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ABSTRACT

The intrinsic connectivity of the hippocampus in the rat was studied using the
retrograde tracers Fast Blue and rhodamine microspheres. In an initial double-labelling
study the bilateral labelling within the CA3 field was observed following injection of
the two dyes into homologous regions in the two CAl fields. The labelling in the
contralateral CA3 field was found to be identical both in distribution and in density to
that observed in ipsilateral CA3, suggesting that the CA3-CA1 projection is bilaterally
symmetrical. The observation that nearly 100% of backfilled cells were double-labelled
indicates that homologous regions in the two CA1 fields receive information from the
same cells in CA3, which indicates that the two CA1 fields act as one functional unit.
Evidence for the existence of a sparse association/commissural system within CA1 was
provided by the presence of a small number of labelled cells in the contralateral CAl
field.

The topographic organization of the CA3-CA1 projection was studied following
a series of injections of the two dyes into different locations across the extent of the
CALl field. In this experiment a new technique for the injections of tracers into the
hippocampus was introduced, in which a microelectrode positioned adjacent to the tip
of the injection pipette was used to record neuronal activity during the operation. This
allowed the complex spike firing of hippocampal cells to be used as a marker for the
dorsoventral location of the injection, thus greatly improving the accuracy of the
injections.

An analysis of the labelling in the extended hippocampus reveals that
projections to CA1 arise from bands of cells organized diagonally across the CA3 field.
The CA3-CALl projection was topographically organized in the septotemporal plane,

with progressively more temporal parts of CA1 receiving inputs from bands located



more temporally in CA3. Further analysis showed that cells positioned along a diagonal
axis in CA1l were found to receive fibres from the same band of cells in CA3, and that
this "CA1 axis" is similar to the axis of the diagonal bands in CA3. It therefore appears
that the CA3-CAl projection is organized in a diagonal fashion across the
septotemporal length of the hippocampus both in terms of projecting and recipient
cells.

A number of injections was also placed into the CA3 field in order to study the
CA3 association projection. In these cases the pattern of labelling in the CA3 field in
the extended hippocampus was organized parallel to the septotemporal axis, and was
topographically organized such that any given region in CA3 preferentially received
fibres from cells located along the same transverse segment of CA3. These findings
support the notion that the CA3 association pathway interconnects cells spread over
a large fraction of the septotemporal extent of CA3.

Preliminary data concerning the organization of the projection from the dentate
gyrus to CA3 were collected following an injection of biocytin into the dentate gyrus.
Additional data was taken from 3 animals in which rhodamine microspheres were
found to be transported anterogradely along the mossy fibres in a previously
unreported fashion. In all cases the projection was organized orthogonal to the
septotemporal axis for most of the its length, with a shift in trajectory in proximal CA3
in the temporal direction.

These results show that these three intrahippocampal pathways are angled with
respect to each other, thus forming a lattice framework of connections similar to the
‘crossing fibre arrays' described by Tamamaki and Nojyo (1991a). Each pathway
displays a specific directionality which, in contrast to the original lamellar hypothesis,
allows the spread of information across all parts of the hippocampus.

A double-labelling technique was used to assess the nature of the projections



from the entorhinal cortex to the CA3 and CA1 fields. The entorhinal-CA3 pathway is
topographically organized such that caudal parts of the entorhinal cortex project
preferentially to septal parts of the CA3 field, whereas rostral parts innervate cells in
temporal CA3. Labelling was almost exclusively restricted to cells in layer II. The
projections from medial and lateral parts of the entorhinal cortex are organized
separately, confirming the subdivision of the entorhinal projection into two
components. A comparison of these results with those of Ruth et al. (1982, 1988) reveals
a marked similarity with the organization of the perforant path input to the dentate
gyrus, which suggests that the entorhinal projections to the dentate gyrus and to CA3
may in fact represent a single pathway.

In contrast, the projection to CAl does not appear to show any form of
topographical organization. Injections across the CAl field invariably produced
labelling which was restricted to the region around the rhinal fissure at the dorsolateral
edge of the entorhinal cortex. This labelling extended along the entire rostrocaudal
extent of the entorhinal cortex and mainly involved layer III cells. The specificity of this
projection provides some argument for the consideration of this region as a separate

functional entity from the remainder of the entorhinal cortex.



INTRODUCTION

"At the base of these ventricles, which face inward toward the median line, an elevation
of white substances rises up and, as it were, grows there. This is raised up from the inferior
surface like an appendage, and is continuous with the psalloid body, or lyra. In its length it
extends toward the anterior parts and the front of the brain, and is provided with a flexuous
figure of varying thickness. This recalls the image of a Hippocampus, that is, of a little sea-
horse."

Arantius 1587

The end of the nineteenth century and the beginning of the twentieth witnessed
the release of a number of studies on the anatomy of the hippocampus based on the
Golgi technique, culminating in the publication in 1934 of a paper by Lorente de No,
in which he expanded on the work of his predecessors to produce a treatise containing
details of hippocampal structure, cell types and pathways, in addition to a proposal for
the division of the hippocampus into various anatomically distinct fields.

The implication of a role for the hippocampus in memory function, as suggested
by the findings of Scoville and Milner in 1957, prompted further research into the
anatomy of this structure, which resulted in the generation of a considerable body of
data describing the various extra- and intrahippocampal pathways. In 1971, using
electrophysiological techniques to assess connectivity, Andersen and his co-workers put
forward a lamellar hypothesis of the functional anatomy of the hippocampus, in which
the hippocampus is portrayed as being composed of a series of individually functioning
units oriented perpendicular, or "transverse', to the septotemporal axis of the
hippocampus. Incoming information from the entorhinal cortex is believed to be

segregated into the various units or "lamellae", which subsequently relays the



information to the subicular complex after processing through the intrahippocampal
trisynaptic pathway, the individual components of which are uniformly arranged along
the transverse axis of the hippocampus.

A number of subsequent anatomical studies, including those of Hjorth-Simonsen
(1973), Swanson et al. (1978) and Laurberg (1979), revealed a degree of septotemporal
divergence within the intrahippocampal projections which was not concurrent with the
lamellar hypothesis. In 1989, Amaral and Witter published a critique of the theory in
which the findings of these earlier studies, along with data from their own experiments
using the anterograde tracer PHA-L, were marshalled as evidence that the
intrahippocampal pathways, with the exception of the mossy fibre projection, are not
organized in a lamellar fashion.

Two recent papers also addressed this issue: in the first of these, Ishizuka et al.
(1990) used both extracellular and intracellular anterograde tracing techniques to assess
the CA3-CAl and CA3-CA3 projections. Both projections were topographically
organized in the three dimensions of the hippocampus, and exhibited a degree of
divergence which conflicted with the concept of lamellar organization within these
pathways. In direct contrast, the report of Tamamaki and Nojyo (1991a), in which the
trajectories of the various intrahippocampal projections were reconstructed in three
dimensions following intracellular injections of HRP, concluded that each projection
was indeed organized in a lamellar fashion, although in a manner different to that
suggested by Andersen et al. (1971) in that the lamellae of the various pathways were
aligned at angles to one another, to create an array of crossing fibres within the
hippocampus.

Other studies have called into question the validity of the "trisynaptic circuit"
as a model of information processing within the hippocampal formation. Two key

principles underpin this theory of hippocampal circuitry. The first emphasises the serial
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nature of the connections: information is transmitted from the entorhinal cortex to the
dentate gyrus, and thence to the CA3 field, which in turn projects to CA1. The integrity
of this circuit is maintained by the absence of any additional functional connections: for
example, the dentate gyrus is held to be the sole recipient of inputs from the entorhinal
cortex, and in turn projects only to CA3. The second principle concerns the
unidirectionality of the circuitry: no feedback connections, either excitatory or inhibitory
in nature, are believed to exist between the fields of the hippocampus.

While the latter principle has received confirmation from subsequent studies,
some evidence exists to suggest that additional "bypass" connections may influence the
pattern of processing in the hippocampus. Several studies have demonstrated the
presence of direct projections from the entorhinal cortex to CA3 and to CA1, bypassing
the mossy fibre and Schaffer collateral systems respectively (Steward 1976; Steward and
Scoville 1976; Witter et al. 1988).

In this dissertation the retrogradely-transported fluorescent tracers, Fast Blue
and rhodamine microspheres, are used to assess the intrahippocampal pathways in
three separate experiments. Experiment I addresses the issue of interhemispheric
connectivity between the two hippocampi by examining the relative natures of the
ipsilateral and contralateral projections from CA3 to CAl and by comparing the
distribution of projections to homologous regions in the two CA1 fields.

In Experiment II the lamellar theory of hippocampal organization is examined,
with a particular emphasis on the topographical organization of the CA3-CA1 pathway.
In this experiment, the hippocampus is dissected and extended in order to allow
visualization of the pattern of projection along the septotemporal axis of the
hippocampus. These data are supplemented by additional information taken from
injections into the CA3 field itself (providing information on the CA3 association

projection) and into the lateral septal nucleus, thus enabling a comparison of the
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organizations of three major efferent systems of the CA3 field. In the final section of
Experiment II, the CA3-CA1 and CA3-CA3 projections are compared with the results
of anterograde tracing studies on the mossy fibre projection from the dentate gyrus to
CA3.

Experiment III assesses the validity of the trisynaptic circuit as a suitable model
following an exploration of the nature of the projections from the entorhinal cortex to
the CA3 and CAL1 fields. In addition to examining the topographic organizations of the
two projections, the double labelling technique employed in this study provides a
means of comparing the distributions in the entorhinal cortex of the cells of origin of

the two pathways.

In order to provide a background to the experiments performed in this study,
a review of the current understanding of the anatomy of the hippocampal formation
is provided in Section 1 of this dissertation. A description of each of the subdivisions
of the hippocampal formation, and of the connections between the subdivisions, is
included in this review. In addition Section 1 provides an overview of the various
afferent and efferent connections between the hippocampal formation and other brain
structures.

The experiments themselves are described in detail in Section 2 of this
dissertation. Following an account of the Materials and Methods employed, the results
of each experiment are outlined separately, and precede in turn a general discussion

of the findings from this study.
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1. THE HIPPOCAMPUS PROPER

1.1. STRUCTURE

Within the brain, the hippocampus lies as a sausage-shaped structure beneath
the cortical mantle. Developmentally, the hippocampus ranks alongside the allocortical
olfactory cortex, periallocortical entorhinal and cingulate cortex, and the septal nuclei
as the phlogenetically oldest structures in the mammalian telencephalon.

The hippocampus proper consists of the three-layered dentate gyrus and the
Cornu Ammonis (Ammon’s horn), which is described as three- or four-layered (some
authors choose to treat the distal portion of the apical dendritic field, the stratum

moleculare, as a separate layer).

Figl The above diagram (taken from Amaral and Witter 1989) shows the position of the
hippocampus in the rat brain. The hippocampus is curved such that its longitudinal, or
septotemporal, axis runs from the septal nuclei (S) at its rostrodorsal end to the temporal cortex
(T) at its caudoventral end. The transverse axis is oriented perpendicular to the septotemporal
axis.

DG dentate gyrus; mf mossy fibres; pp perforant path; sc Schaffer collaterals
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Fig.lb A diagram of a horizontal section through the brain which depicts the physical
relationship of the various fields of the hippocampal formation.

The dentate gyrus is composed of a molecular layer, constituting the dendritic
field of the granule cells, the granule cell layer, and the polymorph layer (the hilar
region or hilus in the rat) which contains the axons of the granule cells and a number
of neurons of differing morphological aspect. The granule cell layer is often parcellated

into two blades separated by a crest region: the blades are variously described as
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infrapyramidal/suprapyramidal [the terminology which will be adopted in this dissertation],
exposed/buried, and medial/lateral.

| Lorente de No (1934) divided the Cornu Ammonis into four fields, CA14, with
field CA1 corresponding approximately to the regio superior of Ramon y Cajal (1911)
and field CA3 to the regio inferior. CA2 is a narrow transition zone between CAl and
CA3 which contains both large and small pyramidal cells. Field CA4 comprises the end
zone of Ammon’s Horn, with the CA3/CA4 boundary "found approximately at the
point where the stratum pyramidale enters the hilus of the F.D. and bends itself'. The
remainder of CA4 consists of the scattered pyramidal cells located in the hilus of the
dentate gyrus. Fields CA1 and CA3 were further partitioned into 3 subfields, such that
CAla and CA3a were those parts situated most proximal to the subiculum, while CAlc
and CA3c were most proximal to the dentate gyrus. Differences in cell morphology
between the subfields were described, with greater variation in the CA3 subfields than
in those of CAl.

The peculiar nature of the hilar region, which contains the initial components
of the granule cell axons, scattered pyramidal cells of CA4 in addition to a collection
of non-pyramidal neurons of divergent morphology (Amaral 1978), has created debate
as to the inclusion of this region within the dentate gyrus (Blackstad 1956) or Ammon’s
horn (Lorente de No 1934). Consideration of the cell types has led to the belief that the
hilus is more closely related to the dentate gyrus, and that the region is an area of

mergence of the polymorphic zones of the dentate gyrus and Ammon’s horn.

16



1.2. THE DENTATE GYRUS

1.2.1. The granule cells

In contrast to the pyramidal cells of Ammon’s horn in the rat, most of which
develop prenatally, 85% of granule cells form after birth (Angevine 1965; Bayer and
Altman 1974). Three gradients in development are observed: the infrapyramidal blade
forms before the suprapyramidal blade, the dorsal extent of the dentate gyrus develops
before the ventral extent, while the pattern of neuroblast migration creates a gradient
such that the superficial granule cells are joined by cells situated progressively deeper
into the cell layer.

Granule cells exhibit two types of dendritic morphology: cells located
superficially give rise to 2-5 primary dendrites from the apex of the cell body, while
cells deeper in the layer have a single primary dendrite (Desmond and Levy 1982). In
addition, the former type of granule cell is characterised by a greater dendritic length
and a larger span of dendritic field.

The dendritic field of the granule cells can be divided into three components on
the basis of afferent termination: inputs from the lateral and medial entorhinal areas
form asymmetric synapses on the spines located respectively in the outer and middle
thirds of the molecular layer (Nafstad 1967), while the inner third is the recipient of
fibres from subcortical regions and from cells in the hilus.

Studies using extended hippocampi (Gaarskjaer 1978a,b) have shown a variation
in the cell density in the granule cell layer, such that the density is highest at the septal
extent of the hippocampus, with a gradual decrease in the middle region and a sharp
decline in numbers at the temporal pole. This granule cell distribution is inversely

correlated with the density of CA3 pyramidal cells (low at the septal end and highest
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in the temporal regions), so that the ratio of the number of granule cells to that of CA3
pyramids at any given level along the septotemporal axis fell in a near-linear fashion

from 10:1 septally to 2:3 at the temporal pole.

1.2.2. The mossy fibre projection

The projection to CA3

A single axon arises from the base of the granule cell body. The irregular
excrescences along its length caused Ramon y Cajal (1893) to attribute to it the term
"mossy fibre", while Golgi (1886) showed that these fibres formed a dense plexus of
axon collaterals in the hilus before reaching the CA3 field, where they were found
(Schaffer 1892) to run in a demarcated portion of the apical dendritic field close to the
pyramidal cell layer - the stratum lucidum. The fact that mossy fibres do not penetrate
CA2 is utilized in the definition of this field as separate from CA3.

Ultrastructural studies (Laatsch and Cowan 1966; Amaral and Dent 1981) have
revealed the mossy fibres to be thin, unmyelinated axons of diameter 0.1-0.7um, along
which giant boutons (up to 10um in diameter) are distributed. These boutons are
invaginated by the spines of CA3 pyramidal cells, on which asymmetric contacts are
established (Blackstad and Kjarheim 1961; Claiborne et al. 1986). Up to five spines are
seen to invaginate one mossy fibre bouton (Amaral and Dent 1981), although it is
unclear whether these spines belong to one, or several, CA3 pyramidal cells. There is
also an input onto the dendritic shafts of pyramidal basket cells in the CA3 region
(Frotscher 1985), which may provide a means for feedforward inhibition of the CA3
projection cells. Claiborne et al. (1986) noted that, upon reaching the CA3 field, the

giant boutons were found at approximately every 135um along the length of the mossy
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fibre, so that each fibre would have about 14 such expansions over a typical 2mm
transverse extent of CA3. Each granule cell would appear therefore to provide an input
to 14-70 CA3 pyramidal cells, and since there are estimated (West and Andersen 1980;
Boss et al. 1985) to be approximately 10° granule cells and 1.5 x 10° CA3 pyramids in
the hippocampus of one side, each CA3 cell would appear to receive an input from 90

to 450 granule cells.

Mossy fibre trajectories

Early Golgi studies (Golgi 1886; Koelliker 1896; Lorente de No 1934) described
an infrapyramidal bundle of mossy fibres which was shorter in length than the
suprapyramidal bundle, although more recently it has been found that very few mossy
fibre boutons are located deep to the CA3 layer, which suggests that this
infrapyramidal projection is very sparse (Gaarskjaer 1986). Furthermore, the fact that
the suprapyramidal bundle is situated infrapyramidally around the part of CA3 most
proximal to the hilus, and that the 'infrapyramidal bundle" shows considerable
variation in extent across the septotemporal extent of the hippocampus, has led to some
dispute over the validity of this parcellation of the mossy fibre projection, and over the
usage of the infrapyramidal bundle by Lorente de No (1934) as a relevant marker for
the subdivision of the CA3 field, although there remains the possibility that the
termination of "infrapyramidal bundle" synapses upon the basal dendrites of proximal
CA3 cells, when considered in addition to the input from the suprapyramidal bundle
upon the apical dendrites, may confer a unique functional specificity upon the affected
CA3 cells.

Different subregions of the dentate gyrus give rise to different mossy fibre

trajectories which in turn terminate in different regions of the CA3 field: axons from
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the tip of the suprapyramidal blade run through the stratum radiatum to reach the
stratum lucidum and therefore do not synapse on the region of CA3 proximal to the
hilus, while fibres arising from the infrapyramidal blade synapse on the basal dendrites
of proximal CA3 cells before running through the pyramidal layer to attain the stratum
lucidum. In addition, the septotemporal spread of the mossy fibres varies according to
the position of the cells of origin within the dentate gyrus (Gaarskjaer 1981): fibres
originating from superficial and lateral granule cells run for a greater distance in septal
and temporal distances than those arising from deep and medial cells. This reflects the
gradients in the development of the dentate gyrus, with the oldest cells possessing the
most extensive axonal spread.

At any level along the septotemporal extent of the hippocampus in the rat, the
mossy fibres are found to run approximately at right angles to the septotemporal axis
in the region of CA3 proximal to the hilus, with an abrupt change in direction in distal
CA3 towards the temporal pole (Blackstad et al. 1970; Swanson et al. 1978; Gaarskjaer
1978b, 1981, 1986). This deviation has been interpreted by Blackstad et al. (1970) as
indicative of the lack of availability of sites for synaptic connection in CA3 septal to the
level of origin of the fibres, thus causing a movement temporally in search of free sites,
while the sharp termination at the CA3/CA2 border would suggest the presence of an
inhibitory trophic factor in the CA2/CA1 region which prevents the mossy fibres from
further advance. The increase in the ratio of CA3 pyramidal cells to granule cells
towards the temporal pole would appear to provide some backing for this concept of
axonal migration.

The mossy fibres diverge no more than 400um in the septotemporal plane from
their level of origin (Gaarskjaer 1981) before they turn in a temporal direction at the
CA3/CA2 border. This strict delimitation of the granule cell projection has given rise

to the belief that the dentate gyrus is composed of a series of septotemporally-arranged
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lamellae, following a pattern of organization for the intrahippocampal circuitry initially
voiced by Andersen et al. (1971). The argument for the consideration of the dentate
gyrus as a set of independently-functioning units is reinforced further by the absence
of any associative pathway: no intradentate projection between granule cells is believed
to exist either ipsilaterally or contralaterally, in contrast to the extensive intrinsic
circuitry within the entorhinal cortex (the major source of afferents to the dentate

gyrus) and field CA3 (the target of the mossy fibre projection).

Putative neurotransmitters

The neurotransmitters utilized in the mossy fibre pathway remain a matter of
debate, although a number of studies have found that the mossy fibre nerve terminals
contain glutamate (Crawford and Connor 1972; Storm-Mathisen 1983), GABA (Ottersen
and Storm-Mathisen 1984), enkephalin (Gall et al. 1981), dynorphin (McGinty et al. 1983,
Chavkin et al. 1985), cholecystokinin (Stengaard-Pedersen et al. 1983; Gall et al. 1986),
chromogranin (Somogyi et al. 1984) and zinc (Stengaard-Pedersen et al. 1983). The
degree of co-existence of these substances in the same nerve terminals is at present
unknown, although a recent ultrastructural study in the monkey (Sandler and Smith
1991) has discovered the co-existence of glutamate and GABA in the mossy fibre
terminals, suggesting that the inhibitory postsynaptic potential (IPSP) which is seen to
follow the excitatory postsynaptic potential (EPSP) evoked in CA3 by granule cell
stimulation (Yamamoto 1972) may be in part due to a release of GABA by the mossy
fibres (which are commonly attributed to provoke the EPSP by way of an excitatory
neurotransmitter), although temporal considerations of the EPSP-IPSP sequence hint
that the GABAergic IPSP is mediated primarily by interneurons following either

feedforward inhibition from the granule cells (Buzsaki 1984) and/ or feedback inhibition
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from CA3 pyramidal cells (Andersen et al. 1964).

The existence of excitatory amino acid receptors (Cotman et al. 1986; Andreasen
et al. 1989) on the postsypnaptic CA3 pyramidal cells indicates that the excitatory effect
of the mossy fibre projection is mediated at least in part by glutamate, with the
possibility of complex regulation of activity by way of the other putative

neurotransmitters and neuromodulators substances located in the terminals.

The projection to the hilus

In his Golgi preparations, Ramon y Cajal (1911) observed that the mossy fibres
gave rise to a number of collaterals which ramified just below the granule cell layer,
creating a plexus which later work (Soriano et al. 1983) has shown to be highly
extensive in nature. Using the technique of intracellular HRP filling, which allows a
complete visualisation of the axonal plexus, Claiborne ef al. (1983) have found that each
mossy fibre gives off about seven collaterals which ramify mainly within the hilar
region. The collateral spread along the septotemporal plane is similar (up to 400 m)
to that noted for the projection to CA3, while the spread transverse to this plane is
dependent on the location of the projecting granule cell: those near the tip of the
suprapyramidal layer have a restricted plexus which lies just beneath the cell layer,
while the cells around the crest of the dentate and in the infrapyramidal blade have
extensive collateral plexuses which are often found to cover the entire central region
of the hilus. This pattern of collateral spread (corresponding presumably to the synaptic
connections made on the hilar neurons) would appear to reflect the gradient of granule
cell development: cells in the infrapyramidal blade develop last and consequently their

axon collaterals have a limited space in which to ramify.
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Each mossy fibre was found to have approximately 150 en passant boutons
(compare the estimation of 14 boutons in CA3 given in the same study), of which two
types were distinguished: most of the synaptic boutons were filled with spherical
synaptic vesicles and made asymmetric contacts onto the dendritic shafts of hilar
neurons (Ribak and Seress 1983), while the smaller varicosities were generally located
at the distal ends of the collaterals and are believed to synapse on the spines of mossy

cells (Blackstad and Kjaerheim 1961; Amaral 1978; Ribak et al. 1985).

1.3. THE HILUS

1.3.1. Cell types in the hilus

Amaral (1978) identified at least 21 cell types in a Golgi study of the hilar
region, of which two functional types have been studied in detail on account of their
interconnections with the granule cells. Several different morphologies of aspiny hilar
neurons are found to share characteristics in their immunoreactivity to GAD (Seress
and Ribak 1983), electrophysiology (Scharfman and Schwartzkroin 1988, 1991) and
dendritic morphology (Amaral 1978) and are therefore grouped together as one

functional type, which will be referred below as "basket cells".

The basket cell

The first of these is the basket cell, which lies typically just beneath the granule
cell layer and gives off ascending dendrites, which traverse the granular layer to attain

the distal reaches of the molecular layer, where they receive asymmetric synapses onto
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the dendritic shaft from fibres of the perforant path and from axons of hilar cells (see
below). Descending dendrites receive an excitatory input from the granule cells, and
inhibitory inputs from subcortical regions. The number of basket cells is believed to be

far less than that of the granule cells, with estimates of 500-1000 cells (about one- to

two-hundredth the number of granule cells), but the ramification of the descending
dendrites and the possibility of multiple contacts by granule cells onto basket cells
(Amaral 1978), suggests that each basket cell is the recipient of connections from a large
number of granule cells.

Basket cell axons are found to cover 30 percent or more of the longitudinal and
transverse extent of the dentate gyrus: GAD-positive axon terminals form pericellular
plexuses around granule cell somata and make symmetric synapses on the somata and
proximal dendrites (Seress and Ribak 1983). It is estimated (McNaughton 1989) that
each basket cell may contact about 1000 granule cells, and that each granule cell is the

recipient of 10 inhibitory inputs from GABAergic basket cells.

The mossy cell

The most numerous cells in the hilus are the large, spiny multipolar cells with
numerous thorny excrescences on their somata and proximal dendrites (hence the term
"mossy cell") which are located deeper in the hilus (Amaral 1978; Ribak et al. 1985).
Their dendrites are rectilinear and show infrequent branching, and are organized in
such a way as to maximise the transverse and, to a lesser degree, the longitudinal
extent of the dendritic tree. In addition, at least one dendritic branch penetrates the
granule cell layer and extends as far as the distal end of the molecular layer. Studies

differ as to the morphlogy of this dendritic extension; Amaral (1978) noted that it was
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devoid of spines as far as the molecular layer, whereupon it became spiny, while
Scharfman (1991) observed the opposite: the dendrite was seen to be spiny before it
reached the molecular layer, where it became aspinous. This disagreement is significant
in the light of the incoming inputs to the dendrite, since an input onto a dendritic spine
is believed (Koch and Poggio 1982; Miller et al. 1985) to cause a five- to tenfold
attenuation of the synaptic signal as observed at the cell body.

The axon of the mossy cell divides into fine collaterals, some of which run along
the septotemporal axis of the dentate gyrus in the inner third of the molecular layer,
where asymmetric contacts are made on the dendrites of granule and basket cells
(Swanson et al. 1978; Scharfman et al. 1989), with the ipsilateral projection to the granule
cells displaying a septotemporal divergence as great as 6.6mm (Amaral and Witter
1989). Interestingly, the granule cells at the same septotemporal level as the mossy cell
body are very weakly innervated or not innervated at all.

Other collaterals traverse the stratum oriens of proximal CA3 to reach the
alveus, from where they join the commissural system en route to the contralateral
dentate gyrus, where they are considered to contact basket cells, thus providing
feedforward inhibition to the contralateral granule cells (Buszaki and Eidelberg 1981;
Frotscher et al. 1984; Seress and Ribak 1984). The number of mossy cells is estimated
at 2 x 10%, and each granule cell is deemed to receive about 2 x 10° mossy cell inputs,
so that every mossy cell contacts 1 in 10 granule cells.

While the excitatory nature of the mossy cell synapse onto the granule cells is
accepted (Deadwyler et al. 1974), the identity of the neurotransmitter(s) involved has
yet to be clarified. Storm-Mathisen et al. (1983) observed an immunoreactivity to
glutamate, while the results from other experiments show that the mossy cells failed
to display immunoreactivity to glutamate or a variety of neuropeptides (Ribak et al.

1985).
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1.3.2. Connectivity within the hilus

The interconnections between the three cell types discussed above leads to the
image of a highly complex circuit, which acts on the input from the perforant path and
sets an appropriate output from the granule cells to the pyramidal cells of CA3.
Knowledge of the nature of the individual synapses within the circuit provides some
indication of the temporal flow of activity through the circuit, which might in turn
yield some information as to the nature of its function.

Perforant path fibres terminate in the molecular layer on the dendrites of all
three cell types: since this input is to the dendritic spines of the granule cells and to the
dendritic shafts of the basket and mossy cells, it might be assumed that the cell bodies
of the latter two types receive a stronger and more rapidly conducted synaptic signal
(Turner 1984,1988), overcompensating for the increased distance to the parent cell
bodies. The "fast-spiking" basket cells (Scharfman et al. 1990) are able to transmit a
strong inhibitory signal directly onto the cell bodies of numerous granule cells located
over a large extent of the dentate gyrus with near instantaneous speed (transmission
time is estimated at around 1ms). The mossy cells provide an excitatory input onto the
dendrites of granule and basket cells (assumed to contact the dendritic spines and
shafts respectively), with the latter basket cells supplying further inhibitory inputs. The
effect on the granule cells may be assumed to lag further temporally. The granule cell
output synapses on both types of hilar neuron before the contact with the CA3
pyramidal cells is effected.

The granule cells are therefore subject to direct and indirect inhibition, both of
which act before the excitatory effect of the perforant path input, as has been shown
in studies where commissural fibres (originating from mossy cells) and perforant path

fibres were stimulated concurrently (Buszaki and Eidelberg 1981), resulting in
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suppression of the perforant path-evoked population spike. A recent study (Scharfman
1991) has demonstrated that both types of hilar neuron have lower thresholds for
perforant path stimulation than granule cells, suggesting that the hilar circuitry acts as
a filter, such that weak signals excite the hilar neurons but not the high threshold
granule cells. A transient, strong signal would have little excitatory effect on the
granule cells, due to the two inhibitory pathways described above; a prolonged (or
multiple) strong excitation would cause an initial depolarization of the sensitive hilar
neurons, with the concomitant disinhibion of granule cells, which could be activated
by the later stages of the perforant path excitation.

The substantial transverse expanse of the mossy cell dendritic tree contrasts
with its axonal spread, which is observed to innervate granule cells located at
septotemporal levels other than that of the mossy cell body. This organization prompts
further conjecture as to the directive role of the mossy cell: excitatory inputs to the cells
arise mainly from granule cells occupying the same lamella as the mossy cell, which
then modulates upwards or downwards the activity of granule cells across a broad
septotemporal sweep of the dentate gyrus. In the case of upward modulation, the
mossy cells would act to generate widespread granule cell excitation, with a resultant
afferent volley to a similarly large septotemporal extent of the CA3 field; in the case of
downward modulation, they would serve to shut down activity in lamellae other than
that from which the mossy cell received its initial input, thus creating a "window of

activity" in the dentate gyrus, with a subsequent specific projection to CA3.

The long-spined multipolar cell

Another, less investigated, hilar neuron is the long-spined multipolar neuron
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(Amaral 1978). This cell is distinctive for the long spines with which its dendrites are
uniformly covered, and for the unique longitudinal spread of the dendrites, which have
been observed to extend over 500 m along the septotemporal plane. Since mossy fibre

expansions have been observed to terminate on its dendritic spines, it is tempting to
attribute to the long-spined multipolar cell a similar integrative role as has been
postulated for the mossy cell, with incoming inputs from granule cells located over a
substantial longitudinal extent of the dentate gyrus, rather than from cells in the same
transverse plane. It is of further interest that its axon has been seen to extend into the
molecular layer, where it may conceivably synapse on the dendrites of the three cell
types discussed above. More information is needed, however, before this idiosyncratic

cell can be incorporated into any model of hilar connectivity.

Extrinsic regulation

Subcortical afferents to the hilar region include a noradrenergic input from the
locus coeruleus (Swanson and Hartman 1975), a 5HTergic input from the raphe nuclei
(Conrad et al. 1974; Moore and Halaris 1975; Kohler and Steinbusch 1982) and a
projection from the medial septal complex (Swanson and Cowan 1979; Houser et al.
1983). It has been established (Bilkey and Goddard 1987) that a non-cholinergic (and
probably GABAergic) component of the septohippocampal pathway terminates on the
same population of interneurons (namely the basket cells) as the commissural pathway
from mossy cells located in the contralateral hilus, and that they exert antagonistic
control on this cell group, since stimulation of the medial septal complex caused
inhibition of the interneurons and concomitant facilitation of the granule cell population
spike.

An increase in the granule cell population spike was observed after
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adminstration of fenfluramine, a 5HT releasing drug (Richter-Levin and Segal 1988).
This is believed to be a result of a reduction in the feedforward inhibition (and not the
feedback inhibition) which is active in the hilar region, which would suggest that the
raphe-hippocampal system, which has a dense SHTergic plexus in the hilus (Moore and
Halaris 1975; Kohler 1982), terminates on mossy cells, where its inhibitory action is
mediated by 5HT; receptors (Segal 1980; Assaf et al. 1981; Bech et al. 1985).

The ability of subcortical systems to modulate the activity within the hilar circuit
is interesting in view of the belief that the flow of information through the
hippocampus is state dependent and sensitive to alterations in the monoaminergic

systems (Winson and Abzug 1977, 1978; Dahl et al. 1983).
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14. FIELD CA3

1.4.1. Structure

The CA3 field extends from the hilus to the transition zone CA2 which
separates CA3 and CA1l. Lorente de No (1934) divided CA3 along this extent into
subfields CA3,_, on the basis of pyramidal cell morphology, such that nearly all cells
in CA3, were believed to give off a Schaffer collateral (which projected to CA1), with
almost none of these characteristically thick collaterals were found in CA3,. In addition,
Lorente de No defined the border between CA3, and CA3, as the point where the
infrapyramidal bundle of mossy fibres ended. Since regions of CA3 distal to the hilus
are now known to project to CA1, albeit by way of thin collaterals (Ishizuka et al. 1990),
and studies of the infrapyramidal bundle of mossy fibres show considerable variation
across the septotemporal extent of the hippocampus (Gaarskjaer 1986), the subdivisions
of Lorente de No would appear to have no functional relevance. In this dissertation,
therefore, regions of CA3 and CA1 will be specified according to their location with
respect to the dentate gyrus, such that the area of CA3 abutting the hilus (roughly
equivalent to CA3, of Lorente de No) is described as "proximal CA3", and "distal CA3"
being used to represent the CA3 region at the CA3/CA2 border. The region of CA3
equidistant from these two poles will simply be referred to as "middle CA3". The
adoption of the dentate gyrus as -a reference point corresponds with its usage by
Ishizuka et al. (1990) in their description of the intrahippocampal projections from the

CA3 field.
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The structure of the pyramidal cell

Dendritic fields

The projection neurons of CA3, the pyramidal cells, are arranged in a cell layer
several cells deep, with the basal dendrites comprising the stratum oriens deep to the
pyramidal cell layer. The apical dendritic field is divided into the stratum radiatum and
the more superficial stratum moleculare, while the region of this dendritic field most
proximal to the cell body layer contains the mossy fibre input from the dentate gyrus
and is termed the stratum lucidum and is peculiar to the CA3 field. There is a "radial"
organization of the inputs onto the dendritic fields of CA3: the entorhinal input
terminates in the stratum moleculare, while the CA3 associational projection synapses
more proximally on the apical dendrites in the stratum radiatum and in the stratum
oriens. As mentioned above, the mossy fibre projection terminates on the proximal
extent of the apical dendrites. The excitatory inputs from these regions are all seen to
terminate on the dendritic spines, while the inhibitory input from the basket cells of

CA3 is directed onto the cell body.

Axonal projections

In general, the principal axon arises from the base of the pyramidal cell body,
and runs in the stratum oriens or the more superficial white matter of the alveus.
Intracellular tracing experiments (Ishizuka et al. 1990) have shown that 3 to 8 primary
collaterals of varying thickness are given off from the principal axon, all of which
bifurcated further and displayed substantial local ramifications in the stratum radiatum
and /or the stratum oriens. The extent of these ramifications differed according to the
location of the parent cell body within CA3, such that proximal cells (near the hilus)

exhibited limited ramifications near the cell body, while distal CA3 cells had axonal
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plexuses extending throughout CA3. In addition, a greater number of the axonal
collaterals of these latter cells were found to run in the stratum oriens. Many of the
axonal collaterals constitute the extensive longitudinal association pathway of Lorente
de No (1934) which runs parallel to the septotemporal axis of the hippocampus.

The Schaffer collateral, which is distinguishable by virtue of its thickness (which
is nearly as great as that of the principal axon), is observed in cells located more
proximally in CA3, while none were found in distal CA3 (Lorente de No 1934; Ishizuka
et al. 1990). It branches off the principal axon in the stratum oriens and is seen to
penetrate the pyramidal cell layer to reach the stratum radiatum, in which it runs
before terminating in CAl. Ishizuka et al. (1990) specify a "projection zone"
corresponding to the superficial quarter of the stratum radiatum, in which the Schaffer
collaterals course, and an "associational zone" encompassing the deeper three-quarters
of the apical dendritic field, in which collaterals comprising the association pathway
run and make synaptic connections with other CA3 cells. The thinner collaterals given
off by distal CA3 cells which terminate in CA1 either run in the stratum radiatum or
penetrate the pyramidal cell layer to run in the stratum oriens.

Axon collaterals attain the contralateral hippocampus by way of the dorsal
hippocampal commissure; others join the fornix-fimbria system to innervate subcortical
structures; others still run caudally to terminate in the entorhinal cortex. Multiple
retrograde labelling studies conducted by Swanson et al. (1980, 1981) have shown that
the same neurons in CA3 can give rise to collaterals that contribute to the associational,
commissural and septal projections.

A large body of data exists which indicates that the neurotransmitter utilized
in the axonal projections of CA3 pyramidal cells is an excitatory amino acid (Nadler et

al. 1976; Storm-Mathisen and Iversen 1979; Collingridge et al. 1983; Ottersen and Storm-

Mathisen 1985).
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1.4.2. Heterogeneity of the CA3 field

It has already been noted (see Section 1.2.1.) that there is considerable disparity
in the ratio of granule cells to CA3 pyramidal cells across the septotemporal axis of the
hippocampus, ranging from 10:1 at the septal end to 2:3 at the temporal pole. Since the
granule cells project to the CA3 pyramidal cells occupying the same transverse region
(by way of the lamellar mossy fibre system), one might conclude that this discrepancy
is reflected in the convergence of mossy fibre inputs onto CA3 cells, such that septally-
located CA3 cells receive inputs from fifteen times the number of granule cells that
project to CA3 cells at the temporal pole (assuming a uniformity in the distribution of
mossy fibres to CA3 cells along the transverse length of the projection).

Differences in the electrophysiological characteristics have been observed in
pyramidal cells located in different transverse regions of CA3 (Masukawa et al. 1982;
Bilkey and Schwartzkroin 1990), with cells located close to the CA2 border and cells
deep in the pyramidal layer having a greater tendency to display burst-type activity,
indicating a degree of heterogeneity in the firing patterns of CA3 cells. It is postulated
that the propensity for burst-type firing is a result of a greater length in the proximal
part of the apical dendrite, which possesses a high density of calcium channels believed
to modulate burst-type firing (Traub and Llinas 1979). If this is so, then there is added

significance to the convergence of the mossy fibres onto this part of the CA3 dendritic

field

1.4.3. The projection from CA3 to CA1

Pyramidal cells in all regions of CA3 provide an input to the stratum radiatum

and stratum oriens of CAl pyramidal cells, as well as to GABAergic interneurons
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within CA1 (Frotscher et al. 1984).

Lorente de No (1934) believed that the intra-ammonic projections of CA3 were
orthogonal: the CA3 association pathway ran longitudinally (parallel to the
septotemporal axis), while the CA3-CA1 pathway was oriented transverse to this axis.
Later studies have shown that this is not the case: using a variety of techniques, Hjorth-
Simonsen (1973), Swanson et al. (1978), Laurberg (1979), Ishizuka et al. (1990) have
demonstrated a considerable septotemporal divergence in the CA3-CA1 projection, in

stark contrast to the strictly delimited projection from the dentate gyrus to CA3.

Topographical organization within the projection

A detailed study by Ishizuka et al. (1990) using the PHA-L anterograde tracer
has highlighted gradients of topographic organization in the septotemporal, transverse
and radial axes of Ammon’s horn, with the latter axis representing the proximodistal
extent of the dendritic fields of CA1l.

The authors report that distal CA3 cells project further and more heavily in a
septal direction while cells in proximal CA3 are found to project further and more
heavily in a temporal direction. Additionally, for any given position of projecting cells
within CA3, the corresponding labelling across the septotemporal extent is observed
to follow a "long diagonal" trend (in a cuboidal model of the projection, with the x,y,z
axes corresponding respectively to the longitudinal, transverse and radial axes), such
that the input to progressively more septal regions of CAl terminates progressively
closer to the CA2 border and is found deeper in the stratum radiatum (and in the
stratum oriens), while in the temporal direction the projection terminates progressively
more distally in CA1, and more superficially in the stratum radiatum. Further

organization was noted in the transverse plane. Proximally located CA3 cells near the
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hilus projected to the superficial portion of the stratum radiatum of proximal CAl
bordering the subiculum, and axons from distal CA3 terminates in deep stratum
radiatum (and stratum oriens) of distal CA1 cells.

The existence of this topographic organization has a significant bearing on the
understanding of the transfer of information from CA3 to CA1. For example, any given
region within the CAl field is observed to receive a projection from a delimited area
of CA3 which (according to the above gradients) is always oriented "diagonally" across
the CA3 field such that the cells in septal CA3 are located close to the CA2 border, with
a progressive shift towards the proximal end of CA3 as the group of projection neurons
is followed into progressively more temporal regions. By the same token, CA3 cells
arranged in an opposite fashion (ie stretching from the hilar end of CA3 at its septal
pole to the region adjacent to CA?2 at its temporal end) provide a minimal convergence
of inputs, projecting instead to a large number of cells distributed across much of the

CA1 field.

The CA3-CA1 synaptic relationship

Anatomical data provides an estimate of the pattern of potential synaptic
connectivity: an evaluation of the influence of the CA3 input on the generation of
activity in CA1 cells is a more rigorous undertaking. Several of the parameters involved
in this relationship were examined in a study by Sayer et al. (1990), in which unitary
EPSPs were evoked in CAl pyramidal cells following stimulation of single CA3
pyramidal cells.

It was found that the amplitude of the CA3-CA1l unitary EPSP (100uV) is
approximately a tenth of the amplitude of the CA3-CA3 unitary EPSP elicited by

activation of the CA3 association pathway (Miles and Wong 1986). A comparison of the
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amplitudes and time courses of EPSPs evoked by stimulation of the proximal and distal
regions of the apical dendritic field suggests that the spread of synaptic current to the
CA1 pyramidal cell body has characteristics similar to those predicted by the passive
cable model of CA1 cells (Turner 1984, 1988), despite the fact that CA1 pyramidal cell
dendrites are known to possess voltage-dependent conductances (Kandel and Spencer
1961; Wong and Prince 1979; Miyakawa and Kato 1986). Since these do not appear to
be activated by the CA3-CA1 synaptic contact, the time course of the EPSP might be
used as a marker of the proximodistal position of the synapse on the dendritic tree.

In cases where a convergent input of two CA3 cells onto a single CA1 cell was
noted, marked differences were seen in the amplitudes and time courses of the EPSPs.
Since the converging CA3 cells were located very close to each other (less than 100um
apart) in each situation studied, there would appear to be a conspicuous heterogeneity
in the dendritic termination and effect of single CA3 inputs on a CAl cell, despite the
relative proximity of the two projections. In the (more frequent) situations where a CA3
cell was found to provide a divergent input to several CA1 cells (located close together
in the pyramidal layer), the amplitudes and time courses of EPSPs evoked in different
CA1 cells again showed marked variation.

The implication of these findings is that individual CA3 cells making synaptic
contact on CA1 cells may have widely differing effects on the generation of activity
within the recipient CA1 cells, and that this is likely to be a result of differences in the
position (and possibly morphology) of the termination sites on the denderitic tree. Since
this variation is independent of the position of the projecting cells within the CA3 field,

some heterogeneity in individual CA3 cells might be assumed.
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1.4.4. The CA3 association projection

An associational projection arises from all regions of CA3 (Ishizuka et al. 1990).
Proximal CA3 cells project to the same transverse section of CA3, and not to middle
or distal CA3 regions, with both the stratum radiatum and the stratum oriens being
recipients of this input. In comparison, pyramidal cells located in these latter regions
provide an input spanning the transverse extent of CA3, with a slightly less dense
input to proximal CA3. The middle CA3 cells give rise to the densest association

projections, whereas that from proximal CA3 is relatively weak.

Topographic organization

The radial gradient for these components of the association pathway is more
marked than for the proximal component and appears similar to that noted for the
CA3-CAl projection: middle CA3 inputs terminate preferentially in the stratum
radiatum, while distal CA3 fibres run in the stratum oriens. Again in accordance with
the CA3-CA1 input, in regions progressively more septal to the cells of origin the axons
terminate deeper within the stratum radiatum (and the stratum oriens), with the
tendency shifting towards superficial stratum radiatum in progressively more temporal
areas.

In the longitudinal plane, proximal CA3 cells project preferentially in septal
directions while distal CA3 regions tend to project temporally (cells in middle CA3
display impartiality). A "diagonal" pattern is observed in the distribution of projection
cells across the longitudinal and transverse extents of CA3: septally, the recipient CA3
cells are located closer to the CA2 border while the shift in the temporal direction is

towards cells in distal CA3.
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Implications of CA3-CA3 connectivity

The association projection onto CA3 cells is excitatory in nature (Lebovitz et al.
1971; Miles and Wong 1986) and makes synaptic contact on distal regions of the
dendritic trees. In the above section the distribution of cells projecting to any given
region in CA3 was noted: the orientation of the projection bears a rough resemblance
to that seen for CA3 cells providing an input to any specified region in CA1l (see
Section 1.4.2.). This coincidence implies that there is a raised probability that cells
providing mutual excitation by way of the association pathway project to the same area
within the CA1 field, with an especially high probability for cells in the centre of the
CAS3 field, where the overlap of the two distribution patterns is most pronounced. In
theory therefore any given region of CA1 is the recipient of a mono- and polysynaptic
input derived in the main from a discrete band of interconnected CA3 cells.

It is likely, however, that only a fraction of this band of cells is functionally
active as a result of the excitatory association pathway. Additional CA3 axon collaterals
synapse onto inhibitory interneurons (Andersen et al. 1964; Knowles and Schwartzkroin
1981; Miles and Wong 1984), and experiments (Miles and Wong 1987) indicate that this
feedforward inhibition controls the spread of activity in CA3 via the polysynaptic
feedforward excitatory pathway outlined above. Removal of inhibition leads to
synchronous firing of pyramidal cells throughout the CA3 field, as a result of the

ability of burst firing in one cell to trigger firing in cells coupled monosynaptically.
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1.4.5. Field CA2

Lorente de No (1934) defined the CA2 field as a separate region on account of
its differences in connectivity (unlike CA3, it was not observed to receive a mossy fibre
input) and morphology (the pyramidal cells of CA2 were notably larger than those
found in CA1). Since the CA2 pyramidal cells were seen to contribute axon collaterals
to the longitudinal association pathway as well as to the projection to CAl, there has
been a tendency to regard CA2 as functionally indistinct from the adjacent distal CA3.
Recent studies, however, indicate that this may prove to be inaccurate: the projections
from this region possess several characteristics that lend weight to the consideration of
CA2 as separate from CA3 (Ishizuka et al. 1990).

Axon collaterals projecting to CA1 are noticeably thinner than those stemming
from distal CA3 cells: in addition, they were seen to travel obliquely through the
stratum radiatum and the stratum oriens (some fibres ran at right angles to the
pyramidal layer), whereas collaterals from CA3 course parallel to the cell layer. Within
CA1, the distribution of fibres is less marked and more diffuse than is characteristic of
the CA3 projection. The contrast between CA2 and CA1 is highlighted by the
observation that CA2 does not provide an input to the subicular complex. More work
needs to be done before a functional correlate of this anatomical distinction can be

provided.

1.4.6. Field CA4

The discussion about the inclusion of the hilar region within the bounds of the
dentate gyrus rather than within field CA3 has been mentioned previously; however,

this region does contain some cells similar in morphology to the proximal CA3 cells,
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which are best considered as "displaced pyramidal cells of CA3". Examination of the
connections of these cells reveals that they contribute axon collaterals to the CA3
association pathway, as well as to the Schaffer collateral outflow to CA1l. Furthermore,
the projections from these cells is notably extensive in both the transverse and
longitudinal directions (Swanson et al. 1978). Final confirmation of the status of these
displaced pyramidal cells would follow the incorporation of the pattern of their

projections within the extant model of the CA3 outflow.
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1.5. FIELD CA1l1

1.5.1. Structure

The CA1 field extends from CA2 towards the midline; in more caudal regions
it is bounded medially by the subiculum (Lorente de No specifies a discrete region, the
prosubiculum, upon which the CA1 field abuts). The pyramidal cell layer of CAl is
markedly different from that of CA3, in that there appear to be two types of pyramidal
cells, with the superficial cells organized in one or two dense rows and the deep cells
"scattered" below the superficial pyramids for several rows.

In accordance with the consideration of the CA3 field, Lorente de No (1934)
divided CA1 into subfields CA1,_ on the basis of differences in cell morphology and
in the thick Schaffer collateral projection from CAS3. It has previously been mentioned
(see Section 1.4.1.) that, contrary to the belief of Lorente de No, cells from all parts of
CA3 project to CA1, and so the functional segregation of CA1 into the aforementioned
subfields appears unjustified. In this dissertation, regions of CA1 will be specified on
the basis of their proximity to the dentate gyrus: hence, the part of CA1 adjacent to
CA2 (occupying the CA1, region of Lorente de No) is hereby referred to as "distal
CA1", while the area located by the "prosubiculum" is termed "proximal CA1", and

corresponds roughly with subfield CAl,.

The structure of the pyramidal cell

Dendritic fields

The CA1 pyramidal cells are arranged such that their apices are deep to the

their basal surfaces, so that the apical dendritic field lies in juxtaposition to that of the
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CA3 field. The CA1 apical field is divided into the stratum radiatum and the deeper
stratum moleculare, and differs from CA3 in the absence of an equivalent to the
stratum lucidum (since the mossy fibres do not innervate CAl). The basal dendritic
field, the stratum oriens, is bounded by the pyramidal layer deep to it and the white
matter of the alveus, which comprises the outflow of the CA1 field. Axons from CA3
terminate in the stratum radiatum and stratum oriens (Ishizuka et al. 1990), while
perforant path fibres make synaptic contact in the stratum moleculare (Steward 1976).

Both these excitatory inputs are believed to terminate on dendritic spines.

Axonal projections

The principal axon of the CAl pyramidal cell is considerably thinner than its
CA3 counterpart. Collaterals run both in the stratum radiatum and in the stratum
oriens, while the main axon runs in the alveus, the outflow of which is directed
towards the retrohippocampal region and the lateral septal complex. No collaterals
have been demonstrated to project to the CA3 field or to the dentate gyrus and the
existence of an association and/or commissural projection within the CA1 field is a
subject for conjecture. While some authors (Raisman et al. 1965) specified a commissural
connection to the contralateral CA1, its presence was disputed in later studies (Gottlieb
and Cowan 1973; Segal and Landis 1974; Hjorth-Simonsen and Laurberg 1977; Laurberg
1979). However, some electrophysiological studies (Christian and Dudek 1988;
Thomson and Radpour 1991) have demonstrated the existence of excitatory connections
between CA1 pyramidal cells, and a recent anatomical study using the sensitive PHA-L
anterograde tracing technique (Van Groen and Wyss 1990) has demonstrated a
contralateral CA1-CA1 projection. In these studies, however, it is noted that the size of

this association/commissural projection is substantially less than that of the projection

from CA3.



Less data exists on the identity of the neurotransmitter of the CA1 outflow than

on that of CA3, but it also appears to be an excitatory amino acid (Ottersen and Storm-

Mathisen 1985).
1.5.2. The projection to the retrohippocampal region
The subicular complex

CAl pyramidal neurons give rise to a projection to the ipsilateral subiculum
which terminates in the pyramidal layer and in the stratum radiatum (Hjorth-Simonsen
1973; Swanson et al. 1978; Tamamaki et al. 1987; Van Groen and Wyss 1990). Fibres run
caudally within the alveus to all regions of the subiculum from all parts of the CA1l
field, with a topographic organization such that septal regions of CAl provide an input
to dorsal areas of the subiculum, while cells in temporal CA1 project to ventral levels
of the subiculum.

In addition to this septotemporal organization, Tamamaki et al. (1987) showed
that axons of CA1l cells terminated in a "columnar" fashion in the subiculum, with
extensive coverage of the latter in the septotemporal plane but with a restricted field
of termination along the transverse extent of the field. The projection was also found
to be topographically organized in the transverse plane, such that CA1 cells adjacent
to CA2 provided inputs to distal parts of the subiculum (adjacent to the presubiculum),
whereas proximally-located CA1 cells projected to proximal subiculum (adjacent to the
CA1l field). This pattern of projection was found to be invariant across the
septotemporal length of the hippocampus (Tamamaki and Nojyo 1990; Amaral et al.
1991).

Different septotemporal levels of the CAl field appear to innervate differing

43



fields (Van Groen and Wyss 1990). For example, fibres originating from the septal
region of CA1 are observed to cross the midline in the dorsal hippocampal commissure
to terminate in the contralateral subiculum and postsubiculum (with a further limited
projection to contralateral CA1 and lateral septum), in addition to the ipsilatefal inputs.
In comparison, cells in the midportion of CA1l do not appear to give rise to a
contralateral projection, but innervate instead the ipsilateral subiculum and
postsubiculum. Temporally-located CA1 cells project to the ipsilateral subiculum and

layers II and III of the parasubiculum, with no indication of a commissural component.

The entorhinal cortex

Lorente de No (1934) observed some "long recurrent collaterals" which coursed
through the alveus and the subiculum towards the entorhinal cortex. Further work has
confirmed that the entorhinal cortex receives a topographically-organized projection
from the CALl field (Beckstead 1978; Swanson et al. 1978), which overlaps with the small
projection from CA3 (Hjorth-Simonsen 1973). It is suggested (Van Groen and Wyss
1990) that the collaterals constituting the CA1 projection are given off from the fibres

which innervate the subiculum and lateral septum.

The lateral septal nucleus

Afferents from the CA1 field terminate ipsilaterally in the lateral septal nucleus
by way of the posterior septal nuclei. Swanson and Cowan (1979) have indicated that
there exists a clear separation of the inputs from the hippocampus to the lateral
septum, with the fibres from CAl (and the subiculum) projecting preferentially to

rostral parts of the lateral septal nucleus while the CA3 afferents terminate bilaterally
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in the caudal two-thirds of the nucleus. As with the reciprocal connections from the
medial septal complex (which, with the projection from the lateral nucleus to the
medial parts of the septal complex, form a loop of septohippocampal connectivity), the
input from CALl is topographically organized, such that cells in septal CA1 project to
dorsal parts of the lateral septal nucleus, whereas fibres originating from temporal CA1

terminate in ventral parts of the nucleus.

1.5.3. The CA1 association projection

As mentioned above, some electrophysiological evidence exists for an
association pathway within CA1. Excitation of neurons in the CAl pyramidal cell layer
was observed to increase the frequency of spontaneous EPSPs in CA1 pyramidal cells
(Christian and Dudek 1988), while Thomson and Radpour (1991) demonstrated that the
excitatory connection between CA1 pyramidal neurons is partially NMDA-mediated.
The number of CA1-CA1 connections (1 in 130 pairs of neurons) is almost a tenth that
of CA3-CA1 connections (1 in 16; from Sayer et al. 1990), although the validity of this
ratio is offset by usage of the slice preparation, which is highly unlikely to contain all
the synaptic connections of the projection cells tested. In one case, two inputs were seen
to converge on a single CA1 neuron, but little is known about the relative amplitudes
and time courses of the convergent EPSPs, or the relative location of the projecting CAl
neurons in the pyramidal cell layer. The greater incidence of evoked polysynaptic IPSPs
supports the notion that the circuitry within CA1 is controlled by inhibitory inputs onto
CA1 pyramidal cells from interneurons (Knowles and Schwartzkroin 1981; Lacaille et
al. 1987), in common with the inhibitory control observed in CA3 (Miles and Wong
1987).

These electrophysiological findings are backed up by those of recent anatomical
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studies (Tamamaki and Nojyo 1990; Amaral et al. 1991) which confirm the existence of
a sparse association projection which terminates in the stratum radiatum (and possibly
also the stratum oriens) of CAl. The present paucity of anatomical and
electrophysiological data, however, prevents an understanding of the pattern or

influence of the association projection upon the information processing and outflow of

the CA1 field.

1.6. INTERNEURONS IN AMMON'’S HORN

1.6.1. Heterogeneity of interneurons

Morphological heterogeneity

Morphologically heterogeneous varieties of local circuit neuron have been
described in all layers of Ammon’s horn (Ramon y Cajal 1911; Lorente de No 1934).
Among these are the pyramidal basket cells which are located in the stratum
pyramidale and share similarities with the pyramidal cells in the shape of the cell body
and in dendritic arrangement (in field CA3 they differ from the pyramidal cells in the
lack of a mossy fibre input and the concomitant absence of spines). The axon of these
cells gives off a number of horizontal branches which form a dense network in the
stratum pyramidale, with pericellular plexuses arranged around pyramidal cell somata
in a manner similar to the basket cell-granule cell relationship in the dentate gyrus.

Several types of cells with "short axon cylinder" are found in the stratum oriens,
including horizontal cells (which have also been observed in the alveus) and basket
cells whose axon collaterals ramify in the characteristic "basket" fashion in around the

pyramidal cells. Lorente de No (1934) subdivided these latter cells into two groups:
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polygonal basket cells possessed dendrites that ramified solely in the stratum oriens,
while the axon ascended to the apical dendritic field before giving off collaterals which
descended into the pyramidal cell layer; in comparison, the horizontal basket cells were
characterised by one or two dendrites in the apical dendritic field. The horizontally-
directed axon of these cells was found to project to the basal surface of the pyramidal
cell somata by way of collaterals running in the stratum oriens. Other local circuit
neurons are noted in all parts of the apical dendritic field, the axons of which ramify
mainly within the dendritic field, with some axon collaterals found in the pyramidal

cell layer.

Neurochemical heterogeneity

Most of these interneurons contain the inhibitory neurotransmitter GABA
(Kunkel et al. 1986, Sloviter and Nilaver 1987), and in addition interneurons have also
been found to be immunoreactive for vasoactive intestinal peptide (Loren et al. 1979;
Sloviter and Nilaver 1987), corticotrophin releasing factor (Swanson 1983),
cholecystokinin (Innis et al. 1979; Greenwood et al. 1982; Stengaard-Pedersen et al. 1983),
somatostatin (Morrison et al. 1982), neuropeptide Y (Kohler et al. 1986), substance P
(Davies and Kohler 1985) and the opioid peptides dynorphin and Leu-enkephalin (Gall

et al. 1981, 1984).

1.6.2. The role of interneurons in Ammon’s horn

Electrophysiological studies on the intrinsic circuitry of Ammon’s horn (Miles
and Wong 1986, 1987; Lacaille et al. 1987; Sayer et al. 1990; Thomson and Radpour 1991)

demonstrate a potent control exercised by inhibitory interneurons over the activity of
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the pyramidal cells. At present, the majority of studies on hippocampal interneurons
have focused on the basket cells which lie adjacent to the pyramidal cells in the stratum
oriens of CAl (Ramon y Cajal 1911; Schwartzkroin and Mathers 1978; Schwartzkroin
and Kunkel 1985). It has beem shown that these GABAergic cells receive an excitatory
input from the pyramidal cells, and that they mediate a feedback inhibition by way of
symmetrical synapses onto the pyramidal cell bodies (Knowles and Schwartzkroin
1981). Some evidence also exists which suggests that basket cells receive direct
excitatory inputs from afferents which traverse the stratum radiatum and stratum
oriens (Frotscher et al. 1984), indicating that they may exercise an additional means of
control in the form of feedforward inhibition.

Lacaille et al. (1987) have concentrated instead on the function of a group of
interneurons located at the border of the stratum oriens with the alveus whose axons
ramify throughout the dendritic fields of CA1 (Ramon y Cajal 1911; Lorente de No
1934). It is postulated that these cells utilize GABA and/or somatotrophin release
inhibiting factor (SRIF) in their interaction with CA1 pyramidal cells (Kohler and Chan-
Palay 1982; Somogyi et al. 1984; Bakst et al. 1985). These bipolar and multipolar cells
receive excitatory synapses from axon collaterals of pyramidal cells, as well as from
afferent fibres running in the dendritic fields of CA1, and their inhibitory output is
directed in turn at the CA1 pyramidal cells. Given that the excitatory synapses onto
these oriens/alvear cells, and onto the basket cells, is rapid and powerful, it is likely
that these interneurons are activated before the pyramidal cells, and that the resultant
feedforward inhibition may affect the propensity of the CA1l projection cells to be
activated in response to an afferent volley.

These studies provide some indication of the interactions between the various
populations of interneurons and the projection cells of the hippocampus. Not only does

the work of Lacaille et al. (1987) show that there exist at least two inhibitory systems
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within CA1, but also the difference in the dendritic distributions of the two types of
interneuron raise the possibility that the two systems are governed by different sets of
afferent fibres. As a final consideration, the presence of undefined connections between
the two groups of interneurons hints at a capacity for interaction between the two

inhibitory systems.
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2. THE SUBICULAR COMPLEX

The subicular complex is divided into a number of cytoarchitectonically-defined
fields: these are the subiculum (first described by Ramon y Cajal 1901), presubiculum
(Ramon y Cajal 1901), and the parasubiculum (Brodmann 1909). An additional region
medial to the subiculum and dorsal to the presubiculum has been defined as the
postsubiculum (Brodmann 1909; Rose and Woolsey 1948), but the similarity of the latter
to the presubiculum has led some later reports (Blackstad 1956; Sorensen and Shipley
1979) to consider this region as the dorsal portion of the presubiculum. However,
recent anatomical (Swanson and Cowan 1977; Vogt and Miller 1983; Van Groen and
Wyss 1988) and electrophysiological (Taube et al. 1990a,b) data argues for the
consideration of the postsubiculum as an entity separate from the presubiculum.

In his description of the subiculum and presubiculum, Ramon y Cajal (1901)
failed to distinguish a region on the lateral edge of the subiculum, separating the latter
from the medial extreme of the CA1 field, which was later defined as the prosubiculum
(Vogt and Vogt 1919). This region was described further by Lorente de No (1934), but
was incorporated by Blackstad (1956) into his definition of the subiculum. While there
exists some evidence for differences in connectivity (Raisman et al. 1966) most
contemporary authors choose to consider the prosubiculum as a subset of the

subiculum in studies of this region.
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2.1. THE SUBICULUM

2.1.1. Structure

The subiculum is composed of three major layers: a molecular layer which is
continuous with that of CA1 and the presubiculum on either side; an intermediate layer
containing relatively few cells (and corresponds roughly with the stratum radiatum of
CAl), and a broad layer of pyramidal cells, which has been subdivided by some
authors (for example, in the 1934 classification of Lorente de No, this layer is split into
three laminae, with cells of differing morphology predominating in the different layers).
The molecular layer is notable for the quantity of axons arising from various fields of
the hippocampal formation which course through the layer, of which the perforating
fibres of the entorhinal cortex are the most prominent. It is clear from the above
descrition that the laminar organization of the subiculum differs markedly from the
"simple cortex" of the neighbouring CA1 field (and the rest of the hippocampus
proper), and in this respect the subiculum is sometimes regarded as the first region of
a transitional zone, which continues through the pre- and parasubiculum, which links
the 3-layered archicortex of the hippocampus proper with the 6-layered isocortex. The
6-layered (pro)isocortical entorhinal area possesses morphological, and hodological,
characteristics which differ from those commonly identified in the isocortex and is thus

often regarded as the final stage in this intermediate zone.

2.1.2. Projections

As mentioned in Section 1.5.2,, the subiculum is the recipient of a dense,

topographically organized input from the CA1 field. In accordance with the concept of
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the hippocampal formation as a predominantly unidirectional excitatory loop, the
output of the subiculum is principally directed at the entorhinal cortex and other fields

of the subicular complex.

The entorhinal cortex

Caudally-directed fibres leave the subiculum to reach the angular bundle, where
they separate before innervating different parts of the entorhinal cortex (Swanson and
Cowan 1977; Beckstead 1978; Finch et al. 1983; Kohler 1985). The primary terminal field
of these fibres is situated in layer IV, with fibres additionally observed in layers V and
VI, but in the rat these appear destined for layer IV and are not believed to constitute
a terminal field in the deep layers, although this has been suggested for the projection
in the guinea pig (Sorensen and Shipley 1979). Restricted bands of subicular cells
project to layer IV across the entire dorsoventral axis of the medial and lateral
entorhinal areas (with the majority of the fibres terminating in the MEA), indicating a
substantial degree of divergence of the subicular output, which contrasts with the
highly lamellar input to this field from CAl. In addition, the superficial layers of the
caudal portion of the MEA receives fibres from the subiculum (Witter et al. 1989). The
projection to the entorhinal cortex is ipsilateral in the rat (Swanson and Cowan 1977;
Kohler 1985), while a contralateral component has been noted in the cat and in the

monkey (Amaral et al. 1984; Van Groen et al. 1986).

The pre- and parasubiculum

In the rat, subicular fibres terminate preferentially in layer I of the pre- and

parasubiculum, with the deep layers containing axons en route to the plexiform layer
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(Swanson and Cowan 1977; Kohler 1985b). This again contrasts with the reported
projection in the guinea pig which is predominantly directed at the deep layers, with
some additional termination within the superficial layers (Sorensen and Shipley 1979),
although this disparity across species might be explained by a lack of specificity in the
technique used in the latter study (which has been shown to label axons en passage).
The projection is topographically organized, such that dorsal regions of the
subiculum provide an input to dorsal and caudal regions of the pre- and
parasubiculum, while ventral subiculum projects to ventral and rostral parts of the pre-
and parasubiculum (Swanson and Cowan 1977; Van Groen and Lopes da Silva 1986).
Kohler (1985) additionally observed a projection from the subiculum to all layers
of CAl1l and to the stratum moleculare of CA3, as well as a prominent veﬁtral
association pathway within the subiculum. These inputs, as well as the prominent
projections outlined above, appear to be ipsilateral in nature. Little is known about the
neurotransmitter content of the reportedly excitatory (Finch et al. 1986) subicular

projections.
2.1.3. Hodological heterogeneity within the subiculum

Different subpopulations of subicular cells possess different afferents and
efferents, which indicates the existence of a hodological heterogeneity independent of
any differences in the cytoarchitectonics of the subiculum. It has been suggested (Witter
and Groenewegen 1990) that the subiculum may be divided into functional subunits,
with an overall structure which may resemble the columnar organization of the
neocortex (Mountcastle 1957), or the compartmentation of the neostriatum (Graybiel
1983). If this proves to be the case, then the subiculum, considered to govern the

outflow of the hippocampus, would appear to be organized upon radically different
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lines to the hippocampus proper, the fields of which are seémingly homogeneous both

cytoarchitectonically and hodologically.

2.2. THE PRE- AND PARASUBICULUM

2.2.1. Structure

The presubiculum lies adjacent to the subiculum; the parasubiculum is located
between the presubiculum and the entorhinal cortex. As noted above, Brodmann (1909)
specified the postsubiculum (area 48) as distinct from the presubiculum (area 27), but
it is considered below as the dorsal region of the presubiculum, since it is not
differentiated in reports of the connections of the presubiculum. The parasubiculum is
often divided into two regions (areas 49a and 49b), with a third region (area 29e)
considered by some to be distinct from the retrosplenial area (area 29) and hence a
subset (area 49c) of the parasubiculum. As is the case for the presubiculum, a detailed
comparison of the connectivity of these separate regions is lacking at present.

The pre- and parasubiculum are regarded as periallocortical in structure, with
six layers arranged as external and internal principal laminae, separated by the lamina
dissecans. The external lamina consists of the molecular layer and layers II and III; the
three deep layers (which are roughly continuous with the two cellular layers of the
subiculum) constitute the internal lamina. The neuronal constituents and the structure
of the six layers is similar to that found in the (pro)isocortex of the entorhinal cortex,
with the main difference being an increase in size of layer IV in the latter. The border

between layers II and III is also less well demarcated in the pre- and parasubiculum.
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2.2.2. Projections of the pre- and parasubiculum

The presubiculum

Layers II and III of the presubiculum contribute most of the fibres to the
entorhinal cortex, where they terminate in the superficial layers (most notably in layer
III) of the MEA (Beckstead 1978; Kohler 1985b). Some axosomatic contacts on cells in
layer II were observed by Kohler (1985b). There is an additional projection to the
contralateral MEA by way of the dorsal hippocampal‘commissure which is similar in
termination pattern to the ipsilateral input. The projection is topographically organized,
with dorsal presubiculum projecting to lateral parts of the MEA, while the ventral
portion of the presubiculum provides an input to medial MEA (Swanson and Cowan
1977; Amaral et al. 1984; Kohler 1985b; Room and Groenewegen 1986). Intrinsic
connections are distributed within layers I and II of the presubiculum, and all layers
of the presubiculum (especially the superficial layers) contribute a modest projection
to the parasubiculum.

Weak projections are noted from the presubiculum to the subiculum and the
hippocampus proper: in the dentate gyrus, projections from the presubiculum (and the
parasubiculum) terminate in the middle third of the molecular layer in a
topographically orgainzed fashion, such that dorsal regions project to dorsal regions
of the dentate gyrus, and ventral parts of the pre- and parasubiculum project to the
ventral regions of the dentate gyrus (Kohler 1985b; Witter et al. 1988). It is worthy of
note that the region of the dendritic field in which these fibres terminate is the region
towards which the axons of the MEA are directed, since the MEA is the major recipient
of the output of the pre- and parasubiculum. The presubiculum additionally sends a

crossed projection to areas homotopic to the fields to which an ipsilateral input is
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directed (Kohler 1985b).

The parasubiculum

In common with the presubiculum, layers II and III of the parasubiculum
project to the entorhinal cortex, with layer II of the MEA (and to a lesser extent the
LEA) receiving the greatest input (Kohler 1985b). Within this layer, the termination
pattern has a mosaic aspect, with areas of dense termination interspersed with regions
of less dense innervation. A smaller crossed component to this projection has been
demonstrated, although this appears to be directed instead at the deep part of layer I
of the MEA. As mentioned above, the parasubiculum sends a small, rostrally-directed
projection to the subiculum and the hippocampus proper.

Kohler (1985b) observed a massive intrinsic innervation of the ventral
parasubiculum and area 29e, with a small input crossing in the ventral hippocampal
commissure to the contralateral parasubiculum in the rat (Swanson and Cowan 1977),
although this crossed projection appears to be absent in the cat and in the monkey
(Amaral et al. 1984; Room and Groenewegen 1986). A reciprocal connection from the

parasubiculum to the presubiculum has not been noted.

56



3. THE ENTORHINAL CORTEX

3.1. STRUCTURE AND NEURONAL TYPES

Ramon y Cajal (1911) and Lorente de No (1933) employed the Golgi technique
to study the structure and neuronal distribution in the entorhinal cortex, the details of
which were used to divide the entorhinal cortex into discrete layers. It is commonly
subdivided into lateral and medial components on the basis of cytological differences
(Kohler 1985a, 1986a; Witter et al. 1986; Van Hoesen and Pandya 1975), although some
authors have presented evidence for further subdivision (Rose 1927; Haug 1976; Amaral

et al. 1987; Krettek and Price 1977).

Lt il O | — ' ( e

Fig.2  Four cells with complete axonal arborizations and dendritic processes are shown in the
above section through the entorhinal cortex. 1 stellate cell; 2,3 layer III pyramidal cells; 4 deep
pyramidal cell. 2 denotes the primary axon. Drawing taken from Lorente de No (1933).

57



The classification of the entorhinal cortex into six layers follows the description
of Lorente de No (1933). Additional differences between the lateral and medial
entorhinal areas are highlighted below. The figures quoted for the diameters of the
various neuronal types represent the mean sizes as reported by Lingenhohl and Finch

(1991).

Layer I

The plexiform layer is the recipient of collaterals of afferents terminating deeper
in the entorhinal cortex, as well as collaterals of the projection and local circuit neurons
of the entorhinal area itself. Thick fibres originating in the pre- and parasubiculum run
through this layer. Some horizontal "short axon" local circuit neurons are also present

in this layer.

Layer II

Medium size (20 m diameter) cells with a body of polygonal or star form and
spiny dendrites are found in great abundance, with comparatively few pyramidal cells
and horizontal short axon cells in this layer. In all species examined, layer II of the
lateral entorhinal area (LEA) was well defined, with densely-packed cells arranged in
islands. In the medial entorhinal area (MEA), the cells were larger and less packed,

with little evidence of clustering.

Layer III

The pyramidal cells of this layer are similar in size to the pyramidal cells found
elsewhere in the neocortex. This broad layer (narrower in the LEA) contains several
strata of spiny pyramidal cells differing slightly in size (large pyramids of 20 m

diameter; small pyramids of 12m diameter) but displaying similar axonal and
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dendritic arrangements. Various short axon cells were noted in this layer.

Layer IV

The cell-sparse lamina dissecans (less well defined in the LEA than in the MEA)
runs from the rhinal sulcus laterally to the parasubiculum medially and separates layer
III from layer IV, in which the deep pyramids (diameter 20 m) are the most numerous.
These cells, and the multipolar cells, lie in a thin layer between the lamina dissecans
and layer V (Haug 1976). Layer IV of the LEA is broader than for MEA, due both to
a greater number of cells as well as a lower cell density. Amaral et al. (1987)

incorporated layer IV with layer V in the monkey.

Layer V

The "layer of the small pyramids with recurrent axis cylinder" has a stratified
appearance and contains a high number of pyramids (diameter 15 m) arranged in
dense groups. Short axon globular and spindle cells are distributed throughout the

layer.

Layer VI‘

Lorente de No subdivided this layer into the superficial layer Vla, containing
most of the globular cells (diameter 14 m), and the deep layer VIb, containing the
polygonal cells. This polymorph layer contains relatively few cells and displays a

similar expansion in the LEA as layer IV.
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3.2. INTRINSIC CONNECTIONS OF THE ENTORHINAL CORTEX

3.2.1. Dendritic spreads

The dendritic spreads of entorhinal neurons have been characterized in a study
using intracellular labelling with HRP (Lingenhohl and Finch 1991). An analysis of
these spreads provides some indication as to the intrinsic sources of input to the
projection cells of the different layers, which in turn depicts the pattern of information
processing within the entorhinal cortex. Cells in layers II-IV possessed dendritic
branching which was restricted to the same layer as the parent cell body, or to the
immediately adjacent regions of neighbouring layers. In comparison the dendrites of
cells of the deep layers were seen to ramify in layers I and II in addition to the deep
layers, suggesting (in contrast to the cells of layers II-IV) that the deep projection cells
are influenced by inputs from every lamina of the entorhinal cortex.

An interesting feature is the magnitude of the dendritic spreads and dendritic
lengths (average 10mm), with those of cells in layer II being among the most notable.
This attribute, coupled with the high density of spines characteristic of these neurons,
suggests that entorhinal cells have the facility to integrate a large number of inputs

originating from a substantial longitudinal extent of the entorhinal cortex.

3.2.2. Axonal domains

Anterograde studies in the rat (Kohler 1986, 1988) have described differences
in the intra-entorhinal connections of the MEA and LEA which, in view of the
cytoarchitectonic differences outlined above, further highlight the functional disparity

in the entorhinal cortex. Additional work on the intrinsic and extrinsic connectivity of
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the various cytoarchitectonically-defined subregions (see above) of the entorhinal area
needs to be conducted before further parcellation of the MEA and LEA into functional
subdivisions can be justified. Supplementary data on the axonal domains of entorhinal
neurons is taken from the work of Lingenhohl and Finch (1991); however, it must be
noted that in this latter study no distinction is made between neurons of the MEA and

those of the LEA.

Layer I1

MEA

Most of the axons were found to form a dense, horizontal plexus within layer
I, with heavy innervation of ventral levels of the LEA. Fibres also run in the deeper
layers of the MEA, but these appear to be destined for the angular bundle, with no

significant termination within the deep layers.

LEA

Both sides of the LEA receive an innervation, with axosomatic contacts being
made on stellate cells. Other fibres run in layer I where they ran medially (passing the
MEA) to reach the presubiculum, while others course laterally en route to layer I of the
piriform cortex. Collaterals from the latter fibres (but not the former) descend to

innervate layer II neurons. Innervation of layers II-VI of the MEA is negligible.

A comparison of layer II axonal domains (Lingenhohl and Finch 1991) suggests
that the cells of this layer might subserve a dual function: one of these functions is the
transmission of information to the hippocampus proper, with the relevant cells

characterized by a direct projection to this region with little branching within the
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entorhinal cortex; the other function is that of association within the entorhinal cortex
(especially layer II), and is typified by an extensive intrinsic axonal network, although
are seen to project to the hippocampus (as well as to the subicular cortex and to

olfactory cortical regions).

Layer III

MEA

Ascending fibres innervate the longitudinal extent of layer II in the MEA, and
massive termination within layer I is also noted. Fibres in layer I are found to run
ventrolaterally towards the LEA and the piriform cortex. The deep layers receive a

sparse innervation.

LEA

Layers I-III of the LEA on both sides contain dense terminal plexuses. Varicose
axons in layer I run medially through the MEA to terminate in the subicular complex
and, as for layer Il of the LEA, few fibres are found in layers II-VI of the MEA.
Laterally-directed fibres in layer I terminate in the piriform cortex. The deep layers of

the LEA are not believed to receive substantial innervation.

Layer IV

MEA
A prominent innervation, which becomes denser at more ventral levels, is noted
in the superficial layers, with dense terminal fields present in layer II and III. Layer I

contains fibres running parallel to the long axis of the MEA. Fibres running in layers
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V and VI are destined for layers II and III of the LEA, and all layers of the perirhinal

cortex.

LEA

Layers I-IV of the LEA are heavily innervated by layer IV. Loosely-arranged
plexuses are also found in layers V and VI. While layers II and III of the MEA receive
little input, layer IV is noted to receive a heavy projection throughout its longitudinal

extent.

Layer V

MEA
All layers of the MEA contain fibres originating in layer V, with the densest

innervation within layers II and IIL

LEA

Layers I-IV receive an innervation, with a prominent termination zone in the
deep part of layer IIl. The projection from layer V appears orientated in such a way
that most fibres are directed laterally from their cells of origin and are seen to run as
far as the rhinal fissure. A smaller component of this projection is observed in layer V
and VI, with the fibres eventually terminating in the perirhinal and piriform cortices.

Very few fibres reach the MEA.
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Layer VI

MEA
In conjunction with layer V, all layers of the MEA contain fibres from layer VL
In addition, fibres course ventrolaterally to form terminal plexuses in layers I-III of the

LEA.

LEA
All six layers of the LEA receive an innervation, with a dense terminal field in
layer V across its longitudinal extent. Fibres are seen to run horizontally within layer

VL. Layers IV-VI of the MEA also receive an input from this layer.

Some similarity can be observed in the pattern of intrinsic connections of the
MEA and LEA: the projection from each layer is mainly directed to the more superficial
layers. Axons directed towards the deep layers are generally found to have extra-
entorhinal terminations. In general, fibres from layers IV-VI of the MEA and LEA are
observed to have a greater dorsoventral and laminar divergence than those emanating
from the superficial layers, in accordance with the principle of intracortical connectivity
of Rockland and Pandya (1979).

The extensive projection from the MEA to the LEA contrasts sharply with the
weak LEA-MEA projection which, when collated with the connections between the
subicular complex and the MEA, indicates a largely unidirectional flow of information

from the subicular complex to the MEA and thence to the LEA.
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3.3. EXTRINSIC AFFERENTS OF THE ENTORHINAL CORTEX

3.3.1. Cortical afferents to the entorhinal cortex

A strong olfactory input from the olfactory bulb and from most of the cortical
regions which receive a projection from the olfactory bulb is received by both the LEA
and MEA, although the input to the LEA is of greater density (Krettek and Price 1977).
A similar bias has been described (Deacon et al. 1983; Cechetto and Saper 1987) for the
inputs from temporal cortex (auditory, visual and polymodal association areas), medial
prefrontal cortex (frontal eye field and supplementary motor areas) and insular cortex
(autonomic and limbic association areas).

These cortical inputs show laminar segregation: the olfactory projection arises
mainly from layer II of olfactory cortex and terminates in layers I and II of the
entorhinal cortex, which is also the destination for the fibres from layer VI of the
medial prefrontal cortex, whereas the insular inputs originate from layer III and end
in the deeper layers.

The results of studies on corticocortical patterns of projection in the monkey
(Jones and Powell 1970; Pandya and Seltzer 1982; Pandya and Yeterian 1984) and the
rat (Saper 1982) has led to the notion of a stepwise connection of cortical regions for
the sensory modalities, with the complexity of the information increasing with every
step: primary sensory areas project via secondary and tertiary sensory cortex to
multimodal association areas in frontal and temporal cortex. The information reaching
the entorhinal cortex from these latter regions is therefore believed to be of a highly
processed "supramodal” form. The cortical afferents show a specificity of termination
in the LEA and MEA, but the degree to which this segregation is reflected in the

function of these regions is at present unclear. The existence of prominent intrinsic
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connections in the LEA and MEA which spread both across layers and in a longitudinal
direction (Kohler 1986; Kohler 1988) suggests that projection neurons in a given locality
may have similar access to a diversity of information, although the information content
may differ for different localities, depending on the extent of the intrinsic connectivity.
In this light, it is of further interest that the intra-entorhinal projections of the LEA and

MEA remain largely within the borders of their respective areas.

3.3.2. Hippocampal afferents to the entorhinal cortex

The dentate gyrus is not known to provide an input to the entorhinal cortex,
while there exists only a restricted projection from the temporal part of the CA3 field
(Hjorth-Simonsen 1973). The CA1 field of the hippocampus has been found to innervate
every layer of the entorhinal cortex in the rat (Beckstead 1978; Swanson et al. 1978),
with layer IV receiving the strongest input; additionally, the LEA has a heavier
innervation than the MEA.

The pyramidal cell layer of the subiculum gives rise to an ipsilateral input
which terminates in layer IV of the entorhinal cortex (Kosel et al. 1982; Kohler 1985).
This projection displayed a high degree of divergence, such that a restricted segment
of subicular cells innervates an extensive dorsoventral extent of the entorhinal area.

The superficial layers of the MEA receive a massive, bilateral input from the
pre- and parasubiculum (Shipley 1975; Swanson and Cowan 1977; Kohler et al. 1978).
The LEA does not appear to be innervated by these regions. Layer III of the MEA
receives the densest innervation from the presubiculum, while the parasubiculum
provides an input to layer II of the MEA ipsilaterally and the deep part of layer I
contralaterally (Kohler 1985). The projection is topographically organized: septal parts

of the pre- and parasubiculum innervate septal parts of the MEA, and progressively

66



more temporal regions receive an input from progressively more temporal regions of
the pre- and parasubiculum. Since the dendrites of the projection neurons in layers II
and III of the entorhinal cortex ramify in the first three layers, while those of the
projection neurons in Layers IV-VI are distributed throughout all six layers, the laminar
specificity of the projections to the entorhinal cortex from the various regions of the
subicular complex suggests that the input from the pre- and parasubiculum may
influence bilaterally all the efferent systems of the MEA, while the ipsilateral subicular
input controls the projections from the entire entorhinal area to the frontal cortex and

subcortical regions.

3.4. THE PROJECTION FROM THE ENTORHINAL CORTEX TO THE

HIPPOCAMPUS

The perforant path, first described by Ramon y Cajal in 1911, is the major route
by which the entorhinal cortex sends afferents to the hippocampal formation. Axons
of the projection neurons enter the white matter underlying the cortex to join the
angular bundle. The fibres then run dorsally before perforating the subiculum along
its long axis to reach the hippocampal fissure and thence the molecular layer of the
dentate gyrus, the stratum moleculare of the CA3 field and the molecular layer of the
subiculum. Some fibres, however, run along the stratum moleculare before traversing
the fissure. The stratum oriens of CA3 does not appear to receive any fibres. The
termination pattern of the perforant path fibres is still unclear at present: it appears that
the axons that innervate the dentate gyrus do not constitute a separate group to those
that provide an input to CA3, but that some, or all, of the fibres project to both fields.

The temporo-alvear pathway (Lorente de No 1934) is another route from the
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entorhinal cortex to the hippocampus. Fibres travel through the alveus before
terminating in the pyramidal layer of the subiculum and the stratum oriens of CAl

(Raisman et al. 1965; Steward 1976; Swanson and Kohler 1986).

3.4.1. Projection neurons of the perforant path

The projection neurons were identified by Ramon y Cajal (1911) and Lorente de
No (1933) as the spiny stellate and pyramidal cells of layers I and III. An investigation
of their ultrastructure revealed that these two populations of cells had similarities in
the distribution of symmetric and asymmetric synapses on the cell body and the
dendritic shafts and spines. Both groups were also found to make local asymmetric
connections (Germroth et al. 1991) on other excitatory neurons and onto aspiny local
circuit neurons. The respective excitation and disinhibition may be indicative of some
capacity of the projection neurons to cause amplification of the excitatory signal within
a region of the entorhinal cortex.

Asymmetric contacts, using glutamate (and possibly also aspartate) as the
excitatory neurotransmitter, are made on the dendritic spines of the dentate granule
cells and the pyramidal cells of the hippocampus. Studies on the input from medial
perforant path fibres onto granule cells (McNaughton et al. 1981) showed that 2-3% of
the perforant path synapses generated an activation which was greater by a factor of
10 to 20 than that caused by other synapses. It is suggested that these "strong" synapses
represent a termination of the perforant path fibers onto the dendritic shaft, which are
not subject to the five- to tenfold attenuation that is believed (Koch and Poggio 1982;
Miller et al. 1985) to affect the synaptic signals coming in from inputs onto spines.

Collaterals of the perforant path fibres also make asymmmetric contacts on the

dendritic shafts of hilar basket and mossy cells (Zipp et al. 1989; Scharfman 1991),
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indicating that the perforant path has the capacity to cause excitation and feedforward
inhibition of the granule cells through activation of the hilar circuitry (see Section
3.3.2).

In addition to the spinous cells, some aspinous GABAergic neurons are also
believed to provide a relatively weak direct inhibitory input to the hippocampal
formation (Germroth et al. 1989), which appears to make contact with inhibitory cells,

thus augmenting by disinhibition the excitation caused by the spinous cell input.

3.4.2. Activation of Ammon’s horn by the entorhinal cortex

Although the original work of Andersen et al. (1971) was notable for the lack
of activation in the CA3 and CAL1 fields following direct excitation of the entorhinal
cortex, a later electrophysiological study of the entorhinal input to the hippocampus
in vivo (Yeckel and Berger 1990) has demonstrated that stimulation of the perforant
path results in near-simultaneous monosynaptic excitation of the dentate gyrus, CA3
and CAl. Furthermore, the evoked responses from CA3 cells was often observed to
precede those from the dentate granule cells, which has been interpreted as being
representative of the establishment of en passant synapses of perforant path fibres on
CAS3 cells prior to their termination on granule cell dendrites. Responses evoked from
CA1 were coincident with those from the dentate gyrus, suggesting that (unlike CA3)
different fibres convey an input to CAI.

These electrophysiological findings complement the anatomical data in
demonstrating the existence of three distinct entorhinal projections to the three
hippocampal regions; in addition, the fact that disynaptic and trisynaptic activation of
CA3 and CA1 respectively through the classical trisynaptic circuit were found to be

subthreshold for spike generation strongly suggests that excitation through the
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monosynaptic pathways may be more critical for spike generation in CA3 and CA1
than the feedforward excitation conveyed through the trisynaptic circuit. Since the
latter excitation is insufficient to generate action potentials alone, it may instead
represent some co-operativity in the afferents to the Ammon’s horn, allowing synaptic

potentiation of the stronger monosynaptic input.

3.4.3. Laminae of origin and bilateral connectivity

The entorhinal projection to the dentate gyrus and CA3 in the rat was found to
originate from layer II, whereas the projection tc CA1 arises from layer III (Steward
and Scoville 1976). A later study (Kohler 1985) showed that projection neurons in layers
IV and VI also contributed to the perforant path. A similar organization of the layer II
and III inputs was discovered in the monkey (Witter and Amaral 1991), with the
additional discovery that some neurons in layers VI and V contributed respectively to
the dentate gyrus/CA3 and CA1 inputs. Since the hippocampus projects to the deep
layers (Hjorth-Simonsen 1971; Swanson and Cowan 1977), this reciprocal connection
may represent a feedback system between the entorhinal cortex and the hippocampus.

The existence of a crossed projection from the entorhinal cortex has been
reported in a number of species (Hjorth-Simonsen and Zimmer 1975; Steward 1976;
Amaral ef al. 1984; Witter and Groenewegen 1984), which is mostly directed towards
the dentate gyrus and CA1. Wyss (1981) has noted a very weak contralateral projection
to a small part of CA3 in the rat. Steward and Scoville (1976) have portrayed the
bilateral projection to CAl, originating in layer III, as being similar in density on both
sides. The size of the crossed projection to the dentate gyrus, as compared to the
ipsilateral pathway, is variously described as slight (Steward 1976) and substantial

(Hjorth-Simonsen and Zimmer 1975; Wyss 1981; Witter and Groenewegen 1984). In the
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latter studies, a variation was noted such that dense labelling in dorsal ipsilateral
dentate gyrus was accompanied by similarly dense contralateral filling, while strong
ventral labelling was coupled with a weak crossed projection. In addition, the
commissural pathway to the dentate gyrus was described as originating only from
lateral and caudal parts of the LEA and MEA, whereas the crossed pathway to the
Ammon’s Horn arose almost entirely from the MEA.

The perforant path appears to utilize glutamate (and possibly aspartate) as its
excitatory neurotransmitter (Storm-Mathisen 1977), with an additional finding that the

input from the LEA also utilizes Leu-enkephalin (Chavkin et al. 1985).

3.44. The organization of the termination of entorhinal fibres within the

hippocampus

Anterograde studies in the rat have revealed that different areas of the
entorhinal cortex distribute their fibres in a laminar pattern to the dendritic fields of the
dentate gyrus and CA3 (Hjorth-Simonsen and Jeune 1972; Steward 1976; Wyss 1981).
Fibres from the LEA terminate in the outer third of the molecular layer of the dentate
gyrus and the outer half of the stratum moleculare of CA3, whereas those from the
MEA terminate in the middle third and inner half respectively, giving rise to the belief
that the perforant path has discrete lateral and medial components. Electrophysiological
work by McNaughton (1980) supports this segregation. Additionally, there is a gradient
of contact along the proximodistal extent of the dendrites: axons originating in the far
lateral region of the LEA synapse on the most distal portions of the dendritic fields of
the dentate gyrus and CA3, while progressively more medial regions of the LEA and
MEA terminate on progressively more proximal to the projection cell layers.

The projection to CA1 displays a differing organization (Steward 1976). Neurons
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of far lateral LEA project to CA1 cells on the subicular border, while progressively
more medial LEA and then MEA project to regions of CA1 progressively closer to the
CA1/CA2 boundary. Instead of the laminar organization reported for the dentate
gyrus/CA3 pathway, both the LEA and MEA inputs terminate in the outer two-thirds
of the stratum moleculare (Witter et al. 1989).

Further organization in the perforant path was revealed in several studies
(Hjorth-Simonsen and Jeune 1972; Ruth et al. 1982, 1988; Witter and Groenewegen
1984), demonstrating a topographical relationship such that cells in rostrolateral LEA
and MEA project to septal hippocampus, while progressively more caudomedial parts
of the LEA and MEA projected to progressively more temporal parts of the
hippocampus. The discovery that the LEA and MEA display separate progressions
adds weight to the dual-component concept of the entorhino-hippocampal pathway.

In view of such organization, it is of interest that this projection does not appear
to show "point-to-point” specificity; instead a localized region of entorhinal cortex
provides a divergent input onto the hippocampus (Steward 1976; Wyss 1981; Witter
and Groenewegen 1984). A double-labelling study using retrograde fluorescent tracers
(Witter et al. 1989) has shown that the divergence is due to collateralization of the
perforant path axons, such that individual entorhinal neurons innervate the
hippocampus at different levels along its septotemporal axis. This would result in
considerable overlap of the termination zones of entorhinal neurons, so that any given
group of hippocampal cells is the recipient of information from a substantial portion
of the entorhinal cortex.

The differences in the origins, terminations and bilateral representation of the
projection to the dentate gyrus and CA3 and that to CA1 strongly suggests that the two
must be considered as separate entorhinal projections. Given the segregation of the

information coming in to the entorhinal cortex, it may be presumed that the nature of
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the information received by the CAl field differs to that received by CA3 (and the
dentate gyrus), which in turn may highlight a difference in the processing of

information by these two fields of Ammon’s Horn.
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4. SUBCORTICAL AFFERENTS TO THE HIPPOCAMPAL FORMATION

4.1. THE SEPTAL COMPLEX

Caudally-directed fibres from the medial septal complex (the medial septal
nucleus and the nucleus of the diagonal band) take several routes to the hippocampal
formation: the majority run through the fimbria and dorsal fornix (Daitz and Powell
1954; Cragg and Hamlyn 1957; Raisman 1966), with additional projections from the
nucleus of the diagonal band that run near the cingulum bundle en route to temporal
subiculum and presubiculum (Swanson and Cowan 1979; Milner et al. 1983), or through
the amygdala to innervate temporal regions of the hippocampal formation (Milner and
Amaral 1984; Gage et al. 1984).

All fields of the hippocampal formation receive an input (Mellgren and Srebo
1973; Swanson and Cowan 1976; Alonso and Kohler 1984), with the densest termination
in the hilar region (Rose et al. 1976). Fibres also terminate in both apical and basal
dendritic fields of CA3, in the stratum oriens of CAl, and in all layers of the subicular
complex, with layer II receiving the heaviest innervation. The medial septal complex
sends a substantial projection to the entorhinal cortex in the rat, with a further weak
projection from the nucleus basalis of Meynert in the monkey (Mellgren and Srebro
1977; Meibach and Siegel 1977; Alonso and Kohler 1984; Milner and Amaral 1984;
Insausti et al. 1987). The MEA is the major recipient of this input, which terminates in
the lamina dissecans and in layer II, while the lateral extreme of the entorhinal cortex
in the rat receives a specific input from neurons in the horizontal limb of the nucleus

of the diagonal band (Milner and Amaral 1984).
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4.1.1. Topographic organization

The projection is topographically organized such that cells near the midline of
the medial septal complex project to medial parts of the entorhinal cortex and to septal
regions of the remainder of the hippocampal formation, while more laterally-situated
cells project to lateral parts of the entorhinal cortex and to temporal parts of the
hippocampal formation (Meibach and Siegel 1977; Monmaur and Thomson 1983; Saper
1984). There is also a rostrocaudal-to-septotemporal gradient in the septohippocampal
projection, with additional evidence that the septal input becomes progressively heavier

for more temporal hippocampal regions (Milner et al. 1983).

4.1.2. Neurotransmitters

The medial septal projection is widely held to utilize acetylcholine as a
neurotransmitter (Lewis and Shute 1967; Alonso and Kohler 1984; Amaral and Kurz
1985), although immunostaining tests have shown that at least 30% of the cells
projecting to the hippocampal formation are GABAergic (Kohler et al. 1984) and
constitute a largely separate group to the cholinergic neurons (Brashear et al. 1986).
Other studies have noted that some cholinergic medial septal cells also contain galanin

(Melander et al. 1985).
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4.2. THE AMYGDALAR DEEP NUCLEI

(The projections from the corticomedial nuclei are considered, by virtue of their
substantial direct input from the olfactory bulb, as a component of the input from the olfactory
cortical regions)

The lateral nucleus projects to layer III of the LEA, and caudolateral parts of the
basolateral nucleus provide an input to layers Il and IV of the LEA, and to the ventral
subiculum and the adjacent CA1 region in the rat (Krettek and Price 1977; Beckstead
1978). The cortical areas that project to the basolateral complex are believed to convey
data involving the five sensory modalities (Van Hoesen 1981) and it is of interest that
these regions also provide an input to the entorhinal cortex and to the subicular
complex.

There is an additional input from the endopiriform nucleus which terminates
in layers I and III of the LEA, and in layer I of the ventral subiculum (Krettek and Price

1978); this projection is thought to be excitatory in nature (Wilhite 1986).

4.3. THE THALAMUS

The nucleus reuniens sends a substantial, topographically organized input to
layers I and III of the entorhinal cortex, the molecular layer of the parasubiculum, and
to the ventral subiculum and ventral two-thirds of CAl (Herkenham 1978). The
parataenial and paraventricular nuclei innervate the dentate gyrus (with a dense
termination in the hilus) and CA3. Thalamic inputs to the entorhinal cortex vary in the
site of termination: the paraventricular nucleus projects mainly to the most medial part

of the MEA, the nucleus centralis medialis projects to lateral LEA, whereas fibres from
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the nucleus reuniens cover the entire extent of the entorhinal cortex (Yanagihara et al.
1987).
The anterior thalamic group of nuclei projects to layers I and III of the

presubiculum and may provide feedforward information from the mammillary bodies

4.4. THE HYPOTHALAMUS

Cells in the lateral preoptic area, the magnocellular preoptic area and the
substantia innominata provide a cholinergic projection to the hippocampal formation
(Wyss et al. 1979). A cell group distributed across the lateral hypothalamic area, the
anterior dorsomedial nucleus and zona incerta (Pasquier and Reinoso-Suarez 1976)
provides an additional diffuse innervation throughout the hippocampal formation.

Other hypothalamic inputs arise from cells around the supramammillary
nucleus, which project to the dentate gyrus, CA3 and the retrohippocampal region
(Segal 1979; Stanfield and Cowan 1984; Haglund et al. 1984), and from cells situated
around the tuberomammillary nucleus and around the posterior hypothalamic area

(Wyss et al. 1979).

4.5. THE BRAINSTEM

4.5.1. Midbrain - 5HT from the raphe nuclei (B6, B9)

The projection arises from the midbrain raphe, neurons in the tegmental
reticular nucleus (Kohler and Steinbusch 1982) and the apical interpeduncular nucleus
(Groenewegen and Steinbusch 1984). Both median and dorsal raphe nuclei innervate

the entire hippocampal formation, while the tegmental reticular nucleus projects to the
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entorhinal cortex only. All fibres except for 5-15% of those from the raphe nuclei are
5HTergic. All regions of the hippocampal formation receive an input, with the strongest
innervation in the hilar region, and a less dense projection to the stratum moleculare
of Ammon’s horn. The retrohippocampal region has a grid-like innervation throughout
every layer which is strongest in the molecular layers. Kohler (1982) highlights the
existence of a dense terminal plexus in layer III of the LEA as indicative of a direct
control over the lateral perforant path.

Fibres pass initially through the medial forebrain bundle. Two ascending fibre
bundles, the median and dorsal raphe-forebrain tracts, split to run in three main fibre

groups to the hippocampal formation (Azmitia 1978).

4.5.2. Midbrain - dopamine from the ventral tegmental area (A8-10)

Fibres from the ventral tegmental area terminate in all layers of the LEA, with
a clustering pattern found in layers I, II and III (Hokfelt et al. 1974), and additional
concentration in far lateral LEA. A relatively weak projection (the level of dopamine
in the hippocampal formation is estimated to be one tenth that of noradrenaline) also
reaches the ventral subiculum, the hilus, Ammon’s horn and the pre- and

parasubiculum (Scatton et al. 1980).

4.5.3. Pons - noradrenaline from the locus coeruleus (A6)

The diffuse noradrenergic input to the entire hippocampal formation (Fuxe 1965;
Blackstad et al. 1967) is densest in the hilar region and ramifies in all layers of the
retrohippocampal regions, thereby showing great similarity to the 5SHT input. Within

Ammon’s horn, there is a dense innervation of the stratum lucidum of CA3 (the
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termination zone of the dentate mossy fibres). In conjunction with the 5HTergic
projection, the fibres run in the medial forebrain bundle before separating into the three
fibre groups described above (Loy et al. 1980). The dorsal pathways innervate
preferentially the septal parts of the hippocampal formation, while the ventral pathway

provides an input to the temporal regions and the entorhinal cortex.
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5. EXTRINSIC EFFERENTS OF THE HIPPOCAMPAL FORMATION

Extrinsic efferents are classed into two groups: one group innervates the
neocortex while the other, known as the fornix-fimbria system, comprises the
subcortical outflow of the hippocampal formation. Descending fibres from the
hippocampal formation run in the fimbria and dorsal fornix to reach the ventral
hippocampal commissure, in which run fibres destined for the contralateral
hemisphere, while the remaining axons split to form two fibre bundles, the pre- and
postcommissural fornix at the level of the septofimbrial nucleus. The precommissural
fornix contains fibres directed towards the septal complex, the nucleus accumbens septi
and the medial prefrontal cortex. The postcommissural fornix continues past the
anterior commissure, at which point two fibre bundles split off. One of these, the
medial cortico-hypothalamic tract, projects to the hypothalamic region, while the
subiculo-thalamic tract projects to nuclei of the thalamus. The remnant of the
postcommissural fornix, often described as the "column of the fornix", terminates in the

mammillary body.

5.1. PROJECTIONS TO THE NEOCORTEX

5.1.1. Efferents from the entorhinal cortex

The entorhinal cortex projects to several cortical olfactory areas, including the
anterior olfactory nucleus, the olfactory tubercle and the piriform cortex (Krettek and
Price 1977; Wyss 1981; Sorensen and Witter 1983). In the guinea pig, there are further
projections to the cingulate gyrus and medial prefrontal cortex, and to regions of the

insular and perirhinal cortex (Sorensen 1985). In the monkey, layer IV provides an
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input to adjacent regions in the temporal cortex including areas 35, TA, TE, TF, TG and
TH (Van Hoesen and Pandya 1975; Kosel et al. 1982).

In the rat, Swanson and Kohler (1986) reported that the entire cortical mantle
ipsilaterally appeared to receive fibres from the LEA, while the projection to the
contralateral side was less pronounced but still extensive. Most heavily innervated
regions were the infralimbic, prelimbic and anterior limbic regions. It is of interest that
this projection stemmed from a small population of layer IV pyramidal neurons located
around the ventral bank of the rhinal sulcus, which incorporates the border with the
perirhinal cortex.

In addition, layers II-IV of the LEA (and less so the MEA) were reported by

Kosel et al. (1982) to send inputs to the perirhinal, ectorhinal and temporal areas.

5.1.2. Efferents from the hippocampus and subicular complex

The cortical projection from the hippocampus proper is limited: no projection
is believed to arise from the dentate gyrus while in CA3, the projection is restricted to
septally-located cells which provide an input to the retrosplenial cortex. Pyramidal cells
in the septal region of CAl have been found to project to the perirhinal cortex
(Swanson and Cowan 1977), while an input to the infralimbic and prelimbic cortex
arises from temporal CAl (Swanson 1981).

Cells in the dorsal subiculum and in layers V and VI of the dorsal presubiculum
(the postsubicular region) and parasubiculum send fibres which terminate in the
superficial layers of the retrosplenial cortex (Meibach and Seigel 1977a; Swanson and
Cowan 1977; Vogt and Miller 1983), with a further projection from the dorsal
subiculum to the deep layers of the perirhinal cortex (Swanson and Cowan 1977;

Deacon et al. 1983). Ventral parts of the subiculum and cells in the superficial layers of
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the pre- and parasubiculum project to the medial prefrontal cortex in the rat (Swanson
1981; Swanson and Kohler 1986). Some evidence exists for an input to the inferior
temporal region from superficially-located cells in the subiculum (Swanson and Kohler

1986).

5.2. THE PRECOMMISSURAL FORNIX

5.2.1. The septal complex

Efferents from the entorhinal cortex

The return connection with the septal region is provided mainly by the
pyramidal neurons of layer IV of the LEA and MEA, with an additional contribution
from layer II neurons located in the medial zones of both areas (Alonso and Kohler
1984; Witter and Groenewegen 1986). The fibres terminate in the lateral septal nucleus
in a topographical fashion, such that lateral parts of the LEA and MEA innervate its
dorsomedial region, while the medial parts of the two areas provide a dense projection
to its ventrolateral extent. Some fibres are additionally distributed to the medial septal
nucleus and to the horizontal limb of the nucleus of the diagonal band (Witter and

Groenewegen 1986).

Efferents from the CA3 field

Fibres from the hippocampus and subiculum distribute to the lateral septal
nucleus and to the triangular and septofimbrial nuclei (Raisman et al. 1966). The
projection from the CA3 field is dense, and collaterals of CA3 axons are found to

terminate across most of the expanse of the lateral septal nucleus, with the exception
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of the rostral third of the nucleus. Additional collaterals cross in the ventral
hippocampal commissure to provide a symmetrical (but slightly less dense) projection
to the contralateral nucleus. Axon collaterals from the pyramidal cells of the CA2 field
are also believed to project bilaterally to the lateral septal nucleus (Swanson and Cowan
1977). There is the possibility that a non-pyramidal projection exists: Alonso and Kohler
(1982) have suggested that non-pyramidal cells provide a weak input to the medial
septal complex, and several reports have indicated a contribution to the
precommissural fornix of fibres originating in cells located in the stratum radiatum and
the stratum oriens (Chronister and DeFrance 1979; Swanson et al. 1981; Alonso and
Kohler 1982; Schwerdtfeger and Buhl 1986).

The projection from CAS3 to the lateral septal nucleus (LSN) is topographically
organized in two planes: septal regions of CA3 innervate dorsal regions of the LSN,
while progressively more temporal parts of CA3 project to progressively more ventral
areas of the LSN. In addition, there is a mediolateral gradient in the transverse plane,
such that cells in medial (proximal) CA3 abutting the hilus provide an input to medial
regions of the LSN, while lateral (distal) parts of CA3 near the CA2 border project to
lateral parts of the LSN (Swanson and Cowan 1977).

The neurotransmitter utilized in the excitatory projection from CA3 pyramidal
cells is believed to be glutamate (DeFrance et al. 1973; Storm-Mathisen and Opsahl 1978;
Walaas and Fonnum 1980). The identity and action of the neurotransmitter(s) found in

the non-pyramidal projection has yet to be elucidated.

Efferents from the CA1 field
The unilateral projection to the LSN from CA1l possesses a topographic

organization in the longitudinal plane, with a septotemporal-dorsoventral gradient
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similar to that observed in the CA3 pathway. Unlike the latter, CA1 fibres distribute
to the rostral extreme of the LSN, with some fibres running further rostrally to
terminate in the nucleus accumbens septi and the taenia tecta (Swanson and Cowan
1977; Swanson ef al. 1981). As with the CA3 projection, the neurotransmitter in this

pathway is assumed to be an excitatory amino acid.

Efferents from the subiculum

The subicular input is believed to be arranged in a similar fashion to the CA1
input, with additional collaterals from cells in ventral subiculum distributing to the bed
nuclei of the stria terminalis (Swanson and Cowan 1977) and the nucleus accumbens
(Yang and Mogensen 1984).

The subicular output is excitatory, and probably involves glutamate (Walaas and
Fonnum 1980; Yang and Mogensen 1984), although the existence of neurotensin in this

pathway has also been reported (Totterdell and Smith 1986).

5.2.2. The nucleus accumbens septi

A unilateral projection to the medial and anterolateral regions of the nucleus
accumbens arises from cells in ventral CA1 and from the subiculum (Phillipson and
Griffiths 1985). Asymmetric contacts are made on medium-sized spiny neurons (the
output cells of the nucleus accumbens), suggesting that the projection to the nucleus
accumbens represents a pathway through which the motor systems might be influenced
(DeFrance and Yoshihara 1975; Yang and Mogensen 1984).

The pathway is believed to utilize glutamate as the neurotransmitter (Kelley and
Domesick 1982), although additional data suggests the presence of another hitherto

unidentified excitatory neurotransmitter (Yang and Mogensen 1985).
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5.3. THE POSTCOMMISSURAL FORNIX

5.3.1. The hypothalamus

The fibres of the medial cortico-hypothalamic tract run caudally through the
anterior hypothalamic area to terminate in the shell of the ventromedial nucleus, the
arcuate nucleus and basomedial parts of the lateral hypothalamic area (Nauta 1956).
Cells in the ventral subiculum provide the majority of the fibres of this tract (Swanson
and Cowan 1977; Krettek and Price 1978), with a limited number of CA3 cells located

near to the ventral subiculum observed to project to the medial preoptic nucleus.

5.3.2. The thalamus

Cells in the ventral subiculum project to several of the midline group of nuclei,
notably the nucleus reuniens, the paraventricular nucleus and the parataenial nucleus
by way of the subiculo-thalamic tract (Nauta 1956; Raisman et al. 1966; Krettek and
Price 1978).

The projection to the anterior thalamic group is bilateral, and originates in the
subicular complex. Cells in the deep regions of the pre- and parasubiculum project
mainly to the anteroventral nucleus (Swanson and Cowan 1975, 1977), while the input
to the anteromedial nucleus arises principally from the deep half of the subiculum
(Meibach and Siegel 1977b). The subicular complex projects additionally to the
anterodorsal, lateral dorsal and lateral posterior nuclei (Swanson and Cowan 1975,
1977). Donovan and Wyss (1983) have shown a degree of hodological heterogeneity in
the subicular complex, in that the cells projecting to the thalamus constitute a separate

population to those projecting to the entorhinal cortex.
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5.3.3. The mammillary body

The final remnant of the postcommissural fornix terminates in the medial and
lateral mammillary nuclei. A bilateral, topographically organized projection to the
medial mammillary nucleus originates in the subiculum (Swanson and Cowan 1975),
with dorsal subiculum projecting to dorsal parts of the nucleus, and ventral subiculum
providing an input to ventral parts of the nucleus (Meibach and Siegel 1975). The pre-
and parasubiculum project bilaterally to the medial and lateral mammillary nuclei
(Swanson and Cowan 1975, 1977, Meibach and Siegel 1977a).

The hodological heterogeneity within the subicular complex suggested by
Donovan and Wyss (1983) is also evident in the subiculo-mammillary projection: many
cells in the subiculum projecting to the entorhinal cortex also give rise to an input to
the medial mammillary nucleus (and constitute a population distinct from those
projecting to the thalamus), whereas separate groups of neurons in the pre- and
parasubiculum project to the entorhinal cortex and the mammillary body. The
functional segregation within the subiculum is curious in view of the fact that the

mammillary body provides a dense input to the anterior thalamic nuclei.
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MATERIALS AND METHODS

Surgery

Forty-four adult male 250-500g Lister Hooded rats (supplied by Olac) were used
in these studies. Animals were anaesthetized with a mixture of halothane and N,O/O,,
and placed in a stereotaxic frame (Baltimore Instruments). Atropine sulphate was
delivered subcutaneously to inhibit mucous secretions. Hollow trephine drill bits were
used to create holes in the skull and incisions of the underlying dura mater were made
using the tips of 25G syringe needles.

After sonication for a minimum of 30 minutes, 2.5-5% aqueous Fast Blue (Dr.
lling, Germany) and 25-50% aqueous rhodamine microspheres (Lumafluor Inc., New
York USA) were injected through glass micropipettes (inside tip diameter 16-30um for
Fast Blue, 10-16pum for rhodamine microspheres). Co-ordinates for injections into the
CALl field, the CA3 field, and the lateral septal nucleus were calculated using the atlas
of Paxinos and Watson (1986), although for the last thirty-three subjects the
dorsoventral position of injections into the hippocampus was determined instead using
an electrode adjacent to the pipette tip. Dye expulsion was achieved using a high
pressure valve (Lee Instruments) connected to an air reservoir, allowing pressurised air
of up to 40 psi (pounds per square inch) to reach the pipette. The period for which the
valve remained open was regulated by an electronic timer with a bandwidth of 10-
200ms. Injections of 10-50nl were delivered in increments over a ten minute period,
after which the pipette was withdrawn and the skin sutured. 0.15ml Temgesic

(buprenorphine) was administered intramuscularly to provide post-operative analgesia.
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Perfusion and Histology

Preliminary studies (see Appendix I) have shown that optimal labelling with
Fast Blue occurs after a survival time of 4-6 days, while the optimal labelling of the
rhodamine microspheres is attained after 2 days, with no diminution in the quality of
labelling over longer survival periods (Katz 1984). This persistance of the rhodamine
microspheres obviated the need to inject the two dyes at separate times.

After a survival time of 4-6 days, 0.3-0.4ml of Lethobarb (pentobarbitone) was
given intraperitoneally. This range of lethal dose resulted in a gradual depression of
respiration and concomitant rise in blood CO, levels, which led in turn to cerebral
vasodilatation, allowing a better passage of perfusate through the brain.

After a rapid (2 minute) exsanguination with isotonic saline, the animal was
perfused transcardially with 500ml of 4% formaldehyde in 0.1IM phosphate buffer at
pH 7.4, followed by a 15% sucrose solution in 500ml of the above. Total perfusion time
was 30 minutes. The brain was then removed and bisected along the midline. Both
halves were then postfixed for 1-3 days in 20% sucrose cryoprotectant in 0.1M
phosphate-buffered 4% formaldehyde.

Serial coronal sections were cut on a Leitz freezing microtome at 35um and
mounted from distilled water onto ungelatinised slides. After overnight drying in air

the slides were coverslipped using D.P.X. mountant.

Hippocampal extension

For the last eighteen subjects, the brain was halved and the hemibrain
containing the injection sites was postfixed and cut éoronally as described above. The

contralateral hippocampus was dissected from the remaining half and extended along
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its septotemporal axis by compression between four microscope slides, in accordance
with the technique described by Gaarskjaer (1978a,b). The extended hippocampus and
the rest of the hemibrain were then postfixed as above. Further extension of the
hippocampus was achieved by manipulation of the tissue on the microtome chuck as
it was frozen gradually from the temporal pole up, although a degree of curvature at
this end could not be removed entirely. Serial sections of 35um thickness were cut

transverse to the septotemporal axis and mounted as above.

Acute electrophysiological recording

During the initial stages of this study, the rat atlas of Paxinos and Watson (1986)
was used to obtain co-ordinates for injections across the extent of the hippocampus.
Given the variations in brain dimensions for different strains, and across individual
rats, such an atlas could not be relied upon for accurate dye placement in the
hippocampal dendritic fields. Instead, an acute electrophysiological recording setup was
incorporated alongside the injection apparatus to monitor the complex spike activity
of the hippocampal pyramidal cells in order to determine the dorsoventral injection
placement. For these experiments, the anteroposterior and mediolateral co-ordinates
were calculated from the rat atlas and previous results.

A single length of 17um diameter Teflon-coated platinum-iridium wire
(California Fine Wire Company) was glued with epoxy resin to the barrel of a glass
micropipette such that the electrode tip was positioned from 300pm behind to 300pm
in front of the pipette tip. The electrode tip was plated with platinum black (Merrill
and Ainsworth 1972) before assembly in order to reduce the impedance to the range
100-250 kQ at 1 kHz. The other end of the wire was flamed clean of Teflon and affixed

to 30G metal tubing mounted with epoxy resin onto the pipette barrel at least 2cm from
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the tip. The metal tubing was connected by a crocodile clip to a field effect transistor
head stage and the output fed into an AC preamplifier (Neurolog System, Digitimer
Ltd., UK). After filtering (bandpass 800Hz-8kHz) and further amplification , the trace
was displayed on a Gould oscilloscope. Peak-to-peak spike amplitude was in the order
of 200uV. The signal to noise ratio was around the order of 5:1.

As the electrode/ pipette was lowered into the brain, single spike activity was
recorded from pyramidal cells in the deeper cortical layers (about 1400-1800um deep
to the brain surface), which ceased upon passage through the corpus callosum. Upon
reaching the alveus and stratum oriens of CA1, small complex spikes were recorded
which grew in amplitude as the electrode neared the cell layers. As the
electrode/ pipette punctured the pyramidal cell layer there was a sustained complex
spike discharge which persisted for 150-250um. Recording of spike activity ceased as
soon as the electrode exited the cell layer. For injections within CA3, passage through
the stratum moleculare of CA1/CA3 preceded the small complex spikes recorded in
the proximal stratum radiatum of CA3, followed by a second pyramidal cell discharge
lasting for 250-300pm through the thicker CA3 layer. Dye injections in proximal CA3
(adjacent to the hilus) required that the electrode/pipette pass through the dentate
gyrus: in these cases, granule cell discharge in the form of a short burst of single spike
firing (peak-to-peak amplitude 80puV) preceded the complex spike activity in CA3 by
approximately 250um.

With this apparatus, the pipette tip could be located with confidence at any
level in the dendritic fields of CA1 and CA3 to provide specific injections. Since the
electrode diameter was smaller than the outside diameter of the pipette tip, extra tissue

damage due to the inclusion of an electrode next to the pipette was relatively minor.
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Data analysis

Fluorescent and transmitted light microscopy was carried out using a Nikon
Labophot-2 microscope equipped with a dual epifluorescent filter block (excitation
wavelength 365nm for Fast Blue, 546nm for rhodamine). Alternate coronal sections
from one brain were mounted onto gelatinised slides and counterstained with Cresyl
Fast Violet to provide Nissl-stained templates of the hippocampus and of the entorhinal
cortex. A similar template of the extended hippocampus was taken from sections
transverse to the septotemporal axis. Twenty-five representative sections (equivalent
to every fifth section from the coronal hippocampus and entorhinal cortex templates,
and every eighth section from the template of the extended hippocampus) were drawn
by camera lucida and digitized onto a Summagraphics Bitpad. The injection sites, and
the resultant labelling, were plotted onto the corresponding parts of the templates and
digitized to provide a pattern of labelling across the extent of the hippocampus (and,
where appropriate, the entorhinal cortex). Data was transferred from the Bitpad onto

an Opus PCIIl and was plotted using an Apple LaserWriter IINT.



RESULTS

Preliminary studies

Prior to the experiments detailed below, preliminary double-labelling studies
were conducted using the fluorescent tracers Fast Blue and Diamidino Yellow. Poor
transport of the Diamidino Yellow tracer, allied to dissatisfaction over the yellow
artefact characteristic of Fast Blue which served to obscure the Diamidino Yellow

labelling, led to the substitution of rhodamine microspheres for Diamidino Yellow.

Representation of results

Results are displayed in the following manner: 12 of the 25 sections taken from
each hippocampus are shown, with sections 1 and 23 representing respectively in
coronal view the rostral and caudal poles of the CA3 field or, in the case of transverse
sections cut from extended hippocampi, the septal and temporal poles of CA3. The
position of the injection site within CA1l is shown as a blue (Fast Blue) or red
(thodamine) circle. The injection site represents the estimated region of CA1 pyramidal
cells whose dendrites are encompassed by the uptake zone of the injection. In bilateral
studies, Fast Blue was routinely injected into the right CAl field, and rhodamine
microspheres into the homotopic area in the left CA1l field, whereas in unilateral
experiments both dyes were injected into the left side. Injection site diameters were

measured using a calibrated eyepiece graticule fitted onto the microscope.
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Retrograde labelling is displayed in the form of circles (for Fast Blue labelling)
or crosses (for rhodamine labelling). For the sake of clarity, the backfilling for each dye
is represented separately; note that this does not indicate that the two groups of
labelled cells are distinct and that individual cells were preferentially labelled with one
or other dye (the proportion of double-labelled cells will be discussed presently).
Individual cells are shown as single circles (or crosses), while areas of the cell layer in
which the number of backfilled cells was estimated to be in excess of 90% of the total

number of cells within those areas are represented by a solid line of circles (or crosses).
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CONTROL INJECTIONS

A. A test of the labelling due to disruption of extrahippocampal fibres of passage

En route to the hippocampus, the injection pipette penetrates the fibre bundles
of the corpus callosum, the dorsal hippocampal commissure and the alveus. Since Fast
Blue is believed to be taken up by damaged axons, with preliminary reports suggesting
a similar property of the rhodamine microspheres, control injections were delivered.
The injection site spanned the corpus callosum and dorsal hippocampal commissure
(the small size, and proximity to the basal dendritic field of CA1, rendered infeasible
a control injection into the alveus). In this fashion the consequences of damage to
extrahippocampal fibres of passage can be evaluated; in comparison, the problem of
damage to intrahippocampal fibres of passage is addressed on pages 111-112.

In subject T144, the two dyes were delivered unilaterally, and the survival time

and histological technique were similar to that described in Materials and Methods.

Fast Blue injection

10nl of Fast Blue were delivered at a location in the caudal half of the
hippocampus. The site covered a part of the corpus callosum (underlying the occipital
cortex) and dorsal hippocampal commissure with no discernible leakage of dye into the
stratum oriens of CA1l. A rostrocaudal analysis of the backfilling demonstrated sparse
labelling of cells located in all layers of frontal cortex, and a virtual absence of labelled
cells within the parietal region. More caudally, dense labelling was observed in the
postsubiculum and dorsal presubiculum (but not the parasubiculum). Dense cortical
labelling was noted in occipital cortex and sparse labelling within the temporal area,

with the backfilled cells located mainly in the deep cortical layers (although some cells
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were also seen in layers II and III). No labelling was observed within the hippocampus
proper, subiculum, ventral pre- and parasubiculum, or in the entorhinal and perirhinal

areas.

Rhodamine injection

15n] of rhodamine microspheres were injected near the rostral pole of the
hippocampus. The injection site remained located within the corpus callosum
(underlying the frontal cortex). No leakage into the stratum oriens of CA3 was noted.
Rostrally, few labelled cells were found within the frontal cortex, while the parietal
cortex exhibited substantial backfilling in all layers. In caudal regions, the labelling
within the occipital cortex and temporal cortex was found to be very sparse and was
confined to the deep layers. Labelled cells in the dorsal subiculum were also seen,
although the density of labelled cells was markedly less than that observed following
the injection of Fast Blue described above. No labelling was noted in the hippocampus
proper, the subiculum, ventral presubiculum, parasubiculum, or the entorhinal and

perirhinal regions.

The conclusion from this experiment is that the damage to fibres in the corpus
callosum and the dorsal hippocampal commissure caused by the passage of the
injection pipette results in labelling of cells in the area of neocortex in the
neighbourhood of the injection site, which presumably send an axon to the contralateral
hemisphere through the damaged callosal region. The backfilling in the presubiculum
is presumed to stem from injury to the axons coursing through the dorsal hippocampal
commissure en route to the contralateral entorhinal area. In view of these findings,
damage to extrahippocampal fibres of passage was not believed to influence the

patterns of labelling following intrahippocampal injections.
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B. Co-injection of dyes: a test of relative dye characteristics

In one subject (T73), a comparison of the labelling characteristics of the two
fluorescent tracers was undertaken. Equal quantities of the two dyes were mixed and
sonicated for an hour and 20nl of the mixture were injected into one site in CAl. The
extent of the resultant backfilling could therefore be used to compare the characteristics
of the two dyes: if these were equivalent, then one would expect every backfilled cell
to be double-labelled, whereas differences in dye transport or sensitivity, size of uptake
region at the injection site, or in the degree of labelling as a result of damage to fibres
of passage would cause a disparity in the extent of backfilling of each dye. Further

studies could then be undertaken to determine the cause of the disparity.

The Fast Blue labelling in the ipsilateral hippocampus, and the rhodamine
labelling in the contralateral hippocampus are shown in the following pages. Both dyes
produced labelling in both CA3 fields and the bilateral labelling for each dye was
found to be symmetrical in nature (see Experiment I for a discussion of this
phenomenon). Although the diffusion of Fast Blue at the injection site appears to
suggest an uptake area far greater than that of the rhodamine microspheres (which do
not diffuse from the site of injection), the comparable labelling achieved with the two
co-injected dyes suggests that the region of uptake of Fast Blue is equivalent to the
central necrotic zone at the injection site (which corresponds approximately in extent
with the rhodamine injection site), in agreement with the conclusion reached by Condé
(1987).

An analysis of the backfilling in CA3 revealed that over 95% of backfilled cells
were double-labelled, indicating a near-total correspondence of the two dyes. In view

of this, the dyes were deemed suitable for use in the following experiments.
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C. A comparative study of an injection of 2nl of rhodamine microspheres

Results from the previous experiments indicate that an injection of 20nl of dye,
resulting in a region of uptake approximately 500um in diameter, produces backfilling
which spreads across a large fraction of the septotemporal and transverse extents of the
CA3 field. Although the uptake site covers an area of the stratum pyramidale of CA1
which is less than 1% of the total area of the CA1 pyramidal cell layer (a diameter of
500um gives a site area of 0.2mm? in comparison with the total area of CA1, which is
estimated at around 2lmm?, such an injection is calculated to encompass
approximately 2x10°® CA1 cells, given that there are approximately 2x10° pyramidal cells
in a (unilateral) CA1 field (figure quoted from Amaral et al. 1990), and assuming that
there is a homogeneity in cell density across the CA1 field.

The degree of convergence of inputs from CA3 to CAl cannot therefore be
calculated using injections of this magnitude: at one end of the spectrum of possible
explanations, CA3 cells send out numerous collaterals, so that each CA1 cell is the
recipient of a collateral from every cell backfilled in CA3. At the other extreme, one
might assume that the outflow from every CA3 cell is restricted to a single collateral,
such that an individual CA1 cell only receives a limited group of inputs, the number
of which can be obtained by dividing the number of labelled cells in CA3 by the
number of CA1 cells constituting the uptake area.

A clearer understanding of the convergent properties of the projection was
attempted by the application of a very small quantity (2nl) of rhodamine microspheres
into CA1l, in the hope of creating a much reduced area of uptake. The results from this
experiment (T74) are shown overleaf.

Although a quantitative comparison of this sort is best made following an

injection of different size into the same location, some conclusions can be drawn by
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contrasting the results from this injection with those from injections placed into other
parts of CA1l which are an order of magnitude greater in quantity and in extent (such
as the injections T64 and T65, the results of which are displayed on pages 106-113). The
extent of the CA3 field covered by the labelled cells following injection T74 is seen to
be of a similar magnitude to that observed for injections ten times greater in quantity.
Within this expanse, however, the density of labelling is much sparser, both in terms
of the fraction of cells labelled, and in the intensity of backfilling in each cell (with a
much reduced number of microspheres per labelled cell in this instance). Injection T74
also demonstrates several features of the CA3-CAl projection common to the larger
injections. Firstly, the labelling was mostly confined to a specific region in CA3, with
anegligible number of individually-filled cells present outside its boundaries. Secondly,
the position of labelled cells varied according to rostrocaudal level, with a shift in
position towards the hilar end of CA3 noted in the caudal direction. Finally, the
labelling in the contralateral CA3 field was found to be comparable both in terms of
extent and of the number of cells labelled, in accordance with the bilateral symmetry
of the projection shown in Experiment I.

The conclusion to be drawn from this experiment is that there appears to be a
rough correlation between the number of projecting CA3 cells and the number of CA1
cells receiving the projections. Furthermore, the cells projecting to a small area of CA1l
are scattered over a large extent of CA3 similar in magnitude to that occupied by CA3
cells projecting to a much larger number of cells located in the same part of the CA1
field. It would seem therefore that the CA3-CA1 projection does not follow any "point-
to-point" topography, with the implication that a group of cells located in a restricted
part of the CAl field are the recipients of inputs from cells situated over a large part

of the septotemporal extent of CA3.
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EXPERIMENT I: A double-labelling study of the bilateral organization of the CA3-

CA1 projection

This study aimed to evaluate the bilateral organization of the CA3-CA1l
projection by comparing the distribution of labelling in the CA3 field bilaterally
following injections of the retrograde fluorescent dyes Fast Blue and rhodamine
microspheres into homologous sites in the two CA1 fields. Data were taken from six
brains (out of a total of ten subjects), in which the injections were deemed to be similar
enough in size and placement within the CA1 fields for an adequate comparison of the
bilateral projection to be made.

In the two examples displayed overleaf, injections were placed around the
middle of the rostrocaudal extent of the hippocampus, with one placement in proximal
CA1 (Té64 - pages 106-109) and one in distal CA1 (T65 - pages 110-113). All injection
sites were located within the stratum radiatum. In each case the bilateral labelling from

each dye is shown separately.
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I.1 The pattern of labelling

[An analysis of the topography of the projections from CA3 to CAl is conducted in

Experiment II]

The pattern of backfilling in the two CAS3 fields shows that the distribution of
cells in the contralateral CA3 field projecting to a specific region within CA1 is almost
identical in extent and density to that of cells in ipsilateral CA3. This finding
corresponds with the observation made by Gottlieb and Cowan (1972) on the strength
of autoradiographic data, which states that neurons which give rise to a contralateral
projection exhibit an ipsilateral pathway which terminates in the same region of the
hippocampus (and on identical parts of the dendrites). The results of this experiment,
however, suggest that the commissural pathway is identical in size to the ipsilateral
pathway (a discovery which is not necessitated by the above observation).

Further analysis revealed that, in areas of the CA3 field where the backfilling
encompassed nearly all the cells (shown by the solid lines), almost 100% of cells were
double-labelled, although the proportion of double-labelling in the scattered
individually-filled cells was markedly lower (about 50%). Since these latter cells
constituted only a small fraction of the total number of backfilled cells, it was estimated
that over 95% of filled cells were double-labelled, indicating that the same population
of neurons projects bilaterally to homotopic regions in CA1l.

Taken together, the fact that the ipsilateral and commissural CA3-CA1 pathways
appear identical, and that homotopic regions in the two CA1 fields receive equivalent

inputs, strongly suggests that the CA1 field functions as a single structure.
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1.2 The "fibres of passage" problem

The nature of the labelling in the contralateral CA3 field is significant in the
evaluation of the validity of the results of the fluorescent dye injections carried out
throughout this dissertation. Since labelling due to damaged fibres of passage is a
notorious problem associated with retrograde tracers, it might be argued that the
backfilling seen in CA3 need not n'ecessari]y be restricted to those cells projecting to the
region of CAl contained within the uptake zone of the injection, but comprises
additionally cells in CA3 whose axons pass through the injection zone en route to more
distal regions of CA1l. The true population of cells projecting to the targetted area in
CA1 would in this case be a subset (of unknown size) of the labelled population.

The observation that the contralateral labelling is equivalent in spread and
density to the labelling found in the ipsilateral field appears to suggest that the
situation is not as depicted above. If the ipsilateral labelling did indeed include a group
of cells whose fibres were disrupted by the injection then the equivalence of the
contralateral pattern would imply that a similar group of cells in the contralateral field
were labelled as a result of damage to their axons. The commissural fibres from CA3
are known to cross in the dorsal hippocampal commissure, but their trajectory within
the contralateral hippocampus has not been documented. It is unlikely, however, to
mirror the trajectory of the ipsilateral Schaffer collateral fibres. The latter are given off
close to the cell body and penetrate the CA3 cell layer before running in the stratum
radiatum of CA3 and then CA1 (Ishizuka et al. 1990); upon exiting the commissure, the
contralateral fibres must necessarily run in the stratum oriens of CAl before any
perforation of the pyramidal cell layer in order to attain the stratum radiatum. This
difference in bilateral fibre trajectory renders unlikely the notion that the commissural

fibres damaged by the injection originate from an identical group of cells in the
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contralateral field to those ipsilateral cells whose fibres were also disrupted.

The most convincing point against the "fibres of passage" argument is
highlighted by investigating the direction of the damaged fibres: ipsilaterally, the
disrupted fibres would be running medially away from CA3 to terminate in more
proximal parts of CAl; in comparison, commissural fibres course laterally from the
dorsal hippocampal commissure towards the contralateral CA3 and would therefore
terminate in regions of CA1 closer to the CA2 border than the injection site (as well as
in CA3). It is therefore extremely implausible, given the proximodistal disparity in the
postulated termination sites in CA1 of the disrupted fibres of the two CA3 fields, that
the "fibres of passage" problem has any significance in retrograde intrahippocampal
studies of the types described in this dissertation. As a final point, however, it must be
noted that some labelling might indeed be due to damaged fibres: conceivably, the
contralateral projection from CA3 to CAl might arise from collaterals of the
commissural projection to the CA3 field, which might be given off in the stratum
radiatum of CA3 to course medially towards the stratum radiatum of CAl in an
identical fashion to the ipsilateral Schaffer collaterals. While this seems unlikely, the
possibility cannot be discounted, and further information is needed on the trajectory
of the contralateral CA3-CA1 fibres before this argument can be satisfactorily resolved.

The observations that the ipsilateral and commissural pathways appear
equivalent, and that the labelling in CA3 is a valid representation of the CA3-CA1l
projection, in spite of any damage to fibres of passage, are used as guidelines for the

interpretation of results in subsequent experiments.

116



Above (T64) A double-labelled hilar pyramidal cell

Blo7l? (T74) A rhodamine-labelled CA3 cell and proximal dendrite



EXPERIMENT II: A study of the topographical organization of the CA3-CAl

projection

In this experiment the organization of the projection from CA3 to CAl was
examined using injections of the dyes Fast Blue and rhodamine microspheres into two
different sites unilaterally within CA1 in the same subject. In addition to providing data
on the patterns of projection in CA3 to different regions of CA1l, the distribution of
double-labelling can be used to demonstrate the collateralization of the CA3 pyramidal
cell axons.

Two factors influenced the decision to cut the ipsilateral hemibrain (containing
the injection site) in coronal section for the first part of this experiment. Firstly,
additional data was collected concerning the backfilling in the entorhinal cortex
following injections into the hippocampus. It was found that the dissection procedure
used for extension of the hippocampus involved unavoidable damage to the entorhinal
cortex, and in view of this the technique was not adopted on the ipsilateral side. As a
consequence of this, extension was only applied to the contralateral hippocampus. The
second decisive factor arose as a result of the findings of Experiment I which
demonstrate that the ipsilateral and contralateral projections from CA3 to CAl are
identical. It follows from this the pattern of labelling in the ipsilateral unextended
hippocampus is equivalent to that in the extended contralateral hippocampus so that
a comparison of the labelling in both hippocampi across a number of brains could be
used to generate a topological transform between unextended and extended
representations of the hippocampus. Such a transform would be of use in chronic
electrophysiological studies since it could be employed to calculate the equivalent co-

ordinates in the unextended hippocampus of desired electrode placements in the

extended hippocampus.
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In the second phase of this experiment, the hippocampi on both sides were
extended following injections into the CA1 field. In addition to providing confirmation
of the bilateral symmetry of the CA3-CA1 projection, these injections were used to
calibrate the first set of results.

Results from several injections placed at different levels across the CAl field are
represented on pages 134-138. In each case the labelling in the ipsilateral hippocampus,
which includes the injection site, is displayed in addition to the labelling in the

extended contralateral hippocampus.

The photographs on the following pages depict injections placed into CA1 in
the unextended and extended hippocampi. In the former (T93), an injection of
rhodamine microspheres is used to show the localization of the injection site within the
stratum radiatum of CA1 and demonstrates additionally the lack of diffusion from the
site of injection. The top photograph illustrates the ability to observe the rhodamine
injection site under the ultraviolet excitation normally employed for Fast Blue and the
usefulness of this feature in determining the position of the injection within the
hippocampus and in relation to the Fast Blue injection.

In the case of the Fast Blue injection into the extended hippocampus (T171), a
blue-white diffusion area is clearly visible around the perimeter of the central site of
uptake. It has been shown that this penumbral region does not contribute to the zone

of uptake of the dye (Condé 1987).
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(T93) A rhodamine injection site in CAl as viewed under

Above UV excitation Below green excitation
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(T'171) Injections into CA1 in the extended hippocampus

Above Fast Blue

Below Rhodamine
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IL1 The generation of the rostrocaudal-septotemporal topological transform

As mentioned in the introduction to this experiment, the topological tranform
between unextended and extended views of the hippocampus can be evaluated by
comparing directly the various boundary points at the edges of the pattern of labelling
in the unextended ipsilateral CA3 field and equivalent boundary points in the pattern
of labelling in the extended contralateral field. From these data a topological transform
can be generated which would map all the unextended points onto the corresponding
extended points in CA3. Examples of the manner in which boundary points are first
evaluated and then mapped are shown in four brains on pages 129-134.

In the unfolded representation, the CA1 pyramidal cell layer can be regarded
topologically as an extension of the CA3 cell layer, and as such will undergo a
transformation similar to that of CA3. As a result of hippocampal folding around the
bend of CA3, the CAl field is superimposed on the CA3 field, such that the pattern of
the CA1 transform can be obtained by reflecting the pattern of the CA3 transform onto
the CAl field through a plane running parallel to the septotemporal length of the
hippocampus and which intersects it through the middle of the bend in the CA3 field.

The "unextended" injection sites are mapped onto equivalent points in the
extended representation, which can then be compared with the extended pattern of
labelling in CA3 to provide an understanding of the topographical organization of the
projection.

The accuracy of this transform was tested in two ways. In the first test, dyes
were injected bilaterally into eight homotopic sites within CA1 (in two subjects, such
that four sites were targeted in each subject). As for previous operations, one

hippocampus was cut coronally, while the other was dissected and extended in order
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Fig4a The variousboundary points from the four example brains as mapped onto an unfolded
representation of the hippocampus. Numbers in brackets refers to the sections in the unfolded
hippocampus along which the boundary points are located.

The previous pages contain several brains in which boundary points were used in order
to generate part of the topological transform. For example, the point at which the pattern of
labelling first reaches the proximal end of the CA3 field is invariant across the two
representations of the hippocampus, and hence this feature can be mapped in each of the four
brains (points B, E, ], M). In this fashion an idea of the location of the various "unextended"
sections within the extended representation of the hippocampus is created which, when
expanded to include the mapped points from all the brains used in this study, yields the
topological transform as shown in Figure 4b.
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Fig.4b The septotemporal positions (shown in
solid lines) of sections 1-23 cut coronally
through the CA3 field are evaluated by direct
comparison of the ipsi- and contralateral
patterns of labelling (see main text). The
equivalent septotemporal positions for CAl
(dotted lines) are generated by mapping the
CA3 transform onto the CA1 field in a folded
representation of the hippocampus (diagram
on left). This transform is extended to cover
the entire CAl field. The CA2 field is
represented by a dashed line.

The topological transform in the
unfolded hippocampus is displayed below.

(Magnification approx. 15x)




(continued from page 128) to provide transverse sections.

The topological transform was then used to calculate the equivalent positions
in the extended CAL1 field of the injection sites placed in the unextended hippocampus,
and the results were compared with the locations of the homologous injections placed
in the extended contralateral CA1 field (see overleaf). Of the six injections which were
successfully located in CAl, all showed a good correspondence between "real" and
‘calculated" septotemporal positions, which testifies to the accuracy of the topological
transform for CA1.

The accuracy of the transform was further tested in the second phase of the
experiment, in which both hippocampi were extended following the unilateral injection

_of dyes into the CAl field. As well as providing verification of the bilateral symmetry
of the CA3-CA1 projection, the pattern of the projection from CA3 can be compared
directly with the position of the injection site in CA1 in the extended plane, so that the
projection organization as seen in these results can be used to calibrate the results of
the injections in the initial part of the experiment.

The directly-calculated topographical organization noted in these latter
operations (T168-T171) correlated strongly with the indirectly-calculated organization
demonstrated in the earlier operations (T93-T161), and as such provide further

vindication for the use of the topological transform in mapping experiments.
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The equivalent septotemporal positions of the above injections 16 as calculated by the

topological transform are found to correlate well with the injections into homologous sites in

the extended contralateral field (see next page).
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The pattern of labelling

The following pages summarise the results from 18 injections using unfolded
representations of the hippocampus. In all cases the band in CA3 represents the pattern
of labelling in the extended hippocampus contralateral to the injection. The first 6
examples (T168-T171) are taken from operations in which both hippocampi were
extended, so that the injection sites displayed in the unfolded CA1 field are as located
in the extended ipsilateral hippocampus. In the remaining 12 cases (T93-T161), the
positions of the injection sites in the unfolded CA1 field were calculated using the

topological transform from their positions in the unextended ipsilateral hippocampus.

The surface area of the unfolded hippocampus (as used below) was calculated by
incorporating the lengths of the transverse extent of the CA3 pyramidal cell layer at 12
regularly-spaced levels spanning the septotemporal breadth of the hippocampus with the width
of the separation between each level. Transverse lengths were measured by camera lucida from
a Nissl-stained extended hippocampus; the separation width was determined by the number
of 35um sections between each level. On the left of the midline divide (representing the CA2
region) is the CA1 field; on the right is the CA3 field.
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The distribution of labelling

In all cases the labelling took the form of a continuous band of cells extending
over a substantial portion of the septotemporal extent of CA3, such that the labelling
at any transverse level was manifested in the shape of a strip occupying a fraction of
the proximodistal spread of the CA3 field. With the exception of a few individually-
labelled cells located around the periphery of the band, labelling was not noted outside
this band. Regardless of the positions of the injection sites within CAl, the resultant
bands were oriented in a diagonal fashion across the CA3 field, such that the labelling

was located progressively closer to the hilus for more temporal parts of CA3.

Topography in the septotemporal plane

The position of labelling

Although the widespread nature of the labelling necessarily discounts the
possibility of any point-to-point specificity in the projection, two gradients were
nevertheless detected in its organization. Firstly, the septotemporal position of each
band was found to be related to the septotemporal position of the injection such that
injections in septal CA1 gave rise to labelling concentrated in the septal part of CA3,

whereas more temporal injections resulted in bands located more temporally in CA3.

The spread of labelling

The spread of labelling along the septotemporal extent of CA3 was also related
to the injection placement, with injections in septal CA1 producing bands which
extended from the septal pole across most of the CA3 field, while injections in temporal

CA1 gave rise to bands which were more restricted in their septotemporal spread and
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Left Fig.5 Examples of injections placed at different
points along the CAl field, giving rise to patterns of
labelling which show a topographical organization in
the septotemporal plane

were largely confined to the temporal half of the
CA3 field. For example, in the case of the septally-
located injection T129R (top left), labelling is seen
as far as the most temporal quarter of the CA3 field
(a septotemporal spread of approximatel}; 6mm),
whereas in the case of the temporal injection T160R
(bottom left), labelling is entirely absent from the
septal half of CA3 and possesses a septotemporal
spread of only 3.5mm. Furthermore, injections into
temporal CA3 produced bands whi'ch were found
to have a more widespread transverse coverage of
CA3, so that they appeared ‘"compressed" in
comparison with bands arising from the septal
injections, while the amount of surface area covered
remained of similar magnitude. This feature can
be assessed quantitatively by comparing the ratio
of the spread of labelling in the septotemporal
plane with that in the transverse plane: in the case
of injections T129R (septal) and T160R (temporal)
the ratios are approximately 2:1 and 1:1. The

difference is compounded by the fact that, in the
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Above Fig.6 Two injections placed at approximately the same septotemporal level in CA1.
Note the similarity between the bands of labelling in terms of septotemporal spread, and in the

direction of spread. Note also the transverse gradient in the region of labelling at the same
septotemporal level as the injection.

former case, the majority of labelling is confined to the prokimal half of the CA3 field,
with distal labelling occurring only at the septal pole, whilst in injection T160R, all but
a small fraction of cells (located proximally and septally) are confined within a narrow

septotemporal range, approximately 1.5mm in width, but which extends across the

transverse plane.

The direction of spread

The direction of spread also appeared to be a function of the injection
placement: injections in the septal half of CA1 resulted in labelling which extended for
a greater distance in the temporal than in the septal direction, whereas the converse
was true for labelling arising from injections in the temporal half of CA1. Injections in
the middle of the CA1 field, such as T170R, produced labelling which extended for
approximately equal distances septal and temporal to the injection. As with the total

extent of coverage in the septotemporal plane, the direction of spread was invariant
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across the transverse plane, with injections into proximal and distal parts of CA1 at the

same septotemporal level giving rise to bands with a similar direction of spread.

Topography in the transverse plane

A second, less well defined, gradient was observed in the transverse plane. In
some cases (see examples T158 and T170) the relationship was clearly noted, with
injections in proximal and distal CA1 producing bands located for the main part in
distal and proximal CA3 respectively, while in others the gradient was less marked. For
example, in injections T129 (distal CA1) and T168 (proximal CA1) the overall emphasis
of the band is seen to correlate with this gradient but, at the level of the injections,
labelling was noted across most of the proximodistal extent of CA3. In most cases,
though, this gradient is best summarised by stating that a region in CA1l located at a
certain distance from the CA2 border preferentially receives fibres from cells located in CA3 at

the same distance from the CA2 border at the same level.

The extent of labelling

Since all of the displayed injections had uptake sites spanning the stratum
radiatum (and, in the case of the larger injections, parts of the stratum oriens and/or
stratum moleculare), the relative uniformity of the resultant bands in CA3 suggests that
most of the fibres projecting to these regions are encompassed by the sites of uptake,
in accordance with the belief that the stratum radiatum of CA1l constitutes a major
terminal field for the Schaffer collateral input, and that the number of fibres projecting

to any given region in CA1 is independent of the location of that region in the CAl

field.
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Two examples of the distribution of labelling in the unextended and extended CA3 fields are
shown in photographic form on the following pages. Since the two injection sites are found to
be in relative proximity on the extended model of the CAl field (see page 135) it is worth
noting the considerable difference in the patterns of labelling. Pages 149-150 display
photographs of the two injections, along with diagrams which show the position of each
injection site within the hippocampus.
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(T153) A montage showing the labelling in the unextended ipsilateral CA3 field. This coronal

section cuts through the middle of the hippocampus as it bends back upon itself within the brain.
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T93

The distribution of double-labelling within CA3

All operations involving a double injection of fluorescent dyes into CA1 were
found to give rise to double-labelling within CA3. Two individually-labelled bands
were observed in the CA3 field, with an area of double-labelling which corresponded
with the overlap of the two bands. Within this overlap, the proportion of double-
labelled cells was approximately 100%. In accordance with the topographical
organization of the CA3-CA1 projection, the location and extent of the area of double-
labelling in the CA3 field were foun;{ to be dependent on the positions of the injections
in CA1. Two examples of the distribution of double-labelling (cross-hatched areas) are

displayed below.
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Evidence for a CA1-CA1l commissural projection

A number of labelled cells was found bilaterally within CA1l following CA1l
injections. While this would appear to suggest the presence of an
association/commissural projection within CA1l, for which some electrophysiolgical
evidence exists (Christian and Dudek 1984; Thomson and Radpour 1991), a cautionary
note must be inserted in the assessment of these findings. Since retrograde tracers are
known to give rise to labelling as a result of damage to fibres of passage, it might be
argued that the labelling of ipsilateral CA1 cells is due at least in part to backfillling
from alvear fibres disrupted by the pipette en route to the stratum radiatum of CAl.
Given that the number of cells labelled in the ipsilateral CA1 field far exceeds that of
those labelled in the contralateral field, this argument would appear to have great
significance in the rejection of the ipsilateral labelling as valid proof of an association
pathway within CA1l. However, the presence of labelling contralaterally cannot be
explained by way of this reasoning, since efferent fibres from CA1 are not believed to
run in the contralateral alveus. On these grounds, it is suggested that the labelling in
contralateral CA1 provides evidence for a commissural pathway within CA1.

The number of contralateral CA1 cells labelled was never found to exceed 200
in a brain for any injection site, and the labelling was generally found to be in the form
of individual cells scattered over a large part of the CA1 field (see T61 overleaf). In
cases where the number of labelled cells was very small (for example T73 and T93),
these cells were found to be clustered together within CA1. Furthermore, in these cases
the cells were found to occupy a part of the CAl field roughly homotopic to the
location of the injection site in the opposite CA1 field. This pattern was not readily
observed in other injections where a greater number of cells were labelled, since these

tended to be distributed over a larger proportion of the field.

157



Although these data cannot be employed as evidence for an ipsilateral
association pathway in CAl, it is worth recalling the comments of Gottlieb and Cowan
(1973), to the effect that every hippocampal neuron giving rise to a contralateral
projection also provides a projection which terminates in a similar region in the

ipsilateral field.

Three examples of contralateral filling in CA1 are shown below. In these diagrams a
different representation of the CA1 field is employed in order to show the entire population of
labelled cells. To this end, data was compiled from every section through the hippocampus, in
contrast to the other experiments, in which data was collected from a fraction of the total
number of sections. In the representation the outline of the CA1 cell layer bilaterally as seen in
coronal section are drawn by camera lucida at 40 levels through the length of the unextended
hippocampus. The lateral displacement from the midline of the brain of the CA1 layer at each
level is also incorporated into the representation. Note that the CA3 field is not included in this

representation.

lateral lateral






EXPERIMENT II(ii): A study of the topographical organization of the CA3-CA3

association pathway

The association pathway of CA3 constitutes a further efferent system of the
pyramidal cell axon collaterals. The injections which were placed into CA3 in
Experiment III were therefore used in addition to compare the organization of the
association pathway with that of the CA3-CAl pathway.

Data was collected from 12 injection sites spanning the extent of the CA3 field.
Injections were placed in the stratum oriens or in the proximal part of the stratum
radiatum of CA3, in order to minimise any backtracking of dye into the dendritic fields
of CAl. Data from subjects in which uptake of dye from CAl was deemed to have
occurred were discarded. Similarly, efforts were made to avoid the inclusion of any
part of CAl within the uptake site of the injection, which prohibited the specific
placement of dye into the region of CA3 abutting the CA2 border. Given the proximity
of the granule cell layer to the pyramidal cell layer of distal CA3, injections into this
part of the CA3 field necessarily encompassed part of the dentate gyrus and the hilar
region within the uptake site. As in Experiment IIi, the septotemporal positions of the
injection sites in CA3 were calculated using the topological transform. In order to
ensure that this means of representation was sufficiently accurate for data analysis, the
injection sites (and labelling) for the last 3 injections (T168-T172) were observed in the
extended ipsilateral hippocampus.

Two examples of bilateral labelling are shown in full on the following pages.
In addition, the results from all 12 injections are displayed on pages 165-167. The
injection sites in examples T113-T161 are calculated using the topological transform; in
all cases the band in CA3 represents the pattern of labelling found in the extended

hippocampus contralateral to the injection.
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The topographical organization of the CA3-CA3 projection

As with the CA3-CA1 pathway, the projections to any given site in CA3 arise
from a group of cells covering a substantial portion of the septotemporal extent of CA3,
with scant labelling outside this region. A comparison of the ipsilateral and
contralateral patterns of backfilling suggests that the association and commissural CA3-
CA3 projections are identical, in agreement with the bilateral symmetry noted in the
CA3-CALl projection.

Two gradients can be noted in the organization of this projection. Septal
injections gave rise to labelling which was located in the septal part of CA3, whereas
injections placed more temporally produce backfilling in more temporal regions of the
CA3 field. This septotemporal gradient, however, was not strongly defined as a result
of the extensive labelling along the septotemporal plane which appeared to be a feature
of this projection. The majority of injections produced bands of labelling whose centres
were found to be at approximately the same septotemporal level as the injections,
demonstrating equal proportions of labelling septal and temporal to the injection. The
two cases which did not exhibit this relationship arose from injections at the extremes
of the field: the injection in septal CA3 (T136) gave rise to labelling which was largely
located temporal to the injection site, whereas the temporal injection (T153) produced
backfilling predominantly septal to the injection.

In addition to the organization in the septotemporal plane, there was a marked
transverse gradient in the projection, with injections giving rise to patterns of labelling
which were centred around the same proximodistal level. Furthermore, the location of
the labelling in the transverse plane did not vary with septotemporal position, so that

the pattern of labelling was organized parallel to the septotemporal axis of CA3.
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The extent of labelling in CA3

In contrast to the similarity in size of the bands of labelling observed in CA3
following injections into CA1, a marked variation was noted in the extent of labelling
following CA3 injections. Furthermore, the size of the labelled area was not seen to be
correlated with the spread along the septotemporal plane of the hippocampus - several
injections gave rise to labelling that extended over a large fraction of this plane, but
covered a relatively small area of the CA3 field, due to a restricted spread of labelling
in the transverse plane.

The trajectories of the various axon collaterals of CA3 have been elucidated in
intracellular studies (Ishizuka et al. 1990; Tamamaki and Nojyo 1991). To recap briefly,
the Schaffer collateral runs for the main part in the stratum radiatum of CA3 and then
CA1, while the CA3 associational collaterals run both in the stratum radiatum and in
the stratum oriens of CAl. It has already been mentioned that the CA1 injections
conducted in this study, being centred on the stratum radiatum, can be assumed to
encompass the majority of projecting fibres within the injection site; in comparison, any
injection located either in the stratum radiatum or the stratum oriens of CA3 will
include within the uptake site only a fraction of the CA3 fibres terminating in that
region of CA3, leading to an underestimation of the size of the projecting area.
Variations in the extent of labelling are therefore taken to be a reflection of the amount
of the dendritic field of CA3 incorporated within the injection site, and thus the

proportion of projecting fibres enclosed within that site.
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EXPERIMENT II(iii): A preliminary study of the organization of the projection from

CA3 to the lateral septal nucleus

In addition to the projection to CA1 and the association pathway within CA3,
the projection to the lateral septal nucleus constitutes a third major efferent pathway
of CA3 cells. The organization of this projection was compared in a preliminary study
in which several injections were placed into the lateral septal nucleus.

In 3 subjects, a quantity (40-60nl) of rhodamine microspheres was placed in the
lateral ;eptal nucleus, in addition to an injection of Fast Blue into the CA1 field. This
procedure therefore provided further information on the collateralization of CA3
pyramidal cell axons. Due to a lack of discernible neuronal activity in the lateral septal
nucleus under conditions of halothane anaesthesia, the dorsoventral placement for the
septal injections was estimated using the atlas of Paxinos and Watson (1986). The CA1
injections were directed at the stratum radiatum in accordance with earlier experiments.

The location and extent of each injection is shown in diagrams of different
coronal sections through the nucleus at the injection centres. The patterns of labelling
following the septal injections are shown overleaf using unfolded representations of the

CA3 field. The labelling is shown in full on pages 172-174.
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The pattern of labelling

While some restraint is necessary in interpreting the data from the limited
number of injections performed, some tentative conclusions on the pattern of the
projection from CA3 to the lateral septal nucleus might be drawn.

In contrast to the band-like organization of the CA3-CA1 projection, the groups
of CA3 cells providing inputs to different parts of the lateral septal nucleus show a
greater degree of heterogeneity in appearance, although some features common to both
projections were noted. For example, the labelled cells are observed to lie in a
continuous band extending across a large fraction of the septotemporal extent of CA3,
rather than in the form of discrete patches. At the temporal end, the band of labelling
displayed a tendency towards the hilar border of CA3, although in only one case (T156)
did the band of labelling display an orientation similar to that characteristic of the CA3-
CA1 projections.

These results correlate with the topographical organization in the projection
similar to that reported by Swanson and Cowan (1977): injections placed medially in
the ventral part of the lateral septal nucleus gave rise to labelling located distally in the
temporal half of CA3, whereas the injection positioned more laterally in a more dorsal
part of the nucleus resulted in a band of labelled cells which is spread over more septal
and proximal parts of the CA3 field.

Since the ipsilateral and contralateral hippocampi were cut differently in this
experiment, a direct comparison of the patterns of projection from the CA3 field
bilaterally could not be made. However, in an attempt to achieve an indirect
comparison, the equivalent septotemporal pattern for the ipsilateral CA3 field was
calculated using the topological transform, and the resultant similarities between the

contralateral pattern and the "calculated" ipsilateral pattern suggests that the projection
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from CA3 to the lateral septal nucleus is symmetrical bilaterally.

In these experiments the injection was coupled with an injection of Fast Blue
into CAl. An inspection of the pattern of double-labelling in CA3 shows that, in the
area of overlap of the two bands of labelling resulting from the injections, the degree
of double-labelling approached 100%. This observation therefore correlates with the
report of Swanson et al. (1981), with each cell giving rise to several collaterals which

terminate in each of the known projection fields of CA3.
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Iliv A preliminary study of the projection from the dentate gyrus to CA3 using

anterograde tracing techniques

In several experiments a quantity of rhodamine microspheres was placed in the
distal portion of CA3 lying between the blades of the dentate gyrus. A part of the
granule cell layer was included within the uptake site of the injection as a result of the
proximity of the CA3 dendritic fields at this point to the granule cell layer, and in three
case (T153, T157, T159) anterograde transport of the rhodamine microspheres along the
mossy fibre system was noted. The appearance of the anterograde labelling, which
manifested itself as a faint, uniformly diffuse cloud of microspheres located exclusively
within the proximal part of the apical dendritic field of CA3, differed greatly from that
of retrograde labelling, in which the microspheres were confined intracellularly within
the pyramidal cells. The fact that anterograde labelling was observed in parts of the
CA3 field from which retrograde labelling was absent provides some evidence to refute
the belief that the diffuse labelling might simply represent a weak form of retrograde
backfilling.

These anterograde findings complement those of an experiment (T117) in which
120nl of the naturally-occurring biotin-lysine conjugate, biocytin, was injected into the
hippocampus under electrophysiological control. Several recent studies have shown
that biocytin is taken up by neuronal somata and dendrites and transported in an
anterograde fashion (King et al. 1989; Bolam and Smith 1990; Izzo 1991). Serial coronal
sections (through both hippocampi) were prepared using the glucose oxidase-DAB-
nickel enhancing technique (Shu et al. 1988). Light microscopic analysis revealed that,
in spite of an injection which encompassed a considerable fraction of the
suprapyramidal blade of the dentate gyrus and the underlying part of the CA3 field,

labelling was only noted along the mossy fibre trajectory in CA3 in the ipsilateral
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hippocampus. No labelling was found in the contralateral hippocampus. The
implications of the confinement of labelling to the mossy fibre projection in this
injection , as well as in the three rhodamine injections, are discussed in full in the
Discussion.

The results of these four cases of anterograde labelling are shown on pages 181-

184.

The photographs overleaf show the nature and pattern of labelling following the

injection of the biocytin tracer. Note the substantial disruption to the dentate gyrus

(and to the CA3 and CA1 fields) caused by the injection.
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Fig.7 The figures on the left represent the pattern of
labelling in the extended CA3 field (as calculated using the
topological transform). The estimated position of the injection
site in the extended dentate gyrus is placed alongside the CA3
field. Note that the orientation of the CA3 field is reversed in
comparison with earlier diagrams, with the straight edge

representing the hilar border in this instance.

The pattern of labelling

Anterograde rhodamine labelling

Two components to tiie pattern of labelling could be
described for each of the injections. The first component,
which extended from the hilar border across all but the
most proximal quarter of the proximodistal length of
CA3, was organized approximately transverse to the
septotemporal axis of the hippocampus. This "transverse"
component was restricted in the septotemporal direction,
with a mean coverage of approximately 800um, or one-
tenth of the septotemporal length of CA3. The projection
was topographically organized along this length, witrh
injections giving rise to transverse labelling which
occupied the same septotemporal level, although in all
three cases the transverse component of labelling
extended additionally for a further 300um septal to the

injection site at its hilar end.
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In two of the three cases the transverse component showed a slight deviation
in the temporal direction which appeared of uniform gradient throughout its length
such that the labelling in proximal CA3 was shifted temporally in relation to that in
distal CA3. In the third case (T153), the labelling remained at approximately the same
transverse level throughout its length.

The pattern of labelling in these injections exhibited an abrupt shift of direction
towards the temporal pole in proximal CA3. In all three cases this shift occurred at
approximately 1200um from the CA2 border and the labelling was organized
approximately parallel to the septotemporal axis of CA3. Unlike the transversely-
directed part of the projection, this second "longitudinal" component appeared to vary
in extent with the septotemporal position of the injection site, with injection T159 (the
most septal) giving rise to labelling that extended for approximately 3mm temporal to
the injection site, whereas that from T153 (the most temporal) covered only 1.2mm of

the CA3 field temporal to the injection.

Biocytin labelling

Although the size of the biocytin injection was several times greater than that
of the rhodamine injections, the pattern of labelling exhibited several similarities. The
projection contained a transverse component extending across most of the
proximodistal length of CA3, the septotemporal level of which was the same as that
of the injection site, as well as a longtudinal component in proximal CA3 which ran
parallel to the septotemporal axis for approximately 2mm temporal to the centre of the
injection site.

Some differences between the patterns of labelling were also noted. Firstly,

labelling was not found to extend to the hilar border of CA3 at any point along the
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projection, although it must be noted that the injection site covered the lateral part of
the suprapyramidal blade and did not encompass granule cells around the crest of the
dentate gyrus, whereas a number of these cells were included within the uptake sites
of the three rhodamine injections. Secondly, the change in trajectory of the projection
in proximal CA3 was more marked than for the other injections, and the longitudinal
component was found to be substantially narrower in this instance. The most striking
difference, however, was manifested in the transverse component. Unlike the
rhodamine injections, in which this component was found to be of approximately
uniform width across its length, considerable variation in the amount of CA3 filed field
covered in the temporal direction was noted across the length of this component, with
maximal coverage (approximately 2mm of the septotemporal extent) occurring in the
part of distal CA3 lying deep to the lateral aspect of the suprapyramidal blade of the
dentate gyrus. There was progressively less temporal coverage in more proximal parts
of CA3 up to the transition point in the projection trajectory, lending a neck-like
appearance to the junction of the two projection components. As in the rhodamine
injections, the projection exhibited only negligible coverage of the CA3 field septal to

the injection site.
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Biocytin labelling showing the longitudinally-directed component of the
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Above Biocytin labelling of mossy fibre terminals in mid-CA3

Below Sparse filling of CA1 pyramidal cell bodies and basal dendrites
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Fine structure of the projection

The mossy fibres are seen to run together in a discrete bundle which traverses
the most proximal part of the stratum radiatum of CA3 (the stratum lucidum). Large
outgrowths, corresponding to the giant synaptic boutons, are given off at intervals
along the fibres, to which they appear to be attached by a short "neck". The average
diameter of these boutons is at least one order of magnitude greater than that of the
parent mossy fibres. Observation with high power objectives shows that some mossy
fibres run within the stratum pyramidale, and it is assumed that these fibres, by virtue
of their giant boutons which are similarly contained within the pyramidal cell layer,

synapse on the proximal dendrites of neurons located deeper in the CA3 field.
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11 A double-labelling study of the projections from the entorhinal cortex to the

hippocampus

The organization of the projections from the entorhinal cortex to the CA3 and
CALl fields of the hippocampus, and the degree of overlap in these projections with
regard to cells of origin, were assessed in a double-labelling retrograde study, in which
the fluorescent dyes Fast Blue and rhodamine microspheres were injected into the
hippocampus. In each operation similar quantities of the two dyes were injected
separately into locations in the CA3 and the CAL1 fields in the ipsilateral hippocampus.
Given that the strata moleculare of the two fields (the main field of termination for
projecting entorhinal fibres) are juxtaposed, especial care was taken to ensure
satisfactory localization of these injections. As mentioned previously in Experiment Iliii,
the CA3 injection merited particular attention on account of the possibility of the
backtracking of dye along the pipette/electrode path into the dendritic field of CA1.

14 animals were used in this study, of which nine had injections of sufficient
specificity for data analysis. The results are summarised on pages 185-189. The patterns
of labelling are shown using models of the medial and lateral aspects of the posterior
cerebral cortex, covering the extent of the entorhinal cortex from its caudal pole to its
border with the piriform cortex at the rostral end. Alongside each set of results an
unfolded map of the ipsilateral hippocampus is provided showing the injection
locations in the CA3 and CAl fields. In addition, the labelling in three of these
injections (into septal, midseptotemporal and temporal) is shown in full on pages 191-
193 using a more detailed representation of the entorhinal cortex, with the distribution
of labelling being shown in 12 out of 25 coronal sections spanning the entorhinal cortex

(sections 1 and 23 representing respectively the caudal and rostral limits).

191



A note on the cytoarchitectonic parcellation of the entorhinal cortex as used in this

study

In the anatomical review provided at the beginning of this dissertation, the
entorhinal cortex was split into lateral and medial areas (LEA and MEA), in accordance
with a widely accepted method of subdivision. Since this experiment was aimed at
studying the topographic organization of the entorhinal projections to Ammon’s horn,
a decision was made to adopt the same classification and nomenclature of the various
subdivisions of the entorhinal cortex as was used by Ruth et al. (1982, 1988) in their
studies of the topographical relationship of the entorhinal projection to the dentate
gyrus. Given the similarities between these latter studies and this experiment, such
standardisation of classification facilitates the comparison of the inputs from the
entorhinal cortex to all three fields of the hippocampus.

The entorhinal cortex (Brodmann area 28) is subdivided using cytoarchitectonic
and hodological criteria into medial (area 28m), intermediate (area 28i) and lateral (area
28l) regions, as appreciated in the works of Lorente de No (1933, 1934), Blackstad (1956)
and Steward (1976). Areas 28m and 28i are not subdivided further. In accordance with
the cytoarchitectonic differences highlighted by Krettek and Price (1977), area 28l is
parcellated into dorsolateral (dl), ventrolateral (vl) and ventromedial (vin) subdivisions.
On the basis of a hodological distinction - a specific dopaminergic innervation (Collier
and Routtenberg 1977) - the rostrolateral area TR was also included in the lateral
entorhinal cortex by Ruth et al. (1988).

In this study, the rostrocaudal, mediolateral and dorsoventral axes are used to
represent the three-dimensional shape of the entorhinal cortex. For the sake of brevity,
the term "transverse" is used in place of "ventromedial-dorsolateral" in those instances

where a description through a given coronal section through the cortex is required.
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Section separation (as above) is 400um. pir = piriform cortex
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The distribution of labelling: CA3 injections

A note on injection specificity
Given that injections into distal CA3 necessarily penetrated the molecular layer of the
dentate gyrus. ( a major recipient of perforant path fibres), data was taken only from
subjects in which the dye was localized within the CA3 dendritic fields. Since the latter
also abuts onto the hilus, it is likely that the uptake sites in these injections
encompassed hilar neurons (such as the mossy cells and basket cells) which are also
believed to receive an input from the entorhinal cortex, and while the number of
affected hilar cells is small in comparison with the cells in proximal CA3, any
interpretation of these results is therefore subject to some qualification on this score.
A further point must be made about the specificity of these injections. Since
efforts were made to localize the injections within CA3 and CAl, placement of dye in
the strata moleculare of CA3 and CAl was avoided. It is therefore accepted that
injections were not placed in the optimal sites for disruption of incoming entorhinal

fibres.

The organization of the entorhinal-CA3 projection

Before the topographical organization in this pathway is considered in detail,
some general comments on the results of these injections can be made. In all cases, the
labelling was observed over a substantial portion of the entorhinal cortex, with
extensive coverage both in the rostrocaudal and transverse directions, with a negligible
fraction of labelling noted outside this region, in the form of individually-filled cells
scattered across the entorhinal cortex. In any given coronal section, the labelling

therefore took the form of a strip of cells covering a fraction of the transverse length
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of the entorhinal area. As a final point, it is interesting to note that the continuity in the
distribution of labelling is also seen in those injections giving rise to labelling along the
medial, as well as the lateral, wall of the entorhinal cortex since in these cases the
backfilling which extends across the caudal pole of the entorhinal cortex serves to unite
the two groups of labelled cells.

The vast majority of labelled cells were located in layer II, regardless of the
location within the entorhinal cortex. In the lateral entorhinal area, where layer II is
split into superficial and deep sublayers, the labelling is found predominantly in the
superficial sublayer. In addition, a small number of cells was also noted in layer III
and, in a few cases, a few cells were observed in the deep layers of the entorhinal
cortex. In both instances these cells were found to lie deep to a region of heavy
labelling in layer II.

Sections cut at the caudal end of the cerebral cortex are orientated parallel to,
rather than perpendicular to, the cortical laminae. It was therefore difficult to apportion
the labelled cells to the various laminae at this point, and it is assumed that the
labelling represented a continuation of the backfilling of layer II cells at the caudal pole

of the entorhinal cortex.

Septal injections

Of the four injections aimed at the septal pole of CA3, only one (T136) was
localized within the apical dendritic field of CA3. In this injection, labelling was found
in the caudal part of area 28m, with the majority of cells being located along the dorsal
half of its medial wall. Additional labelling was observed along the narrow
dorsoventral extent of its lateral wall, where it was contiguous with labelling in the

lateral part of area 28i. In both areas labelling was restricted to the caudal 1700um.
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In area 28], labelling was confined to area dl, and was located adjacent to the
ventral lip of the rhinal fissure across its rostrocaudal length. This labelling therefore
represents dorsal filling at the caudal end of area dl, at which point the subfield has
a substantial dorsoventral spread, but this specificity cannot easily be discerned at the

rostral limit of area dl, on account of the restricted dorsoventral range.

Mid-septotemporal injections

Data was collected from 7 injections located across the middle region of CA3.
In general, the labelling in areas 28m and 28i extended further in the rostral direction
than in the case of the septal injection, whereas in area 28], labelling was found in area
v], in addition to that in area dl. For example, in injection T161 labelling was located
in the ventral portion of area 28m and extended 1700pm from its caudal limit, with
labelling absent from the rostral portion of the field. In area 28i, labelling extended
across its rostrocaudal length, and was distributed along most of the transverse extent
of the field. At its rostral end, the labelling became contiguous with that in the caudal
part of area vl.

In area 28], labelling extended across all but the most rostral part of area dl,
with the backfilled cells in the caudal half of the field being restricted to its
ventromedjial portion. Labelled cells were also distributed across much of the transverse
extent in the caudal half of area vl, with the labelling in the rostral direction becoming
increasingly restricted to the lateral part of the field. No labelling was noted in area vm.

A comparison of the patterns of labelling in the 7 midseptotemporal injections
shows that the extent of labelling in 28m and 28i in the rostral direction, as well as the
relative proportions of the labelling in areas dl and vl, are dependent on the

septotemporal position of the injection site in the CA3 field, such that injections located

204



more temporally produce progressively greater amounts of labelling in rostral 28m and
28i, and give rise to greater backfilling in area vl, at the expense of labelling in area dl.
Note that in injection T157, the most temporally placed of this series of injections,
labelling in area 28m and 28i was shifted rostrally to such an extent that filled cells
were entirely absent from the caudal pole of the entorhinal cortex, and that in area dl

the labelling was restricted to its most caudoventral part.

Of these midseptotemporal injections, two pairs (T131 & T159, T133 & T148)
were located at approximately the same septotemporal level but at different ends of the
proximodistal length of CA3. In addition, the injections were all of comparable size,
with an uptake diameter of approximately 500um. While the data available is obviously
too restricted to formulate any conclusive statements concerning the differences in the
entorhinal projection to prdximal and distal parts of the CA3 field,it is perhaps worth
noting that, in the above cases, while the overall patterns of labelling were similar, the
density of labelling following proximal injections was greater (by approximately 50%)
than the corresponding distal injections. In addition, in the case of the proximal
injections, there was a slightly increased coverage of the entorhinal cortex, both in

rostrocaudal and transverse directions.
Temporal injections

Data was collected from one injection (T153) in the temporal part of the CA3
field. The trends in the organization of this projection, noticed initially in the
comparison of septal and midseptotemporal injections, are also apparent in this
example. In area 28m, labelling was entirely absent from the the caudalmost 500um of

the field, and at its rostral end the cells were confined to its ventral portion. In area 28i,
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labelling was present only in its most rostromedial part, where it was contiguous with
the backfilling both in area 28m and in area vl.

The labelling in the lateral entorhinal area was located mainly in area vl, with
area dl being free of backfilled cells. Labelling was exhibited across much of the
transverse extent of area vl in the rostral half of the field, with additonal labelling being
found in the caudalmost portion of area vm. Backfilled cells were not found either in

area TR, or in the transition zone between the entorhinal and piriform cortices.

The topography of the entorhinal-CA3 projection

On the basis of the organization found in these results, the entorhinal cortex can
be split into two subdivisions. The first subdivision, comprising areas 28m and 28i,
shows a topographic organization in the projection to CA3 such that progressively
more rostral regions provide an input to more temporal parts of the CA3 field. In
addition to this rostrocau.dal gradient, there is an associated dorsoventral organization
such that cells located dorsally in this area project to septal parts of CA3, whereas
ventrally-located cells project to cells in temporal CA3.

The second subdivision, consisting of the various regions of the lateral
entorhinal area, displays a topographical organization of a different type. There exists
a rostrocaudal organization similar in nature to that described above, but it appears to
be less marked, with resultant labelling in this area often found to extend across the
entire rostrocaudal extent of the lateral entorhinal area. The pattern of organization of
the "lateral" pathway is most noticeable in the transverse axis: cells located along the
dorsolateral border of the entorhinal cortex (within area dl) project to septal CA3,
whereas cells located more ventromedially (with an increasing involvement of area vl

and then area vm) project to progressively more temporal parts of the CA3 field. This
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gradient is coupled with the "weaker" rostrocaudal gradient such that projections to
septal CA3 arise primarily (though not exclusively) from the caudal part of the lateral
entorhinal area, whereas the main population of cells projecting to temporal CA3 are
located in the rostral part of the entorhinal cortex. Although this experiment failed to
demonstrate labelling in the rostrally-located area TR, it must also be noted that this
experiment did not include an injection placed at the extreme temporal end of the CA3
field. It therefore remains to be seen whether this region can be included within the

definition of the lateral entorhinal area on the basis of this particular projection.
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The distribution of labelling: CA1 injections

In all cases labelling was found around the medial and ventral banks of the
rhinal fissure, adjacent to the dorsolateral edge of the entorhinal cortex. Unlike the
labelling from CA3 injections, injections in CAl, regardless of the position of the
injection within the CA1 field, produced scant backfilling, with an average of 6 neurons
being labelled in any given coronal section of 35um thickness. Furthermore, the location
and quantity of labelled cells were not found to vary with rostrocaudal position;
injections invariably gave rise to a sparsely-labelled strip of cells running adjacent to
the rhinal fissure across the entire length of the entorhinal cortex.

In six cases a small number of scattered cells was found along the ventral lip
of the rhinal fissure at the extreme edge of area dl. Unlike the labelling described
above, this labelling was scattered irregularly throughout the rostrocaudal length of the
entorhinal cortex, with a greater incidence of labelled cells towards the rostral end. In
addition to this, cells weré occasionally labelled in more ventral parts of area dl, in area
v], and in rare instances an isolated cell was observed in area 28i or area 28m.

The great majority of cells labelled around the rhinal fissure were located in
layer III, with cells occasionally being noted in layer II adjacent to the plexiform layer.
In contrast, the labelling at the dorsal edge of area dl was almost invariably found in
the superficial sublayer of layer II, with a minority of cells being found in the
superficial portion of layer III. Of the small population of cells noted in other parts of
the entorhinal cortex, all were found in the superficial part of layer III. In no instances

were cells found in the deep cortical layers.
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The incidence of double-labelling within the entorhinal cortex

These results show that the populations of labelled cells following injections into
CA3 and CAl, regardless of the location of the injections in their respective fields,
appear to be largely distinct, both in terms of laminar organization and in distribution
within the posterior cerebral cortex. While CA3 injections never gave rise to labelling
in the region around the rhinal fissure beyond the dorsolateral limit of the entorhinal
cortex, injections in CA1 often produced sparse labelling at the dorsal edge of area dl
which overlapped (in terms of regional coverage) with heavier labelling resultant from
the corresponding CA3 injections. Although these "CA1" cells were often found
embedded in a densely-labelled cluster of "CA3" cells, closer inspection failed to reveal
any evidence of double-labelling. This absence was similarly noted for the small
number of "CA1" cells located in more ventral, and medial, parts of the entorhinal

cortex.

The photographs on pages 210-211 illustrate the segregation in the populations
of projection cells in injection T161. Double exposures were taken in order to
demonstrate both Fast Blue and rhodamine-labelled cells. Note that there are no
instances of double-labelling, in spite of an overlap in the distribution of the two
groups of cells projecting to the hippocampus.

~ Two additional photographs on page 212 are included which depict rare
situations in which backfilled cells are observed in laminae other than that normally

associated with the projection.
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Above (T161) Fast Blue injection site into the CA1l field

Below (T161) Rhodamine injection site into the CA3 field
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Above Two CAl-backfilled entorhinal neurons cells in superficial layer II

Below A single CA3-backfilled entorhinal neuron in layer III
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DISCUSSION

11. The bilateral organization of the CA3-CAl projection

Two main findings arise from these results: firstly, the similarity of the labelling
in the two CA3 fields following a single injection in CA1 indicates that the ipsilateral
Schaffer collateral pathway is functionally indistinguishable from the contralateral
pathway, and secondly, the identical patterns of labelling with the two dyes resulting
from injections into homologous regions in the two CAl fields suggests that
homolégous parts of CA1 receive the same information from the CA3 field.

The issue of bilateral organization within this pathway (as one component of
the intrahippocampal circuitry) has been addressed in earlier studies: using
autoradiographic techniques, Gottlieb and Cowan (1973) studied the nature of the ipsi-
and contralateral projections within the hippocampus and concluded that each field
that provides a commissural projection also gives rise to an ipsilateral projection that
terminates in the same region and on the same part of the dendritic tree. The work of
Swanson et al. (1978) using similar techniques, while upholding this precept, concluded
additionally that the contralateral hippocampal pathways were invariably less extensive
than their ipsilateral counterparts, both in terms of cell numbers and of the
septotemporal divergence of the projections, although these differences were observed
to be less marked in the case of the CA3-CA1 projection. In contrast, Laurberg (1979)
used the Fink-Heimer method and the HRP staining technique to show that the ipsi-
and contralateral projections of CA3 were very similar in terms of extent.

The retrograde tracing technique used in this study, by virtue of backfilling cell
bodies, adds a further dimension to the analysis of the bilateral organization which is

absent in the latter study, namely the ability to define the population of projecting cells
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in CA3, and as such these results both support the findings of Laurberg (1979) and
demonstrate in addition a correspondence in the numbers of projecting cells in the two
CA3 fields. As with the latter study, the bilateral symmetry of the projection was

similarly found to hold true across the extent of the hippocampus.

1.2. Developmental implications of bilateral symmetry in the projection

Following the observation that the contralateral intrahippocampal pathways
were less extensive than their ipsilateral counterparts, Swanson et al. (1978) concluded
that the formation of connections was governed at least in part by spatiotemporal
considerations, such that a greater number of connections are made by ipsilateral fibres,
on account of an earlier arrival at the destination site, when compared with the
increased distance required for the contralateral fibres to traverse.

Our findings, and those of Laurberg (1979), do not support this theory. Instead,
the bilateral symmetry of the projection suggests that the final pattern of connectivity
is independent of any such considerations. At this point it is worth recalling the
‘neurogenetic hypothesis" underlying connection specification as introduced by Bayer
and Altman (1987). From their data, and from that of a number of other studies on
neocortical connectivity (Wise et al. 1979; Innocenti 1981; Reh and Kalil 1982; Stanfield
et al. 1982; Bates and Killacky 1984), a two-stage process of connection formation is
described: stage one, involving axon outgrowth, describes a state of nonspecific axonal
termination; stage two, involving the selective elimination of axon collaterals,
determines the final pattern of connectivity, which reflects the time of neuronal origin.

Other work on neuronal development has shown that different cell populations
express different antigens on their cell surfaces (McKay et al. 1983; Pfenninger 1984),

which have been shown in invertebrates to play a part in directing the trajectory of
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axon growth, while in vertebrates some evidence exists to suggests that surface
antigens, known as recognition molecules, might code for synaptic contact rather than
for axon trajectory (Altman 1982). The expression of surface antigens is believed to be
temporally dependent (McKay et al. 1983).

The bilateral symmetry found in the CA3-CA1l projection would therefore
appear to agree with the above findings. Given that the two hippocampi develop
simultaneously, then homologous cells in the two CA1 fields, expressing similar
recognition molecules, would be expected to receive collaterals from the same cells in
CA3. Similarly, if the retention of axon collaterals is a function of the time of neuronal
origin, then the ipsilateral and contralateral projections, arising as they do from cells
originating simultaneously on both sides of the brain, would be expected to be

equivalent in size and in extent.
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THE SCHAFFER COLLATERAL PATHWAY
2.1.1. The organization within the CA3-CA1 projection

The results in this retrograde tracing study correspond well with those of earlier
anatomical experiments on the CA3-CA1 pathway. Studies such as those of Hjorth-
Simonsen (1973), Swanson et al. (1978) and Laurberg (1979) provide ample evidence of
septotemporal divergence in the pathway, while the detailed investigation conducted
by Ishizuka et al. (1990) utilized the properties of the anterograde tracers PHA-L and
HRP to give accurate descriptions of the organization of the projection in three
dimensions. The septotemporal and transverse gradients of the projection observed in
our results correspond to those noted in the latter study. In short, the projection is
topographically organized such that, in the septotemporal plane, cells in septal and
temporal parts of the CA3 field project predominantly to septal and temporal regions
of CA1 respectively, whex;eas in the transverse plane, CA3 cells located proximally and
distally with respect to the dentate gyrus provide inputs to correspondingly distal and
proximal parts of the CAl field at the same septotemporal level. Note that this transverse
organization does not hold true across the length of the hippocampus: given its
diagonal configuration, inputs to any given region in CA1 from CA3 cells located at
more septal levels originate closer to the CA2 border than those from cells in temporal
CA3.

Regions in CA1 of similar size receive information from approximately the same
fraction (in terms of the total surface area) of the CA3 field, regardless of the positions
of the regions in the CAl field. Given that the pyramidal cell density is non-uniform
across the septotemporal extent of the CA3 field, with a three- to four-fold increase in

cell density at the temporal end (Gaarskjaer 1978a), then the implication is that a region
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in temporal CA1 receives three to four times the number of projections obtained by a
region of equivalent size in septal CA1. Data regarding the variation in pyramidal cell
density in the CA1 field is still lacking, and it remains to be seen if temporally-located
CAL1 cells are indeed the beneficiaries of a greater amount of incoming information (in
the case of uniform cell density across the length of the CA1l field), or if there is
homogeneity - in quantitative terms - in the transfer of information across Ammon’s
horn (as a result of similarities in the variations of cell density in the CA3 and CA1l

fields).

2.1.2. Segregation of the pathway into diagonal lamellae

While the retrograde tracing technique was not used to provide information on
the third dimension of the projection, which outlines the pattern of termination of the
Schaffer collaterals in the radial plane spanning the dendritic fields of CA1, this method
can instead be employed to evaluate the projection in another fashion. Following the
completion of a substantial number of injections into the CA1 field, with subsequent
analysis of the patterns of labelling, the distribution of backfilled cells in CA3 was
compared across injections. It was discovered that CA1 injections arrayed along an axis
angled acutely to the septotemporal axis gave rise to similar patterns of labelling in
CA3.

Further inspection revealed that the degree of correspondence observed in the
patterns of backfilling was a function of the angular relationship of the injections to this
"CAl axis", such that the degree of overlap in the distribution of labelled cells
decreased in proportion to the angular separation of the injections from the CA1 axis,
with minimal overlap occurring at the point where the injection sites were aligned

perpendicular to the CA1 axis.
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Three examples of the similarity in labelling produced by injections arranged along a diagonal
axis in the CA1 field. Note that this pattern is observed across the septotemporal length of CA1.

The angle subtended by the "CAl axis" to the septotemporal axis of the
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hippocampus is similar to that subtended by the long axis of the bands of labelling in
CA3 to the same septotemporal axis, such that in the unfolded representation of the

septotemporal length of the intervening CA2 field (see Figure 11, below). While this

Fig.10 Injections arranged perpendicular to the "CA1 axis" produce labelling with minimal overlap
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relationship would appear to be of unclear significance in the unfolded model of the
hippocampus, the implications of such organization become more apparent when
considered in a more accurate model which incorporates the bend of the hippocampus.
Viewed in this respect, the CAl axis is approximately superimposed on the CA3 axis

and is similarly orientated, which leads to the conclusion that they represent the same

axis.

CA3
CAl CA2 CA

Fig.1l An example of the similarity in the distribution of projecting cells in CA3 and that of the
recipient cells in CA1 in terms of the orientation with respect to the septotemporal axis, as seen
in unfolded and folded representations of the hippocampus. The injections displayed above are
T158B (in distal CAl) and T161B (in proximal CA1), which give rise to similarly-positioned
bands of labelling.

The implication of this is that the Schaffer collaterals traverse the comparatively
short distance separating the CA3 and CALl fields. Indeed, the possibility exists that the

curvature of Ammon’s horn, serving as it does to superimpose the CAl field upon the
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CA3 field, represents a means of facilitating connectivity between the two fields. The
projection is thus best described in three dimensions, with the specification of an
additional dimension, oriented perpendicular both to the septotemporal and to the
transverse dimensions, which is used to represent the passage of fibres across the CA3-
CA1 gap. This dimension therefore bears a resemblance to the the radial dimension
specified by Ishizuka et al. in their evaluation of the intrahippocampal CA3 pathways,
in which the pattern of termination of CA3 collaterals in the dendritic fields of CA3

and CAl is evaluated.

temporal septal CAl1

proximal

distal

CA3

Fig.12 The superimposition of CAl upon CA3 in the "normal" folded hippocampus serves to minimise
the distance traversed by the Schaffer collaterals. The above diagram depicts the connectivity
in a lamella of the pathway.

It is worth recalling that earlier anatomical studies such as those cited at the
beginning of this section, while furnishing considerable evidence against the lamellar

hypothesis as an accurate model of hippocampal connectivity, declined to offer an
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alternative hypothesis in its place. The recent anterograde studies (Ishizuka et al. 1990;
Tamamaki and Nojyo 1991a) showed a diagonal pattern within the projection, but the
inability of the anterograde tracing technique to provide information on the distribution
of the cells in CA3 which projected in such a fashion prevented further comment on
the nature of the projection. The results from this study not only complement the
observations made in the above anterograde studies but also highlight a form of
diagonal organization both in the distribution of projecting CA3 cells and in that of the
recipient CA1l cells. The implications of this organization will be examined later
following a discussion of the organization of the other intrahippocampal pathways.
One final point which merits discussion in view of the organization of the CA3-
CA1 projection concerns the "radial dimension" of the projection, which was described
by Ishizuka et al. (1990). As noted on pages 34-35, it was demonstrated that the zone
of termination of the Schaffer collaterals within the dendritic field of CA1l varied
according to the location of the projecting cells within the CA3 field. While the
technique of retrograde labelling is less suited than the anterograde technique to
assessing the radial organization of the projection, it is acepted that the present study,
in which injections into CA1l were restricted to the stratum radiatum, could be
expanded to accommodate a number of injections into the stratum oriens of CAl in an

attempt to provide further data on the radial dimension of the CA3-CA1 projection.

2.1.3. The relationship between anatomical and functional connectivity

Extracellular injection techniques such as that used in this study yield data on
the distribution of projection neurons which send fibres to specified regions, and as

such give an idea as to the potential source of information to those regions. However,
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in the light of electrophysiological studies which show that a strong control is exercised
over hippocampal activity by inhibitory interneurons (Miles and Wong 1983, 1986,
1987), it seems likely that, for the CA3-CA1 projection, only a fraction of the CA3 cells
in a band will be active at any one time and hence able to transmit information to the
recipient band of neurons in CA1l. In a similar fashion, the inhibitory control in CA1
will in turn place a restriction on the number of "actively recipient" CA1 neurons.

Estimates of the number of inhibitory interneurons in the hippocampus indicate
that they are outnumbered by the projection neurons by a factor of 100 to 1. Given this
paucity, it seems reasonable to surmise that their powerful inhibitory control is
exercised by means of extensive axonal ramifications within the hippocampal cell field,
and that the pattern of these ramifications determines the distribution of active
projection neurons. The studies on the basket cell (Ramon y Cajal 1911; Lorente de No
1934) demonstrate a local ramification of the axonal plexus around the pyramidal cell
somata, such that the feedforward or feedback inhibition mediated by these cells results
in a local suppression of activity (Andersen et al. 1964; Knowles and Schwartzkroin
1981). Assuming that the basket cells are uniformly scattered throughout the
hippocampus, such that there is homogeneity of inhibitory control, then an efferent
volley would result in the activation of a fraction of cells similarly scattered within a
lamella, with each cell active within a surrounding region of inhibited cells. A similar
model can be described for the effect of other interneurons, such as the oriens/alvear
cells documented by Lacaille et al. (1987), although in these cases the lack of
information regarding their axonal arborizations prevents a better understanding of the
exact pattern of inhibition.

Miles and Wong (1983) have shown that activity in a single CA3 pyramidal cell
may result in the synchronous discharge of a large neuronal population under

conditions in which inhibition is suppressed. Not only does this demonstrate that the
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local excitatory connections, or "recurrent synapses", in CA3 are divergent in nature,
but there is the added implication that these connections are sufficiently powerful to
induce activity in a large number of postsynaptic neurons. In such a model, one might
expect that activity in the initial CA3 cell would lead to a wave of cascade activity
which spreads in accordance with the pattern of associational connections. Given the
organization of the CA3-CA3 pathway, this would entail excitation of all the cells
within the longitudinally-arranged strip in CA3 containing the initially-active cell, with
little activity in other parts of the CA3 field. Furthermore, these cells might reasonably
be expected to generate activity in an equally large population of CA1 cells occupying
the appropriate diagonal strips of the CA3-CA1 projection.

One obvious consequence of the topographical organization within the CA3-
CAl pathway is that the cells occupying the same diagonal strip in CA1 are privy to
the same information as transferred from the CA3 field. (A similar conclusion can be
drawn for the CA3 cells, in view of the organization of the mossy fibre and CA3
associational systems as outlined in this dissertation and elsewhere). It is therefore
intriguing to find that multi-unit recording studies have failed to demonstrate that
neighbouring pyramidal cells possess similar patterns of firing within the environment
(O’Keefe and Speakman 1987; Muller and Kubie 1987). Instead it is suggested that, in
terms of the spatial mapping theory of hippocampal function (O’Keefe and Nadel
1987), the environment is represented by activity in a small subset of the total number
of place cells - about 20% of the pyramidal cell population, according to Thompson and
Best (1989) - which are distributed throughout the hippocampus. Our results, while
confirming the absence of point-to-point topography in hippocampal connectivity (with
its implications for hippocampal function), also suggest that there are constraints upon
the distributed nature of the environmental representation within the hippocampus, in

that "active subsets" of place cells are likely to be confined within specific regions of the
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hippocampus, as a result of the segregation of information along the intrahippocampal
pathways. Finally, it is postulated that the distributed pattern of place cell activity
occurs as a result of control by interneurons, which serve to restrict the generation of

recurrent excitation.
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THE CA3 ASSOCIATION PATHWAY

2.2.1. Specificity of labelling following CA3 injections

Current anatomical thinking states that the granule cells of the dentate gyrus
and the various hilar neurons (with the exception of the pyramidal basket cells) do not
receive inputs from the pyramidal cells of CA3, and as such the inclusion of these
regions within the injection site was not held to affect the resultant backfilling in CA3.
Labelling within the hilus, however, was seen following these injections, but the filled
cells appeared different in size and morphology (so far as could be discerned under
fluorescent microscopy) and probably represented mossy cells, since these labelled cells
were noted at some distance from the injection site. While this offers the intriguing
possibility that mossy cells are innervated by the pyramidal cells of CA3, the injections
into CA3 as employed in this study are nevertheless considered to be of satisfactory

specificity.

2.2.2. The organization of the CA3 association projection

Injections into CA3 produced patterns of labelling in CA3 which are oriented
parallel to the septotemporal axis, indicating that the cells of origin of the pathway are
organized in longitudinal strips across the field. Furthermore, the fact that labelling
tended to occur in the part of the transverse extent of CA3 where the injection was
located strongly suggests that the projection is mainly directed at cells in the same
longitudinal strip. This specificity was found to be invariant across the CA3 field.

Another feature of the association pathway is the equal involvement of

projection cells septal and temporal to the region of recipient cells. Injections resulted
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in labelling which extended for approximately equal distances in the two directions, so
that the septotemporal level at which the injection site was located corresponded
approximately with the midpoint of the strip of labelling.

This longitudinally-arranged projection correlates with the description given by
Lorente de No (1934), in which it is written that the CA3 pyramidal cells give rise to
collaterals which run above the cell layer in the stratum radiatum, parallel to the long
axis of the hippocampus, to innervate other parts of CA3. However, it was believed
that these collaterals arose mainly from cells in distal CA3 (subfield CA3,). While the
reports of Swanson et al. (1978), Tamamaki and Nojyo (1991a) agree as to the
longitudinal nature of the association pathway, the results of Ishizuka et al. (1990)
suggest a different organization: instead of running parallel to the septotemporal axis,
the projection is held to be organized in a diagonal manner across the CA3 field, with
septally-directed collaterals terminating in proximal CA3 (adjacent to the hilar border)
and temporally-directed fibres projecting to distal CA3, abutting the CA2 border. In an
unfolded representation of the hippocampus, the CA3-CA3 pathway is therefore be
arranged in an opposite sense to the CA3-CA1 pathway, since the diagonal nature of
the latter is oriented such that Schaffer collaterals coursing septally terminate in distal
CAl, whereas temporally-directed fibres project to proximal parts of the CAl field.
Applying the same principle as in Section 2.2.2. of this Discussion, it is clear that the
orientation of the CA3-CA3 projection in the folded hippocampus mirrors that of the CA3-
CA1 projection.

The implications for the pattern of information transfer across the hippocampus
are substantial. If, as is widely accepted, the CA3 and CALl fields process information
which is trasmitted from the entorhinal cortex by way of the dentate gyrus, then the
highly restricted pattern (in the septotemporal plane) of the mossy fibre projection

indicates that any mixing of information (assuming that the information arriving from
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the entorhinal cortex is heterogeneous in nature) must necessarily occur by means of
the CA3 association pathway. Hence, on the one hand, if the CA3 association pathway
is organized parallel to the septotemporal axis of the hippocampus, as suggested in this
dissertation and in the works of Lorente de No (1934), Swanson et al. (1978), as well as
the recent study of Tamamaki and Nojyo (1991a), then the projection allows the
processing of information across a broad sweep of CA3 cells which transcends the
diagonal nature of the CA3-CA1l pathway, with the result that cells in CAl are
recipients of information which has already undergone extensive mixing across the
septotemporal length of the CA3 field. On the other hand, the findings of Ishizuka et
al. (1990) indicate that the two pathways are orientated in the same fashion, which
implies that information processing in the CA3 field is confined within the same group
of cells that project in turn to CAl, with the latter consequently receiving inputs of a
more restricted nature. The information processing performed by the CAL1 field is thus
clearly dependent upon the configuration of the CA3 association pathway.

As a final point, the observations of Ishizuka et al. (1990), implicitly
demonstrating that the CA3-CA3 and CA3-CA1 pathways are similarly organized,
would appear to offer greater support for the concept of functional segregation within

the hippocampus.

2.2.3. The relationship between the CA3-CA1 and the CA3-CA3 projections

The issue of heterogeneity in the distribution of cells in the CA3 field giving rise
to the Schaffer collateral system and to the association pathway was first voiced by
Lorente de No (1934). It was his belief that cells in proximal CA3 (subfield CA3)

contributed mostly to the former pathway, whereas at the other end of CA3 (subfield
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CA3,) few cells projected to CA1 but instead gave rise to the CA3 association pathway.
Cells in the middle of the transverse extent of CA3 were understood to contribute in
equal proportions to the two pathways.

Later studies have disputed this division of the CA3 projection cells. While
confirming the existence of collaterals from CA3 cells which ran both septally and
temporally along the longitudinal axis, Swanson et al. (1978) found that cells from all
parts of CA3 gave rise to collaterals which terminated in CA1. At the same time, it was
acknowledged that the co-mingling of the fibres of the two projection systems caused
great difficulty in the distinction of the two systems.

A similar problem was noted by Hjorth-Simonsen (1973) and by Ishizuka et al.
(1990). On the basis of similar termination zones in the stratum radiatum and stratum
oriens of CA3 and CA1l, and on the observation that both pathways were found to
originate in proximal CA3, Hjorth-Simonsen (1973) argued against the division of the
collaterals of the CA3 cells into two distinct pathways. The intracellular studies of
Ishizuka et al. (1990), in which the ramifications of the various primary collaterals were
observed throughout the hippocampus, arrived at the same conclusion.

Our results agree with both of the above studies with regard to the similarity
in the septotemporal extent of the two pathways, and as such refute the claim of
Lorente de No (1934) that the Schaffer collateral system served to link the hippocampal
fields at the same transverse level whereas the longitudinal association pathway served
to join parts of the hippocampus at different septotemporal levels. However, the
marked directionality noted in each pathway provides an alternative case for the
consideration of the two systems as separate entities. A similar point was conceded by
Hjorth-Simonsen (1973), following the observation that the fields of termination in CA3
and CAl diverged in temporal parts of the hippocampus. (This finding was also

observed in the present study, and is attributed to the diagonal nature of the CA3-CA1l
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projection which shifts away from the CA2 field in the temporal direction).

It appears that cells in all parts of the CA3 field contribute to both pathways,
and thus act as components within two distinct functioning strips within these
pathways. Evidence for the existence of multiple collateral projections within CA3, and
for the homogeneity of these projections across the CA3 field, is also presented in the
multiple retrograde labelling study conducted by Swanson et al. (1981), which provides

alternative proof of the contribution of CA3 cells to a number of separate pathways.
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THE MOSSY FIBRE PATHWAY

2.3.1. The organization of the mossy fibre projection

The pattern of the mossy fibre projection from the dentate gyrus to CA3 as
shown in this experiment correlates well with the various anatomical and
electrophysiological reports of this pathway (Blackstad et al. 1970; Lomo 1971; Swanson
et al. 1978; Gaarskjaer 1981a,b, 1986) in that the projection is organized in a transverse
fashion across the CA3 field. In addition to this transverse projection, the results from
these injections showed that, on approaching the CA2 region, the mossy fibres changed
direction to course parallel to the longitudinal axis of CA3 towards the temporal pole
of CA3, echoing the observations made in a number of earlier studies (Ramon y Cajal
1911; Lorente de No 1934; McLardy 1963). Blackstad et al. (1970) have suggested that
the change in direction of the mossy fibres in proximal CA3 towards the temporal pole
is due to a lack of synaptic termination sites at the septotemporal level of the injection
(and at more septal levels), such that the fibres alter their trajectory in search of
available sites temporal to the injection. Gaarskjaer (1986) reinforces this argument by
citing the numerical ratios of recipient CA3 pyramidal cells to granule cells - greater
in temporal regions - which would favour such a modification of fibre direction. A
related factor underlying the abrupt shift in direction is the lack of innervation of the
CALl field.

While the three rhodamine injections uniformly displayed the trajectory pattern
described above, the biocytin injection (T117) was notable for some additional
temporally-directed labelling in proximal CA3. This pattern of labelling bears a distinct
similarity to that observed by Swanson et al. (1978) for the "infrapyramidal bundle" of

mossy fibres, which was found to be largely confined to the septal third of the CA3
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field, within which the fibres ran the entire transverse length of the field. Temporal to
the region, the infrapyramidal bundle was seen only to innervate parts of CA3 adjacent
to the hilus, although in the midseptotemporal region there was an additional tongue-
shape projection into the CA3 field adjacent to the CA2 border.

The most interesting aspect of this similarity lies in the fact that the labelling in
T117 is clearly confined to the so-called "suprapyramidal' bundle. The argument
against the segregation of the mossy fibre projection into supra- and infrapyramidal
bundles has already been put forward in Section 3.2.2. of the first part of this
dissertation, and in fact Swanson et al. (1978) themselves conceded the point that the
two bundles were not easily distinguished, and that the fibres of the infrapyramidal
bundle probably merged with those of the suprapyramidal bundle beyond the hilar
region. As far as injection T117 is concerned, the fact that the temporal spread of
labelling in proximal CA3 is found to lie directly beneath the zone of disruption of the
superficial blade of the dentate gyrus corresponding to the injection site suggests that
this apparently anomalous pattern of projection is in fact a result of the inclusion of a
sizeable fraction of the septotemporal extent of the dentate gyrus in the injection site.
An initial appraisal of the sizes of the injections employed in the study of Swanson et
al. (1978) hints an a similar explanation for the pattern of projection.

With regards to the fine structure of the projection, the results of the biocytin
injection correspond with those of ultrastructural studies (Blackstad and Kjarheim 1961;
Hamlyn 1962; Amaral and Dent 1981; Gaarskjaer et al. 1982) which have shown that the
mossy fibres are thin, unmyelinated axons 0.1-0.7um in diameter, along which giant
synaptic boutons (up to 10um in diameter) are distributed, with an average inter-
bouton distance along a single mossy fibre of 250450um (Blackstad and Kjaerheim
1961).

In summary the mossy fibre projection, in accordance with numerous other
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reports, is topographically organized such that septal and temporal parts of the dentate
gyrus project across the transverse length of the CA3 field to septal and temporal parts
of CA3 respectively. Furthermore, the transversely-directed nature of the projection
indicates that the pathway is organized in the form of individually-functioning units
which are oriented orthogonal to the septotemporal axis of the hippocampus, the
functional importance of which is underlined by the notable absence of associational
or commissural connections between granule cells. Finally, it is acknowledged that this
theory is upheld in spite of the evidence for a longitudinally-directed component of the
projection in the proximal part of the CA3 field. The functional implications of this
aspect of the projection has yet to be understood, and as such it has yet to be
incorporated into models of the dentate gyrus-CA3 relationship. It may well be that
due consideration of this component will lead to a reappraisal of the pathway, to the
effect that the concept of transverse organization is redefined accordingly to incorporate

the longitudinal component in proximal CA3.

2.3.2. The confinement of anterograde labelling to the mossy fibre system

In all four examples anterograde labelling was restricted to the mossy fibre
system. Given that the three rhodamine injections were targeted - successfully - at the
proximal end of the CA3 field, anterograde labelling of the efferent pathways of CA3
might reasonably be expected. In the case of the biocytin injection, the injection site
encompassed within its considerable extent a sizeable portion of the proximal CA3
field, such that substantial anterograde labelling within CA3 and CA1 might again be
envisioned. The absence of labelling in all but the mossy fibre system is suggestive of

a feature specific to that system, with a possible clue as to the nature of this feature
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being noted following consideration of the nature of the rhodamine labelling. In these
cases, anterogradely-transported rhodamine microspheres appear to be accumulated at
the mossy fibre terminals. Light microscopic observation using high power objective
lenses suggests that the transported microspheres are uniform in size, in comparison
with the wide range of sizes noted in the retrogradely-transported microspheres. This
uniformity in size might reflect the mechanism of transport, in which microspheres
within a given size range are taken up into vesicles by pinocytosis, and are thus
transported to the presynaptic terminals of the mossy fibres.

The confinement of the biocytin labelling to this projection offers no ready
explanation. Unlike the microspheres, biocytin is an anterograde tracer which has been
used to label a number of neuronal systems, although at present its usage within the
hippocampus has not been widely documented. Given the mode of its delivery - as a
solute in vehicle - its uptake by fibre systems would seem to be easily achieved.

It is suggested that the peculiar ability of the mossy fibres to allow anterograde
transport in both cases might be a reflection of a difference in the intracellular transport
system of these fibres. Although there exists no direct evidence for such a difference,
the possibility is suggested by the study conducted by Goldschmidt and Steward (1980)
on the effect of colchicine on the hippocampus, which resulted in near-total destruction
of granule cells and mossy fibres, with negligible damage to other hippocampal
structures and pathways. The authors concluded that colchicine, as an inhibitor of
microtubule assembly, might target the dentate gyrus on account of some as-yet-
undiagnosed difference in its cellular structure. A pilot study conducted by the present
author, in which another inhibitor of microtubule assembly, namely vinblastine, was
injected into the hippocampus, resulted in a similar pattern of destruction to that
achieved by colchicine. On the basis of these findings, it is proposed that the mossy

fibres might employ a particular mechanism of axonal transport, involving microtubule-
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associated proteins specific to the fibres, which facilitates anterograde transport of dyes
along the lengths of the mossy fibres, and which confers a unique susceptibility to the

effects of microtubule inhibitors such as colchicine and vinblastine.
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AN OVERALL CONSIDERATION OF THE INTRAHIPPOCAMPAL PATHWAYS
1

The stream of mossy fibres running transversely across the CA3 fields intersects
that of the Schaffer collaterals which are directed diagonally across CA3 and CA1l.
Crossing both of these systems is the CA3 associational projection which is oriented
parallel to the septotemporal axis and is therefore arranged at an acute angle to the
Schaffer collaterals and at right angles to the mossy fibre projection. The crossing

pattern of these fibres is shown below in Figure 13 using an unfolded representation
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Fig.13 The orientation of the various intrahippocampal pathways as shown in an unfolded
representation of the hippocampus.
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of the hippocampus. While the direction of the projection from the CAl field to the
subicular complex was not explored in this dissertation, the subject has received
attention from Tamamaki and Nojyo (1990) and was also found to possess a lamellar
organization such that the alvear fibres are oriented in much the same way as the
‘bands of CA1 cells which constitute part of the lamella of the Schaffer collateral
pathway.

In Section 2.1.2. of this Discussion the concept of a radial dimension within the
CA3-CA1 projection was introduced. This .dijr;;énsion can also be incorporated so as to
provide a three-dimensional model of the intrahippocampal pathways. Unlike the
Schaffer collateral projection, neither the mossy fibre system nor the CA3 association
pathway have a component in this dimension, so that the three fibre systems show

marked differences in terms of their arrangements in the three dimensions.
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Fig.14 The orientation of the various intrahippocampal pathways as shown in a transverse section
through the extended hippocampus.
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The data accumulated in this experiment show a marked correspondence with
the results of the study conducted by Tamamaki and Nojyo (1991a). This
correspondence is perhaps the more striking in view of the differences between the two
studies, with the latter report employing electron microscopic techniques to assess the
trajectories of single hippocampal neurons following intracellular injections with the
anterograde HRP tracer.

Far from suggesting that the intrahippocampal pathways are organized in such
a way as to ensure the segregation of information within the hippocampus, as depicted
in the lamellar hypothesis of Andersen et al. (1971), this arrangement implies instead
that they are designed to allow substantial divergence and "mixing" of information
throughout the hippocampus. Further work needs to be done before the implications

of separate organization within each pathway can be assessed.

237



3. THE PROJECTION FROM THE ENTORHINAL CORTEX TO THE

HIPPOCAMPUS
3.1 Afferents to the CA3 field
3.1.1. The functional subdivision of the projection

Two distinct gradients in the pattern of labelled entorhinal cells were observed
following injections which spanned the septotemporal extent of the CA3 field. The first
of these corresponds to the organization of the projection from cells located in the
lateral reaches of the entorhinal cortex, in which a dorsolateral-ventromedial axis in the
transverse plane corresponds to the septotemporal axis of the recipient CA3 cells. The
second gradient was observed in more medial parts of the entorhinal cortex and, unlike
the first gradient, manifested itself in both the longitudinal (rostrocaudal) and
transverse planes, with cells in caudodorsal and rostroventral regions projecting to
septal and temporal parts of CA3 respectively.

These findings clearly indicate that there are two separate components to the
entorhinal-CA3 projection, corresponding to the medial and lateral pathways quoted
in a number of studies (Hjorth-Simonsen 1972; McNaughton 1980; Witter 1989), and as
such conflict with the belief that there exist three subdivisions to the projection
(representing the lateral, intermediate and medial parts of the entorhinal cortex) which
is upheld by Steward (1976) and Wyss (1981), since our results demonstrate that the

efferents from the latter two regions are organized in a similar fashion.

238



3.1.2. Projection axes within the entorhinal cortex

A description of the entorhinal cortex in three dimensions was provided on
page 184. If the medial and lateral projections to the hippocampus are assessed in a
similar fashion, it becomes apparent that each is organized along two out of the three
axes of the entorhinal cortex: the medial pathway is organized along the dorsoventral
and mediolateral axes, with relatively little involvement in the rostrocaudal plane,
whereas the lateral pathway displays organization in the mediolateral and dorsoventral

axes and has a relatively restricted representation in the mediolateral plane.

septal « septal
dorsal dorsal
mtemporal .
media!
temporal
e vWess. Vi
ventral ventral
lateralcaudal rostral lateralcaudal roslral

Fig.15 A representation of the extents within the entorhinal cortex of the medial (left) and lateral (right)
projections to the CA3 field. A bold arrow is used to depict the axis in each projection which
corresponds with the septotemporal axis of CA3.

As shown in Figure 15 above, the gradient of the projection to the CA3 field can

be represented in each case by a diagonal axis, depicted above as a bold arrow, such
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that cells in septal CA3 are innervated by the region of the entorhinal cortex
corresponding to the origin of the arrow, whereas temporally-located cells receive
projections from the region represented by the head of the arrow.

As well as demonstrating an axis within each of the projections from the
entorhinal cortex to the hippocampus which corresponds to the septotemporal axis of
the latter, the marked difference between the two axes suggests different gradients of
development in the medial and lateral portions of the entorhinal cortex. Conceivably,
if the patterns of projection in the entorhinal cortex are also determined according to
temporal parameters (see pages 213-214 of this Discussion) then one might surmise that
cells at the caudodorsolateral end of the entorhinal cortex were linked in terms of
development with cells in the septal part of the hippocampus, while cells located in
progressively more temporal parts of the hippocampus receive inputs from cells in
medial and lateral parts of the entorhinal cortex which are located progressively further
away from the caudodorsolateral limit (as well as from each other), in accordance with
the developmental gradients which are represented in turn by the direction of the
arrows in Figure 15.

As a final consideration, the fact that the medial and lateral pathways are
organized almost at right angles to each other - in spite of the demonstration that they
represent differing aspects of the same projection rather than being entirely separate
entities - may be indicative of a difference in the manner in which information is
transferred to the hippocampus. Some authors (O’Keefe 1989) have suggested that the
entorhinal projection conveys information concerning the three-dimensional (Cartesian)
nature of the environment and, in light of this theory, it is tempting to regard the two
pathways as conveying complementary features of this environmental data. If this bears
out, then the different patterns of termination of the two pathways in the hippocampus

implies a form of functional heterogeneity, with different regions in CA3 receiving
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varying amounts of environmental information.

3.1.3. A comparison of the projections to the dentate gyrus and to the CA3 field

In the initial description of this experiment on page 184 of the Results section,
it was emphasised that the method of subdivision of the entorhinal cortex would be the
same as that used by Ruth et al. (1982, 1988), in order that the projections to the dentate
gyrus and to CA3 might readily be compared. While the argument against this method
of subdivision in terms of functional relevance was presented in the preceding section,
the original intention has been maintained.

In short, it appears that the two projections are virtually identical in terms of
topographical organization. Given that the projection to CA3 arises predominantly from
cells in layer II, with a negligible contribution observed from layer III and the deep
layers, echoing the laminar organization already established for the projection to the
dentate gyrus, it seems reasonable to suggest that the two projections are in fact
components of the same efferent system, such that granule cells and CA3 pyramidal
cells located at the same septotemporal level receiving information from the same
population of neurons in the entorhinal cortex. In view of the scant amount of data
from our results which demonstrates that the entorhinal projections to cells located at
different ends of the transverse extent of CA3 at the same septotemporal level are
similarly organized, it becomes possible to depict the trajectory of the efferent system
of the entorhinal cortex within the hippocampus proper. It appears that the fibres
change course to run in a tranverse fashion through the hippocampus, innervating both
granule cells and pyramidal cells, in parallel with the mossy fibre system. The
similarity with the latter pathway continues with respect to the CA1 field: given that

the projection from the entorhinal cortex to CAl is organized in an entirely different
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fashion to that of the projection to the dentate gyrus-CA3, the latter pathway - like the
mossy fibre system - is excluded in toto from the CAl field. In a recently-published
abstract, Tamamaki and Nojyo (1991b) presented preliminary evidence which suggested
that spinous neurons of layer II of the entorhinal cortex projected in a "sheet-like"
manner across the hippocampus, providing innervation to the supra- and
infrapyramidal blades of the dentate gyrus and to fields CA3 and CA2 of Ammon’s
horn. Mention of the CA1 field in terms of this projection was conspicuous by its

absence.

3.2. Afferents to the CA1 field

3.2.1. The pattern of projection

The most striking aspect of the findings in this experiment is the exclusivity in
the distribution in the cells of origin of this pathway. In all cases these cells were
located around the edges of the rhinal fissure, at the dorsolateral limit of the entorhinal
cortex, although isolated cells were occasionally labelled in more ventral, and medial,
regions. In direct contrast to the specificity in the transverse plane, the cells of origin
of this pathway were distributed uniformly across the entire rostrocaudal extent of the
entorhinal cortex. With regard to the laminar organization of the projection, these
results confirm the observations of Steward and Scoville (1976) that the projecting cells
were located in layer III, although examples of projection cells in layer II were also
noted in the present study. Within layer III, cells were invariably found to be scattered
across its extent, with no indication for a preferential projection from superficial or

deep portions of the layer, or for the segregation of the cells of origin into discrete
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groups. No cells from layers IV-VI were found to contribute to the projection.
Studies which have devoted attention to the entorhinal-CA1 projection in the
rat lie thin on the ground. Apart from the seminal work of Steward and Scoville (1976),
the only other report of note is the publication of Witter et al. (1988), in which the
projections to the dentate gyrus and to the CAl field were compared following
injections of the anterograde tracer PHA-L into the entorhinal cortex. The results
indicate a degree of heterogeneity within the entorhinal cortex, such that the projection
to the dentate gyrus arose mainly from caudomedial regions, while progressively more
rostrocaudal parts of the entorhinal cortex projected preferentially to CALl. Cells located

at the rostrocaudal extreme gave rise to fibres which terminated solely within the CA1
field.

It is clear that the pattern of projection to CA1, as evinced by Witter et al. (1988),
differs markedly from that demonstrated in the present study. At the same time, their
observations on the nature of the projection to the dentate gyrus are also at variance
with those from other reports concerning this pathway, most notably those of Ruth et
al. (1982, 1988), in which the projection is seen to arise from cells located across the
rostrocaudal and mediolateral extents of the entorhinal cortex. Another curious
discrepancy in the report of Witter et al. (1988) lies in the lack of anterograde labelling
in the CA3 field, which has been widely recognised as a major recipient of fibres from
the entorhinal cortex (Blackstad 1956; Steward 1976; Steward and Scoville 1976; Witter
1989). Given the quoted similarity in the patterns of projection from the entorhinal
cortex to the dentate gyrus and to the CA3 field (Witter et al. 1989; Tamamaki and
Nojyo 1991b), one would expect a distribution of labelling in the stratum moleculare
of CA3 similar to that noted in the molecular layer of the dentate gyrus.

This is not to say that the present study is devoid of limitations. Since the issue

of 'false' labelling as a result of damage to fibres of passage (a problem which
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presumably is also encountered by Witter et al. 1988) has already been dealt with, the
main concern revolves around the placement of injections. In the experiment, emphasis
was placed on ensuring the localization of the injection site within the CA1 field, and
as a result of this it was conceded that the primary region of termination within CA1
of entorhinal fibres, namely the stratum moleculare, may not necessarily be included
within the uptake site of the injection, which could lead to a reduced estimation of the
projection. Even with this caveat in mind, the consistency in labelling across injections,
both in terms of the number of projection cells and in their distribution within the
posterior cerebral cortex nevertheless remains highly suggestive of separate projection
to CA1. One possibility is that there exists a specific projection from the perirhinal
cortex, the axons of which terminate in the stratum radiatum (and possibly the stratum
oriens) of CAl. This projection would therefore be considered as a separate entity to
the projection to CA1 from the entorhinal cortex, which is more extensive and displays
topographical organization across the septotemporal length of CAl (Steward 1976;
Steward and Scoville 1976; Witter et al. 1988). Given the absence of labelling within the
entorhinal cortex following injections into the stratum radiatum of CA1l, it might be
asssumed that the axons of the entorhinal-CAl pathway terminate specifically in the

stratum moleculare of CA1l and were thus not included within the injection sites.

3.3. Implications for the transfer of information to the hippocampus

Several studies in the rat have demonstrated that the lateral part of the
entorhinal cortex is the recipient of different inputs from the remainder of the
entorhinal cortex. For example, the agranular insular and retrosplenial cortices have

been shown to project preferentially to the ventral bank of the rhinal fissure and to
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adjacent parts of the entorhinal cortex (Deacon et al. 1983; Markowitsch and Guldin
1983), while inputs from temporal and medial prefrontal cortices terminate specifically
in the perirhinal cortex and the adjacent parts of the entorhinal cortex (Deacon et al.
1983; Reep et al. 1987). Furthermore, the projection to the entorhinal cortex from the
dorsolateral region of the frontal lobe is directed at its lateral portion.

In summary, the specific innervation to the CA1 field from cells in the perirhinal
cortex and in the adjacent dorsolateral part of the entorhinal cortex may serve to relay
selective information to that region which might manifest itself as a difference in the
behavioural and functional correlates of pyramidal cell activity in the CA1 and CA3
fields, given that cells in the latter field are not privy to this information. This contrasts
strongly with the projections from the entorhinal cortex to the dentate gyrus and to
CA3: the fact that these two fields appear to "share" the incoming information serves
instead to question anew the functional significance of the dentate gyrus. This
observation is of additional interest in the light of the electrophysiological studies of
McNaughton et al. (1989), the results of which suggest that the direct entorhinal-CA3
pathway is sufficient to maintain place field activity in CA3, in spite of the removal of
the disynaptic entorhinal-dentate-CA3 circuit following selective colchicine-induced
destruction of the dentate gyrus. By demonstrating the size and distribution of the
entorhinal-CA3 projection, the results of this experiment also refute the notion of the
dentate gyrus as a central, indispensible link in the pattern of information processing,
as depicted in the concept of the trisynaptic circuit. The importance of the direct
projections from the entorhinal cortex to the CA3 and CA1 fields in future models of

intrinsic hippocampal connectivity remains to be seen.
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