by these neurotransmitters. At a smaller time scale, we may speculate that the 
rhythmicc variation of membrane potential during waking and REM sleep (i.e. theta 
oscillations,, 4-12 Hz, Alonso and Garcia-Austt, 1987a) or during SWS (i.e. slow oscillations, 
chapterr 5) could influence the strength of deep-to-superficial projections. In this scenario, 
onlyy inputs arriving in deep entorhinal layers during a specific phase of these oscillations may 
bee transmitted to superficial layer neurons. In addition to the above-proposed mechanism, 
anotherr possible way to differentially recruit inter-laminar projections is by way of the 
frequencyy of inputs. Layer III neurons can be activated by low frequency inputs, but are 
stronglyy inhibited by high frequency inputs. In contrast, layer II neurons are silent during low 
frequencyy inputs and only start to fire at high frequency inputs (Gloveli et al., 1997, Jones, 
1995). . 
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^^ Spontaneous activity patterns reflecting hippocampal-entorhinal communication 

 (chapter  5) and the possible operation of the hippocampal memory system 

Ass pointed out in chapters 1 and 5, interactions between the hippocampal formation 

andd entorhinal cortex may lead to the transient formation of cell ensembles, and these may be 

studiedd by recording the action potentials of many neurons simultaneously (Deadwyler and 

Hampson,, 1997, Hampson et al., 2001, Kralik et al„  2001). However, spontaneously 

occurringg extra-cellular potential changes at the population level (i.e. oscillations and other 

masss potentials) may also reveal how the activity within and between brain structures is 

organizedd and coordinated. In the hippocampal-entorhinal system several activity patterns 

havee been identified, each characterized by their own site and mechanism of generation, by 

theirr relation to behavioral state (i.e. exploration, immobility, REM-sleep. SWS-sleep) and by 

theirr interactions with other activity patterns. Different functional roles during memory 

processess have been proposed for most of these activity patterns. 

Inn chapter 5, we investigated slow oscillations in the entorhinal-hippocampal system 

andd their relation to other activity patterns. Slow oscillations are a characteristic feature of the 

neocorticall  electroencephalogram in slow-wave sleep (Steriade et al., 1993a, b, Steriade, 

2000),, but few studies have looked at these oscillations in the hippocampal-entorhinal system 

(Collinss et al., 1999). We demonstrated that entorhinal and hippocampal slow oscillations 

weree locally generated. Sources were present in EC-II/I and neurons in all entorhinal layers 

weree found that fired in relation to the slow oscillations. In the hippocampal formation, slow 

oscillationss sources were located in CAl-slm and DG-gc, and these were coherent with the 

entorhinall  sources. Distinct relations were also found between the slow oscillations and 

entorhinall  sharp potentials and gamma activity. Sharp potentials were associated with current 

sinkss in deep and superficial entorhinal layers, possibly reflecting inter-laminar 

communicationn (see chapter 5). What could be the functional role of coordinated slow 

oscillationss and their relations to other patterns in the operation of entorhinal-hippocampal 

networkss in memory processes? Before attempting to answer this question. I wil l first briefly 

revieww one prevalent view of hippocampal operation. 

Thee two-stage model of memory trace formation (Buzsaki. 1989. 1996) states that 

memoryy traces are initially stored in the hippocampal network during active waking behavior. 

Duringg subsequent slow-wave sleep, the stored representations are spontaneously re-

expressedd in the hippocampal network and transmitted to cortical structures to facilitate long-

termm consolidation of the memory traces. Support for this theory is provided by 

electrophysiologicall  studies. First, the specific distribution of hippocampal-entorhinal activity 

patternss appears to indicate that information flow is hippocampal-petal during active waking 

andd hippocampal-fugal during slow-wave sleep (see theta/gamma oscillations in fig. 6.2A and 

sharpp waves/ripples in fig. 6.2B) (Buzsaki. 1996. Chrobak et al., 2000). 

Duringg active waking, theta oscillations (4-12 Hz) are present in the entorhinal cortex 

andd hippocampal formation (Buzsaki et al,. 1986. Buzsaki, 2002. Buzsaki et al.. 2003, 
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Chrobakk and Buzsaki, 1998, Frank et al., 2001, Jeffery et al., 1995, Leung. 1998, Mitchell and 
Ranck.. 1980), which are dependent on cholinergic and/or GABAergic inputs from the medial 
septumm (Asaka et al.. 2002, Bland and Bland, 1986, Dickson et al., 1994. Jeffery et al., 1995, 
Leee et al., 1994, Leung et al., 1994, Mitchell et al., 1982). Theta oscillation current sources in 
thee entorhinal cortex are localized in superficial layers and particularly neurons in layers II 
andd III discharge in relation to the theta oscillations (Alonso and Garcia-Austt. 1987a, b, 
Chrobakk and Buzsaki, 1998, Dickson et al., 1995, Stewart et al., 1992). In the hippocampal 
formation,, theta oscillations current sources are found in CAl-slm and in the dentate gyrus 
(Brankackk et al., 1993, Buzsaki et al., 1986), which both receive input from the entorhinal 
superficiall  layers {Dolorfo and Amaral, 1998a, Steward and Scoville, 1976). Associated with 
thee theta oscillations are fast gamma oscillations and related neuronal firing in entorhinal 
cortexx layer II (Chrobak and Buzsaki, 1998, Csicsvari et al., 2003, Leung, 1998), which drive 
gammaa oscillations in the dentate gyrus (Bragin et al., 1995) (fig. 6.2A). Theta oscillations are 
alsoo found in CAl-rad and CAl-pyr, presumable due to patterned inhibitory input from local 
interneuronss or the medial septum and excitatory inputs from CA3 (Buzsaki, 2002) {fig . 
6.2A).. In addition, gamma oscillations are present in CA1 and these may at least in part 
originatee in CA3 (fig. 6.2A) (Csicsvari et al., 2003). 

Duringg slow-wave sleep and awake immobility, the hippocampal system switches to a 
differentt mode of operation. Theta oscillations are not present and gamma oscillations are 
attenuated.. Instead, synchronous bursts, i.e. sharp waves and high frequency ripple activity, 
aree found in CA1 (Buzsaki, 1986, Buzsaki et al., 2003, Suzuki and Smith, 1987), presumably 
originatingg in CA3 (Csicsvari et al., 2000) (fig. 6.2B). These sharp waves are transmitted to 
thee entorhinal deep layers, but not to the superficial layers (Chrobak and Buzsaki, 1994) (fig. 
6.2B).. The alteration from cortico-hippocampal to hippocampal-cortical communications has 
beenn proposed to be mediated by the level of acetylcholine provided by septal inputs, since 
synapticc transmission along several pathways in the hippocampal formation are differentially 
influencedd by acetylcholine (Hasselmo, 1999). 

Thee presence of entorhinal cortex mediated theta/gamma oscillations in the HPF 
duringg waking and CA1 sharp waves during SWS, has been taken as evidence supporting 
Buzsaki'ss two-stage model. Another line of evidence that supports the two-stage model is the 
findingg that experience-specific neuronal ensemble activity is reactivated during subsequent 
slow-wavee sleep (Kudrimoti et al.. 1999. Nadasdy et al., 1999. Shen et al. 1998. Wilson and 
McNaughton.. 1994). Reactivation mat also occur in neocortical areas in coordination with the 
hippocampall  formation (Hoffman and McNaughton. 2002. Sutherland and McNaughton, 
2000).. Whether and how the re-expressed neuronal ensemble activity is involved in the actual 
memoryy consolidation process is however not yet clear. In summary, Buzsaki's two-stage 
modell  states that sensory information is relayed to the hippocampal formation via the 
entorhinall  cortex. The new experiences are recorded in the hippocampal networks. During 
slow-wavee sleep, the hippocampal formation switches to playback mode and stored memory 
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Figuree 6.2 Overview of the areas in the hippocampal formation and the entorhinal cortex that are engaged in 
spontaneouss activity patterns during waking (A) and slow-wave sleep (B). For each activity patterns (i.e. 
thetaa oscillations, gamma oscillations, slow oscillations, sharp potentials and sharp waves/ripples) a separate 
schemescheme is presented. Orange colors indicate activities present in the entorhinal cortex and/or those that may 
bee transmitted from the entorhinal cortex to the hippocampal formation. Blue colors indicate activities 
generatedd in the hippocampal formation and which may be transmitted to the entorhinal cortex. Darker colors 
representt more robust activation. Arrows indicate the possible pathways involved in the communication 
betweenn the entorhinal cortex and hippocampal formation during the spontaneous activity patterns. Dashed 
arrows,, which are marked by a question mark, indicate pathways that are possibly involved in the 
hippocampal-entorhinall  communication during the activity patterns, but no conclusive data exist as yet. The 
generationn of theta oscillations in the hippocampal formation and entorhinal cortex critically depends on 
inputss from the medial septum (MS), as indicated in A. 
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tracess are played back, presumably during sharp waves, and 'broadcast' to the neocortex for 
long-termm storage (i.e. consolidation). 

Returningg to the question posed above: how do the slow oscillations, sharp potentials 
andd gamma activity that are present in the anesthetized state (chapter 5), assuming that they 
aree akin to those encountered during natural sleep, fit in this emergent picture of hippocampal 
operation?? We noted in chapter 5 that slow oscillations are coherent between the entorhinal 
cortexx and the hippocampal formation. It is possible that the hippocampal slow oscillations 
aree mediated by the entorhinal-hippocampal projections. However, slow oscillations in CA1-
slmm showed a phase-lead relative to entorhinal slow oscillations, which would suggest that the 
sloww oscillations would flow from CA1 to EC. A phase-relation of an oscillation with a 
narroww spectral peak such as the slow oscillation, however, cannot be simply translated into a 
time-delay,, since phase shifts depend on several components in addition to transmission 
delayss (Boeijinga and Lopes da Silva, 1989). Thus, our data do show that slow oscillations are 
coherentlyy present in the hippocampal formation and entorhinal cortex, but at the moment it is 
stilll  unclear how exactly the slow oscillations flow between these structures. 

Concerningg the entorhinal sharp potential, the available data (chapter 5, Pare et al., 
1995)) allows us to conclude that the direction of information flow during sharp potentials is 
fromm the entorhinal cortex to the hippocampal formation, unlike the sharp wave/ripple events 
(fig.. 6.2B). It is also possible that the deep-to-superficial projection in the entorhinal cortex 
contributee to the generation of sharp potentials (chapter 5). 

Evenn though gamma oscillations appear to be attenuated during slow-wave sleep, as 
mentionedd above, they are not completely abolished. In chapter 5 we reported that gamma 
oscillationss were present in entorhinal layer II and the dentate gyrus under ketamine/xylazine 
anesthesiaa and are likely transmitted from the entorhinal cortex to the dentate gyrus. Unlike in 
thee behaving rat, however, gamma oscillations were not found in area CA1. 

Inn summary, it appears that information flow during states characterized by slow 
oscillationss is not limited to the direction of hippocampal formation to (entorhinal) cortex. In 
addition,, during theta oscillation states, information flow may also be opposite to what the 
modell  states, since a proportion of entorhinal deep layer neurons do fire in relation to the theta 
oscillationn (Alonso and Garcia-Austt, 1987b, Dickson et al., 1995, Frank et al., 2001), 
possiblyy mediated by inputs from CA1 and subiculum. Does this mean that the model is not 
valid?? Not necessarily. It is unlikely that the hippocampal formation is just replaying 
previouslyy stored memory traces, regardless of what is happening in other cortical areas. 
Ratherr coordination of activities will presumably be required for successful consolidation of 
memoryy traces. Thus it may be proposed that the slow oscillation, sharp potentials and gamma 
oscillationss provide the mechanisms to coordinate the hippocampal and cortical activities at 
shortt and long time scales during memory processes. 
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Nederlandsee samenvatting 

ACHTERGRONDD EN DOEL VAN HET ONDERZOEK 

Dee hersenen vormen een complex orgaan waarvan het tot op heden een mysterie is hoe 
hett precies functioneert. Het enorme aantal zenuwcellen ('neuronen') en een veelvoud aan 
verbindingenn tussen deze cellen zijn de basis voor een diversiteit aan neuronale netwerken en 
systemenn die de cognitieve functies van de hersenen mogelijk maken. 

Onzee hersenen geven ons het vermogen om ervaringen te onthouden en ook om nieuwe 
vaardighedenn aan te leren. Dit geheugen stelt ons in staat om voorspellingen te maken over 
watt er zal gebeuren in de (nabije) toekomst in bepaalde situaties, zodat vervolgens een 
passendee actie kan worden ondernomen. 

Delenn van de hersenen die belangrijk worden beschouwd voor declaratief geheugen, 
d.w.z.. herinneringen aan gebeurtenissen en kennis van feiten, vormen tezamen het 
zogenaamdee 'hippocampale geheugen systeem'. Dit systeem omvat zowel de hippocampale 
formatiee (bestaande uit de gebieden: dentate gyrus, CA3, CAI en subiculum) en de vlakbij 
gelegenn parahippocampale regio (bestaande uit de gebieden: ento-, peri- en postrhinale cortex, 
pre-- en parasubiculum). Hoe functioneren deze hersengebieden ten einde de opslag en het 
weerr ophalen van herinneringen mogelijk te maken? 

Inn dit proefschrift heb ik mij voornamelijk geconcentreerd op de entorhinale cortex en 
dee interacties van de entorhinale cortex met de gebieden in de hippocampal formatie. Het is al 
langee tijd bekend dat de entorhinale cortex en de hippocampale formatie sterk met elkaar 
verbondenn zijn. In feite is de entorhinale cortex de voornaamste toegangspoort voor 
zintuiglijkee informatie die vanuit de neocortex de hippocampale formatie bereikt. Verwerkte 
informatiee die de hippocampale formatie verlaat via CAI en subiculum wordt teruggezonden 
naarr de neocortex, hoofdzakelijk via de entorhinale cortex. Dit tweerichtingsverkeer tussen de 
hippocampall  formatie en de entorhinal cortex is essentieel voor geheugenprocessen. 

Dee studies beschreven in de hoofdstukken 2-6 zijn uitgevoerd om de interacties tussen 
dee entorhinale cortex en de hippocampale formatie èn tussen verschillende groepen neuronen 
binnenn de entorhinale cortex beter in kaart te brengen. Hiervoor werd gebruik gemaakt van 
zowell  anatomische als elektrofysiologische technieken in een diermodel, de rat. Het 
onderzoekk spitste zich toe op de aanwezigheid van mogelijke 're-entrant circuits', d.w.z 
circuitss waar de informatie terug kan keren op de plek waar het vandaan kwam, met als doel 
zowell  de anatomische specificiteit alsook de functionaliteit van deze circuits te onthullen. 

SAMENVATTINGG VAN DE RESULTATEN 

Veell  is bekend over de organisatie van de verbindingen die lopen van de entorhinale 
cortexx naar de verschillende gebieden in de hippocampale formatie. Zoals elk corticaal gebied 
bestaatt de entorhinale cortex uit verschillende lagen, en alleen neuronen in de oppervlakkige 
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lagenn (i.e. laag II en III ) projecteren naar de hippocampale formatie, nl. naar de dentate gyrus 
enn CA3 (laag II) en naar CAI en subiculum (laag III) . Deze verbindingen vertonen en 
specifiekee topografie, d.w.z. dat de locatie van de cellen in the entorhinal cortex bepaalt naar 
welkk deel van de hippocampale formatie subgebieden het projecteert (dit is samengevat in 
figuurr 1.3B in hoofdstuk 1). 

Minderr is bekend over de projecties van CAI en subiculum naar de entorhinale cortex. 
Inn hoofdstuk 2 hebben we met behulp van een anatomische tracer studie laten zien dat het 
subiculumm voornamelijk projecteert naar de diepe lagen van de entorhinale cortex (i.e. laag V 
enn VI) en in veel mindere mate naar de oppervlakkige lagen, wat in overeenstemming is met 
voorgaandee studies. De resultaten lieten ook zien dat deze verbindingen een topografie 
vertonen,, die overeenkomt met de topografie van de omgekeerde projecties (i.e. van de 
entorhinalee cortex naar subiculum). Deze resultaten suggereren, in combinatie met wat 
bekendd is over de topografische organisatie van andere verbindingen in het hippocampale-
entorhinalee systeem, dat er verschillende informatie stromen relatief gescheiden verwerkt 
wordenn in de entorhinal cortex en hippocampale formatie. Het feit dat informatie terug kan 
kerenn in de entorhinal cortex op de plek waaruit het eerder ontsprong, zou in principe de basis 
kunnenn vormen voor meerdere 're-entrant circuits' (zoals aangeven in figuur 6.1 in hoofdstuk 
6).. Een belangrijk punt hierbij is dat er in de entorhinale cortex een scheiding lijk t te bestaan 
tussenn cellen die projecteren naar de hippocampal formatie (nl. de oppervlakkige lagen) en de 
cellenn die informatie ontvangen van CAI en subiculum (nl. de diepe lagen). Recente 
anatomischee studies hebben echter aangegeven dat er verbindingen bestaan tussen diepe en 
oppervlakkigee lagen die een essentiële link vormen voor 're-entrant circuits'. 

Inn een tweede studie hebben we de elektrofysiologische eigenschappen van de 
subiculum-entorhinalee cortex verbinding in meer detail geanalyseerd (hoofdstuk 3). Hierbij 
hebbenn we gekeken naar de activiteit van populaties van neuronen en van enkele neuronen in 
reactiee op een elektrische stimulus in het subiculum. De resultaten van deze studie lieten 
duidelijkk zien dat neuronen in de diepe lagen van de entorhinale cortex geactiveerd worden en 
actiee potentialen vuren na subiculum stimulatie, hetgeen overeenkomt met de anatomie. Een 
interessantee bevinding was dat deze actie potentialen zich ook leken te verspreiden naar de 
oppervlakkigg gelegen apicale dendrieten van diepe laag neuronen ('backpropagation'). Actie 
potentialenn in de dendrieten worden meestal geassocieerd met het fenomeen van synaptische 
plasticiteit.. Het is dus mogelijk dat de sterkte van de synapsen op de apicale dendrieten van 
diepee laag neuronen verandert als ze actief zijn op het moment dat deze neuronen actie 
potentialenn vuren in reactie op prikkels vanuit de hippocampal formatie. Op deze manier kan 
eenn associatie tussen de twee verschillende inputs worden gevormd. 

Dee resultaten beschreven in hoofdstuk 3 lieten niet alleen zien dat stimulatie van 
subiculumm neuronen in diepe lagen activeerde, maar ook dat neuronen in laag III reageerden. 
Dezee activiteit was vertraagd ten opzichte van de respons in diepe lagen en verdween als de 
allee neuronale activiteit in diep lagen werd geblokkeerd. Dit toonde aan dat prikkels vanuit de 
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hippocampall  formatie in principe neuronen in oppervlakkige lagen in de entorhinale cortex 
kunnenn activeren met de diepe lagen als tussenstation. Met andere woorden, we hebben hier 
eenn functionele diep-naar-oppervlakkige verbinding in de entorhinale cortex aangetoond. Zijn 
dee geactiveerde neuronen in de oppervlakkige lagen ook de neuronen die naar de 
hippocampalee formatie projecteren? Is dit circuit daadwerkelijk een functioneel 're-entrant 
circuit'?? Om dit te onderzoeken hebben we tegelijkertijd de activiteit gemeten van populaties 
vann neuronen in de entorhinale cortex, CAI en dentate gyrus (hoofdstuk 4). Een enkele 
stimulatiee van hippocampale formatie output naar de entorhinale cortex gaf geen indicatie van 
're-entrance'.. Echter, als we subiculum meerdere keren met een kort interval stimuleerden, 
dann vonden we dat entorhinale cortex responsen waren versterkt, wat uiteindelijk leidde tot 
hett simultaan vuren van oppervlakkige laag cellen. Tegelijkertijd, ontwikkelden zich 
responsenn in CAI en dentate gyrus, waarvan de locatie en timing overeenkomt met wat we 
zoudenn verwachten op basis van de 're-entrance' hypothese. 

Blijkbaarr kunnen prikkels vanuit de hippocampal formatie inderdaad de cellen in de 
entorhinalee cortex activeren die projecteren naar de hippocampale formatie. Dit betekent dat 
nieuwee informatie die vanuit de neocortex binnenkomt in de oppervlakkige lagen van de 
entorhinall  cortex kan worden geïntegreerd met verwerkte informatie afkomstig van de 
hippocampalee formatie. Op die manier is vergelijking tussen deze twee informatie stromen 
mogelijk.. Wat precies wordt vergeleken en wat de resultaten zijn van zo'n vergelijking is 
echterr niet duidelijk. In theorie zou een 're-entrant circuit' zoals hierboven beschreven een 
mechanismee kunnen bieden voor de generatie en in stand houden van persistente activiteit 
('reverberatie').. Persistente activiteit wordt gezien als een manier om dynamisch informatie 
opp te slaan, zoals bijvoorbeeld is gesuggereerd voor het werkgeheugen. Of reverberatie van 
activiteitt ook daadwerkelijk plaatsvindt onder normale fysiologische omstandigheden is 
echterr nog niet aangetoond. 

Dee resultaten beschreven in hoofdstuk 4 lieten zien dat signalen die op 're-entrance* 
duidenn zowel in CAI en de dentate gyrus optraden. Dit betekent dat de projecties van 
entorhinalee cortex diepe lagen eindigen op neuronen in zowel laag III en laag II. Deze twee 
routess waren echter verschillend gemoduleerd door het type anesthesie dat werd gebruikt. Zo 
wass 're-entrance' in CAI te zien onder zowel ketamine/xylazine en urethaan anesthesie. 'Re-
entrance'' in de dentate gyrus was echter alleen te zien onder urethaan anesthesie. Onze 
resultatenn geven geen directe aanwijzing over een mogelijk mechanisme dat verantwoordelijk 
iss voor het verschil in gevoeligheid van de twee 're-entrance' routes voor ketamine/xylazine 
enn urethaan. Desalniettemin wijst dit resultaat er mogelijk op dat de twee routes differentieel 
gemoduleerdd kunnen worden en dat afhankelijk van bijvoorbeeld de gedragstoestand de ene 
routee actiever is dan de andere route. 

Alhoewell  stimulatie van het subiculum waardevolle informatie kan geven over de 
interactiee tussen de entorhinale cortex en de hippocampale formatie, is het onwaarschijnlijk 
datt een vergelijkbare massale activatie plaatsvindt onder normale fysiologische 
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omstandigheden.. Daarom hebben we in hoofdstuk 5 gekeken naar de spontane activiteit die te 
metenn is in de entorhinale cortex en de hippocampale formatie. In voorgaande studies zijn 
verschillendee oscillaties en andere activiteitspatronen beschreven, elk gekarakteriseerd door 
dee locatie waar ze kunnen worden gemeten, het mechanisme waardoor ze worden 
gegenereerd,, hun relatie met de gedragstoestand (i.e. exploratie, immobiliteit, REM-slaap, 
SWS-slaap)) en door de interacties met andere activiteitspatronen. 

Eénn van de oscillaties die kunnen worden gevonden tijdens slaap en ook onder 
anesthesie,, is een laag frequente oscillatie (~1 Hz, 'slow oscillation'). Deze slow oscillation is 
beschrevenn in de neocortex, maar weinig is bekend over slow oscillations in de hippocampale 
formatiee en entorhinale cortex. We vonden in de studie beschreven in hoofdstuk 5 zowel in de 
oppervlakkigee lagen van de entorhinale cortex alsook in CAI en de dentate gyrus lokaal 
gegenereerdee slow oscillations. Ook ontdekten we dat neuronen in alle lagen van de 
entorhinalee cortex actie potentialen vuren in fase met de slow oscillation. De slow oscillations 
inn de entorhinale cortex waren coherent met de slow oscillations in de hippocampale formatie, 
alhoewell  we op basis van onze resultaten geen definitieve conclusie kunnen trekken over de 
richtingg van de communicatie tussen de entorhinal cortex and hippocampale formatie tijdens 
dee slow oscillation. De slow oscillations in de entorhinal cortex vertoonden een relatief sterke 
relatiee met andere activiteitspatronen in de entorhinale cortex, zoals 'sharp potentials' en hoog 
frequentee gamma oscillaties. De relatie met 'sharp waves' in CAI was echter minder 
overtuigend. . 

Volgenss één theorie wordt informatie opgeslagen in the hippocampale formatie opnieuw 
afgespeeldd tijdens de fase van slaap waarin de slow oscillations voorkomen. Op die manier 
zoudenn deze 'geheugens' worden opgeslagen in de neocortex ('consolidatie'). De 'sharp 
waves'' in CAI zouden een fysiologische expressie kunnen zijn van dit proces. Tijdens 
dezelfdee fase van slaap, echter, zijn andere activiteitspatronen aanwezig, zoals de slow 
oscillation,, sharp potentials en gamma oscillaties. Wat zou de rol van deze activiteiten in 
geheugenprocessenn tijdens slaap kunnen zijn? Een antwoord is moeilijk te geven op dit 
momentt en het is duidelijk dat meer studies benodigd zijn. We kunnen echter speculeren dat 
dezee activiteitspatronen een mechanisme verschaffen om de activiteit in de hippocampale 
formatiee and andere corticale gebieden te coördineren tijdens de geheugenprocessen die 
plaatsvindenn tijdens slaap, zowel op korte en lange tijdschaal. 

CONCLUSIE E 

Hett onderzoek beschreven in dit proefschrift heeft geleid tot een aantal duidelijke 
resultatenn die laten zien dat de entorhinale cortex meer is dan alleen maar een doorgeefluik 
vann neocorticale informatie naar de hippocampal formatie en andersom. De diep-naar-
oppervlakkigee connecties in de entorhinale cortex geven de mogelijkheid om beide informatie 
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stromenn te integreren. Deze integratie gebeurt op een anatomisch specifieke wijze, gedicteerd 
doorr de topografie van de projecties tussen de entorhinale cortex en de hippocampale 
formatie.. De twee parallele 're-entrant circuits' die zo worden gevormd, de een via laag III 
naarr CAI en de ander via laag II naar de dentate gyrus, zijn mogelijkerwijs functioneel 
verschillend.. Toekomstige studies zullen moeten onthullen wat precies de rol is van de 're-
entrantt circuits' in geheugenprocessen, hoe ze gereguleerd worden en wat de functionele 
betekeniss is van de diverse oscillaties en andere activiteitspatronen in het hippocampale-
entorhinalee circuit. 
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Dankwoord d 

Dee afgelopen jaren heb ik, zowel op de UvA en de VU, met plezier kunnen werken aan 
hett onderzoek zoals het in de voorgaande hoofdstukken beschreven staat. De drie personen 
aann wie ik wel de meeste dank verschuldigd ben zijn, niet verwonderlijk, mijn promotores 
Fernandoo Lopes da Silva en Menno Witter en mijn co-promotor Theo van Haeften. Zij gaven 
mee de ruimte om de experimenten en analyses te doen die ik wilde doen en ze gaven me de 
adviezenn en stimulans om verder te gaan. 

Fernando,, de overleggen die wij voerden waren altijd inspirerend en animerend, maar 
ookk een les in kritische analyse van de data. Naarmate de deadline van de promotie naderde 
(enn ook nadat verscheidene deadlines verstreken waren), hadden we vaker overleg en we 
hebbenn meerdere malen geconcludeerd dat we beide zeer kritisch zijn, af en toe een beetje 
halsstarrigg (is niet zelfs een keer het woord neurotisch gevallen'?), maar altijd op zoek naar de 
juistee antwoorden, de beste oplossingen en meer manieren om het meeste uit de data te halen. 
Bedanktt voor de zeer leerzame momenten en de plezierige samenwerking. 

Theo,, de wijze waarop je mij in de eerste twee jaar van mijn promotie hebt ingewijd in 
dee wereld van de entorhinale cortex en hebt geholpen bij de eerste serie van 
elektrofysiologischee experimenten, heb ik zeer gewaardeerd. Jammer genoeg konden we de 
samenwerkingg niet tot het eind voortzetten, maar ik heb het erg op prijs gesteld datje wel tot 
hett laatste moment betrokken wilde blijven bij het onderzoek en mijn manuscripten hebt 
willenn becommentariëren. 

Menno,, ik wil jou voornamelijk bedanken voor het anatomische deel van mijn 
proefschrift.. De tijd die je hebt gestoken in de afronding van hoofdstuk 2, het lezen en 
verbeterenn van de andere manuscripten en de karakterisering van de met neurobiotine 
gelabeldee cellen in de entorhinale cortex. Maar ook bedankt voor de informatieve discussies 
overr de meer algemene werking van het hippocampale geheugen systeem. 

Uiteraardd zijn er ook andere personen die, direct of indirect, in meer of mindere mate, 
opp het wetenschappelijk vlak of niet, een bijdrage hebben geleverd aan het tot stand komen 
vann mijn proefschrift. Dus ik wil bedanken (in bijna willekeurige volgorde): 

 commissie leden, niet alleen omdat ze het manuscript kritisch hebben doorgelezen en 
positieff  hebben beoordeeld, maar vooral omdat ze dat binnen de korte tijd hebben gedaan die 
ikk hen daarvoor openliet. «Mijn ex-kamergenoten, Miriam, Erik, Else en Jan, voor de 
noodzakelijkee afleiding. 'Jan Gorter, voorde adviezen en (soms licht cynische) gesprekken. 
Ikk hoop dat die ene succesvolle implantatie van de 16-kanaal elektrode nog navolging zal 
krijgen.. »Erwin voor je hulp in het lab. »Wim voor de boeiende gesprekken, de inside 
informatiee die je altijd wist te geven en voor het mij laten uitproberen van de microdialyse 
techniek.. «Iedereen die mij de gelegenheid heeft gegeven om hun computer problemen op te 
lossenn (Wim, je was niet de enige hoor!).  Olkowicz. thanks for helping me to collect 
somee of the single unit data. *De dierverzorgers. 'Stan Leung, thanks for introducing me to 
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thee technique of in vivo field potential recording and current source density analysis. Without 
thee knowledge I gained in your lab the present studies would have been much more difficult. 

 Dickson, thank you for demonstrating the technique of juxta-cellular labeling. 
 bedankt voor je (technische) adviezen en je interesse. Helaas heb ik de geavanceerde 

koelwater-installatiee die je voor me hebt gebouwd nooit kunnen gebruiken. Trouwens, 
wanneerr is de volgende 'werkvakantie' gepland? Er liggen immers nog vele bytes aan data te 
wachtenn op analyse...  Goede en Evelien Timmermans-Huisman, bedankt voor julli e 
hulpp bij de histologie en reconstructie van de neurobiotine gelabelde cellen. mFloris 

WouterloodWouterlood *De secretariaten op de UvA en VU.  'Els Borghols bedankt voor 
hett versturen van mijn proefschrift naar de commissie zo vlak voor je vakantie. 'Alle AIO 's op 

dede UvA-neurbiologie en Vbr-anatomie/biologie (iedereen succes gewenst met de afronding 
vann hun eigen proefschrift). »De werkplaats. 'Barbara and Stefano, thanks for inviting me for 
dinnerr occasionally, I enjoyed the pleasant conversations; 1 hope to see you both in the US 
somee time soon. 'De fotografen op de VU. »Mijn paranimfen, Else en Christiaan, bedankt 
voorr alles wat julli e al hebben gedaan en nog zullen regelen voor mijn promotie terwijl ik 
(comfortabel)) in Cambridge zit. Beide ook veel sterkte gewenst bij het afronden van julli e 
proefschriftt / studie. «Iedereen die zijn/haar naam niet in deze lijst vindt, maar wel meent een 
substantiëlee bijdrage te hebben geleverd: bij deze bedankt. «En last but not least, wil ik mijn 

ouders,ouders, broers en zus bedanken voor de interesse, het begrip en de ondersteuning die ze me 
hebbenn geboden tijdens de afgelopen jaren en ongetwijfeld ook in de komende jaren zullen 
bieden. . 

Fabian. . 
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