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The anatomy of memory:
An interactive overview of the parahippocampal-hippocampal
network
N.M. van Strien, N.L.M. Cappaert, M.P. Witter

Manuscript under editorial consideration
in Nature Reviews Neuroscience

Abstract

Converging evidence suggests that each parahippocampal–hippocampal sub-region
contributes uniquely to the encoding, consolidation and retrieval of declarative
memories, yet their precise roles remain elusive. Current functional thinking does not
fully incorporate the intricately connected networks that link these sub-regions, owing to
their organizational complexity. Detailed anatomical knowledge is of pivotal importance
to comprehend the unique functional contribution of each sub-region. Therefore, we
have developed an interactive diagram with the aim to display all of the currently
known anatomical connections of the rat parahippocampal–hippocampal network. We
integrate the existing anatomical knowledge into a concise description of this network
and discuss the functional implications of some relatively underexposed connections.
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More than 100 years after the first explorations by Ramon y Cajal (Ramón y Cajal, 1893),
numerous detailed anatomical tract-tracing analyses of the brain (see Box 1) have been
published and an increasingly complex picture of the connectivity within and between
the parahippocampal region (PHR) and the hippocampal formation (HF) has emerged. A
comprehensive knowledge of the connections within the PHR–HF region lies at the basis
of understanding its functions (Crick and Koch, 2003). The existence of a connection
between two areas ascertains that information transfer can occur. Likewise, when inputs
from different brain regions converge onto cells in another region (Kajiwara et al., 2007),
this can be interpreted as an anatomical substrate for information integration (Sporns
and Tononi, 2007). Many discoveries about the functional properties of the PHR–HF
region have been made on the basis of experimental manipulations within this region.
It is now known that the PHR–HF region has an important role in declarative memory
(Eichenbaum et al., 2007) and spatial processing (Buzsaki, 2005; McNaughton et al.,
2006; O’Keefe and Nadel, 1978), and is strongly implicated in a variety of disorders such
as Alzheimer’s disease (Braak and Braak, 1991), epilepsy (Schwarcz and Witter, 2002),
schizophrenia (Honea et al., 2005) and depression (Campbell and MacQueen, 2004).
The abundance of proposed PHR–HF functions contrasts with the rather fragmented
and incomplete concepts of how this region accomplishes these functions. Moreover,
many theories of PHR–HF function use only a small subset of the substantial amount of
available detail on the circuitry (e.g. (Bird and Burgess, 2008; Eichenbaum et al., 2007)),
which unintentionally restricts their level of refinement. Conversely, functional theories
that use detailed anatomical models are often restricted to only a small portion of the
PHR–HF network (e.g. (de Almeida et al., 2007; Koene and Hasselmo, 2008)).
The purpose of this Review is to assemble the extensive anatomical PHR–HF connectivity
literature, focusing on all known connections of one frequently-used experimental
species: the rat. A novel approach to describe the network connectivity will be introduced,
using an interactive diagram to display the complete PHR–HF connectivity (Supplement
1). The complex and detailed connectivity patterns in this diagram are made accessible
through the possibility to switch on and off individual or groups of network connections
between anatomical areas or cortical layers. This Review will first describe the anatomical
concepts essential to understand the PHR–HF circuitry (for an extensive description, see
(Amaral and Lavenex, 2007),(Witter and Amaral, 2004),(Burwell and Witter, 2002)), and
will then present an overview of the main PHR–HF circuits, using the interactive diagram
(Supplement 1). We will close with two examples of how detailed knowledge of the
circuitry can benefit our functional understanding of the region.

21

chapter 2

Figure 1: Three-dimensional representation of the rat brain.
A: lateral (left) and caudal (right) views. For orientation in the hippocampal formation, three axes are
indicated: the long or septal-to-temporal axis (also referred to as the dorsal-to-ventral axis); the transverse
or proximodistal axis, which runs in parallel to the cell layer, starting at the dentate gyrus; and the radial or
superficial-to-deep axis, which is defined perpendicular to the transverse axis. In the parahippocampal region,
a similar superficial-to-deep axis is used. Additionally, the pre- and parasubiculum are described by a septalto-temporal and proximal-to-distal axis. The entorhinal cortex (EC) is described by a dorsolateral (dl)-toventromedial (vm) gradient and a rostral-to-caudal axis. The perirhinal cortex (PER) and the postrhinal cortex
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(POR) share the latter axis with the EC and are additionally defined by a dorsal-to-ventral orientation.
B (left): Grey lines in panel A indicate respective levels of two horizontal (I, II) and two coronal sections (III,
IV). All subfields of the PHR-HF are color-coded in correspondence with the interactive diagram (supplement
1). A detailed description of the anatomical features of each subfield is provided in the legend of this
supplement.
C: A nissl-stained horizontal cross section (BII) in which the cortical layers and three-dimensional axes are
marked. Abbreviations: A35 (light purple), Brodmann area 35; A36 (dark purple), Brodmann area 36; CA
(light brown; orange), Cornu Ammonis; DG (dark brown), dentate gyrus; dist, distal; encl, enclosed blade of
DG; exp, exposed blade of DG; gl, granule cell layer; LEA (dark green), lateral entorhinal cortex; luc, stratum
lucidum; MEA (light green), medial entorhinal cortex; ml, molecular layer; or, stratum oriens; PaS (dark blue),
parasubiculum; PrS (light blue), presubiculum; S (yellow), subiculum; prox, proximal; pyr, pyramidal cell layer;
rad, stratum radiatum; slm, stratum lacunosum moleculare.

Hippocampal - parahippocampal anatomy
The rat HF is a C-shaped structure that is situated in the caudal part of the brain. The
cortex that forms the HF has a three-layered appearance. A deep, polymorph layer
comprises a mixture of afferent and efferent fibers and neurons that mainly belong to
local circuitry and interneurons. Superficial to the polymorph layer lies the cell layer,
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which is composed of principal cells and interneurons. On top, the most superficial
fiber layer is situated – this layer is generally referred to as the molecular layer. Within
the HF, three distinct sub-regions can be distinguished: the dentate gyrus (DG), the
hippocampus proper (consisting of CA3, CA2 and CA1) and the subiculum (Figure 1).
The PHR lies adjacent to the HF (bordering with the subiculum) and is characterized by
an increase in the number of cell layers as compared with the HF. At the junction with
the subiculum, superficially positioned cell layers become apparent and a cell-free zone
called lamina dissecans exists in-between the two main neuronal sheets. The PHR is
divided into five sub-regions: the presubiculum (PrS), parasubiculum (PaS), entorhinal
cortex (EC), perirhinal cortex (PER) and postrhinal cortex (POR). The coordinate systems
that define the position within the HF and PHR are explained in Figure 1.
Circuitry of the PHR–HF region
Many published PHR–HF circuitry diagrams display only the connections that correspond
to a particular view of the network. Consequently, quite a number of connections have
been relatively underexposed. In our interactive diagram (Supplement 1; Figure 2) we
attempted to display all of the connections of the rat PHR–HF region that have been
reported in the anatomical literature (for references see Supplement 2). The interactive
diagram contains almost 1600 connections, which can be displayed at a customizable
level of complexity. This allows for easy comparisons between the detailed PHR–HF
circuitry illustrated by the diagram and an often used standard model of this circuitry
(Figure 3).
Intrinsic connectivity within the PHR
In the standard model, the projections from the PER and the POR to the EC are often
depicted with a topology that emphasizes the PER-to-LEA (lateral entorhinal cortex)
and POR-to-MEA (medial entorhinal cortex) relationships. However, the available data
indicate (Supplement 4, Figure S1A) that the POR also projects to the LEA, although
quantitatively to a lesser extent than the PER (4.9% versus 15.6%, respectively of the
total cortical input) (Burwell and Amaral, 1998a). Likewise, the PER also projects to the
MEA (Supplement 4, Figure S1B), contributing an equal level of cortical input to the
MEA as the POR (7,5%) (Burwell and Amaral, 1998a). All layers of Brodmann areas
(A) 35 and 36 of the PER project in a convergent way to LEA layer II and III (Burwell
and Amaral, 1998b), whereas the PER projection to the MEA arises mainly from area
A36(Burwell and Amaral, 1998a; Burwell and Amaral, 1998b). The POR projection to
the LEA arises from layers II, III, V and VI and terminates in layer II and III (Burwell and
Amaral, 1998a),(Burwell and Amaral, 1998b). The POR projection to the MEA originates
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from these same layers, but no details have been described about the layers in which
this projection terminates (Burwell and Amaral, 1998a; Deacon et al., 1983).
The EC reciprocates the projections from the PER and POR, as can be learnt from the
standard model. A detailed look shows that there are projections from layers III and
V of the LEA to all layers of A35 and A36 (Burwell and Amaral, 1998a; Burwell and
Amaral, 1998b; Swanson and Cowan, 1977), and from layer V of the MEA to all layers
of A35 (Burwell and Amaral, 1998a; Burwell and Amaral, 1998b; Kohler, 1986). MEA
layers III and V also project to A36 (Burwell and Amaral, 1998a; Deacon et al., 1983)
(Supplement 4, Figure S2A). Both the MEA and the LEA project to the POR, but details
of the topography of this connection in the rat are currently not available (Burwell and
Amaral, 1998a; Deacon et al., 1983; Kerr et al., 2007) (Supplement 4, Figure S2B).
Traditionally, little attention has been paid to the connections between the PER and
the POR, although a tight network exists between these regions. POR layers II and V
project to all layers of A36, whereas A35 only receives connections from POR layer II.
Rostral levels of the POR provide the densest projection to caudal levels of A35 and
A36. Additionally, the POR projection to A36 is stronger than that to A35 (Burwell and
Amaral, 1998a; Burwell and Amaral, 1998b; Furtak et al., 2007) (Supplement 4, Figure
S3A). The PER projection to the POR originates mostly in the rostral PER (layers II, V and
VI) and projects mainly to the caudal POR (Burwell and Amaral, 1998a; Burwell and
Amaral, 1998b; Deacon et al., 1983; Furtak et al., 2007) (Supplement 4, Figure S3B).
A set of intra-PHR connections that is underexposed in the standard model are the
connections between the EC and the PrS and PaS. The dorsolateral MEA (MEA-dl)
projects to septal levels of the PrS and PaS (Supplement 4, Figure S4A), whereas the
ventromedial MEA (MEA-vm) projects to the temporal PrS and PaS (Honda and Ishizuka,
2004; Kajiwara et al., 2007; Kerr et al., 2007; Kohler, 1986; Lingenhohl and Finch, 1991;
van Groen and Wyss, 1990b; Van Haeften et al., 1997; Wyss, 1981b) (Supplement 4,
Figure S4B). The LEA also projects to the PrS and the PaS, but topographical information
for this projection is absent (Kerr et al., 2007; Kohler, 1986; Kohler, 1988; Segal, 1977b;
Swanson and Kohler, 1986b; Wyss, 1981a). Both the PrS and the PaS send projections
to the EC. The septal PrS projects to MEA-dl and to the intermediate MEA (MEA-im)
(supplement 4, Figure S5A), whereas the temporal PrS projects to MEA-vm (supplement
4, Figure S5B). The superficial layers of the PrS project to the deep layers of the LEA
(van Groen and Wyss, 1990c) and to layers I, II and III of the MEA (Caballero-Bleda and
Witter, 1993b; Honda et al., 2008; Honda and Ishizuka, 2004; Kohler, 1985b). The deep
layers of the PrS project to all layers of the MEA and predominantly to the deep layers
of the LEA (Honda et al., 2008; Honda and Ishizuka, 2004; Van Haeften et al., 2000). A
topography for the PaS-to-EC connection has not yet been described, but it is known
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Figure 2: The interactive diagram
The interactive diagram (supplement 1) visualizes the details of the connectivity in the PHR-HF, including
the topology of the connections. All regions and their three-dimensional axes (e.g. septo-temporal axis; see
Figure 1) are represented in the diagram. Diagram elements. A: An alphabetically sorted list of “from->to”
connection groups that can be switched on or off. In front of each group, a ‘+’ sign is visible. Clicking the
‘+’ will expand the list of individual connections that make up the group, allowing to select connections
originating from a specific cortical layer, or according to a specific three-dimensional projection pattern (e.g.
only dorsolateral entorhinal cortex to septal hippocampus). B: In these areas the selected connectivity within
and between sub-regions are displayed with full topological detail. C: In some cases topological detail is not
available and these connections are displayed with a reduced level of topological detail in the center of the
diagram. For each sub-region, connections between diagram elements in B provide the most topological
detail, whereas connections between diagram elements in C provide less topological information. Connections between diagram elements in B and C also exist. D: The diagram legend provides a detailed anatomical
description of all sub-regions. Please refer to the manual (supplement 3) for detailed instructions.

that all layers of the PaS converge onto layer II of the MEA (Caballero-Bleda and Witter,
1993a; Deacon et al., 1983; Kohler et al., 1978; Kohler, 1985b; Segal, 1977a; van Groen
and Wyss, 1990b).
Several other connections have been described in the literature that have not been
incorporated into the standard model. For example, the projection from PrS and PaS
to PER and POR and the reverse projection are known to exist (Deacon et al., 1983;
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Figure 3.The standard view of the parahipppocampal–hippocampal circuitry that is presented here is based
on a variety of circuitry models from recent articles (Bird and Burgess, 2008; Brown and Aggleton, 2001;
Bussey and Saksida, 2007; Eichenbaum, 2000; Eichenbaum et al., 2007; Hasselmo et al., 2000; Martin and
Clark, 2007; Squire et al., 2004). According to this standard view, neocortical projections are aimed at the
parahippocampal region (PHR), which in turn provides the main source of input to the hippocampal formation (HF). Within the parahippocampal region, two parallel projection streams are discerned: the perirhinal
cortex (PER) projects to the lateral entorhinal cortex (LEA) and the postrhinal cortex (POR) projects to the
medial entorhinal cortex (MEA). The entorhinal cortex (EC) reciprocates the connections from the peri- and
postrhinal cortex. Additionally, the entorhinal cortex receives input from the presubiculum (PrS). The entorhinal cortex is the source of the perforant pathway, which projects to all sub-regions of the hippocampal formation. Entorhinal layer II projects to the dentate gyrus (DG) and CA3, whereas layer III projects to CA1 and
the subiculum (Sub). The polysynaptic pathway, an extended version of the traditional tri-synaptic pathway,
describes a unidirectional route that connects all sub-regions of the hippocampal formation sequentially.
In short, the dentate granule cells give rise to the mossy fiber pathway which targets the CA3. The CA3
Schaffer collaterals project to CA1 and lastly, CA1 projects to the subiculum. Output from the hippocampal
formation arises in CA1 and the subiculum and is directed to the parahippocampal region, in particular to
the deep layers of the entorhinal cortex.

Furtak et al., 2007), but details are limited. Others connections, such as the intrinsic
connections of the EC, have been anatomically better characterized, yet remain outside
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the scope of most models. For example, the MEA and LEA are strongly interconnected:
MEA layers II, III, V and VI project to the superficial layers of the LEA (Dolorfo and
Amaral, 1998a; Kohler, 1986), and LEA layers II and V project to the superficial layers
of the MEA (Burwell and Amaral, 1998b; Dolorfo and Amaral, 1998a; Kohler, 1986;
Kohler, 1988), whereas LEA layers III and VI project to superficial and deep layers of the
MEA (Dolorfo and Amaral, 1998a; Kohler, 1988).
PHR projections to the HF
A prominent and topographically arranged circuitry exists between the PHR and the
HF. The EC-to-HF circuitry is known as the perforant pathway (Figure 3). The standard
view suggests that only EC layer II projects to the entire proximo-distal extent of the
DG. In fact, EC layers III, V and VI also contribute to this projection, although to a
lesser extent. The details of the EC-to-DG (Baks-Te-Bulte et al., 2005; Deller et al., 1996;
Dolorfo and Amaral, 1998b; Hjorth-Simonsen, 1972; Kajiwara et al., 2007; Kerr et al.,
2007; Kohler, 1985a; Lingenhohl and Finch, 1991; Nafstad, 1967; Ruth et al., 1982;
Ruth et al., 1988; Segal and Landis, 1974; Steward, 1976; Swanson and Kohler, 1986a;
Tamamaki, 1997; Tamamaki and Nojyo, 1995; van Groen and Wyss, 1990b; Witter et
al., 1988a; Wyss, 1981c) and EC-to-CA3 (Baks-Te-Bulte et al., 2005; Hjorth-Simonsen,
1972; Kajiwara et al., 2007; Kerr et al., 2007; Kohler, 1986; Kohler, 1988; Naber et al.,
2001a; Nafstad, 1967; Steward, 1976; Swanson and Kohler, 1986a; Tamamaki, 1997;
Tamamaki and Nojyo, 1995; Wyss, 1981c) projections might provide clues regarding
their function. For example, in the molecular layer of the DG and the stratum lacunosum
moleculare of the CA3, projections from the EC converge onto the apical dendrites of
principal cells. The LEA projects to the outer third of the molecular layer of the DG and
the MEA to the middle third of this layer. A similar pattern of convergence is observed
in the CA3, where the LEA projection terminates in the superficial part of the stratum
lacunosum moleculare and the MEA projection in the deep part of this layer. In addition
to convergence, divergence of the EC projections to the DG and the CA3 also occurs,
as individual layer II cells project to both the DG and the CA3 (Steward, 1976; Tamamaki
and Nojyo, 1993).
The organization of the EC projection to the CA1 and the Sub is markedly different from
that of the EC-to-DG/CA3 projection. The origin of the main projection from the EC to
the molecular layer of the CA1 and the Sub is located in layer III, although again, other
layers (II, V, VI) contribute to a lesser extent to this projection (Baks-Te-Bulte et al., 2005;
Braak, 1974; Hjorth-Simonsen, 1972; Honda et al., 2000; Kajiwara et al., 2007; Kerr et
al., 2007; Kohler, 1985a; Kohler, 1986; Kohler, 1988; Lingenhohl and Finch, 1991; Naber
et al., 2001b; Naber et al., 2001a; Ruth et al., 1988; Tamamaki and Nojyo, 1995; Witter
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et al., 1988a; Wyss, 1981c). Another striking feature of this pathway is the difference
between the LEA and MEA projections along the transverse axis. The LEA projects to
the distal part of the CA1 (Baks-Te-Bulte et al., 2005; Desmond et al., 1994; Naber et al.,
2001a; Steward, 1976; Tamamaki and Nojyo, 1995; Witter et al., 1988a)and the proximal
Sub (Baks-Te-Bulte et al., 2005; Naber et al., 2001a; Tamamaki and Nojyo, 1995; Witter,
1993), whereas the MEA projects to the proximal part of the CA1 (Baks-Te-Bulte et al.,
2005; Naber et al., 2001a; Steward, 1976; Tamamaki and Nojyo, 1995; Wyss, 1981c)
and the distal Sub (Baks-Te-Bulte et al., 2005; Naber et al., 2001a; Tamamaki and Nojyo,
1995). This segregation suggests that the input from the LEA and the MEA is processed
in different parts of the CA1 and the Sub, which may have functional consequences.
This idea is strengthened by the observation that the segregation of the EC input to the
CA1 and the Sub is maintained in the intra-HF projection from the CA1 to the Sub (see
below).
In addition to this topology along the transverse axis of the HF, a topographical
organization of connections also exists between the dorsolateral–ventromedial axis of
the EC and the longitudinal axis of the HF. Traditional models show the EC-dl (comprising
both LEA and MEA) projecting to the septal HF, the EC-im projecting to intermediate
septotemporal levels and the EC-vm projecting to the temporal HF (Dolorfo and
Amaral, 1998b; Witter, 1986; Witter and Groenewegen, 1984). However, the actual
organization of the perforant pathway does not follow this strict segmentation, e.g.
(Ruth et al., 1988; Tamamaki, 1997). Instead, the projections follow a much broader
topography (Supplement 4, Figure S6). The entire dorsolateral to ventromedial range
of the EC projects to the entire septotemporal extent of the HF. However, our diagram
does not show the relative strength of connections, and the densest part of the EC-HF
projection in fact follows the septotemporal gradient that is described by the standard
view (Dolorfo and Amaral, 1998b). Nevertheless, a broader projection pattern along the
septo-temporal axis of the HF exists and may affect information processing.
The EC-to-HF projection forms the main PHR connection to the HF. Other PHR subregions have also been observed to project to the HF directly, though less strongly than
the EC, and most of them are not included in the standard view. The projections from
the PrS and the PaS to the HF resemble the EC–to–HF connectivity (Supplement 4,
Figure S7A, S7B); all layers of the PrS and the PaS project to the stratum moleculare of
the DG (Kohler, 1985b; Nafstad, 1967; Witter et al., 1988b) and the molecular layer of
the CA3 (Kohler, 1985b; Nafstad, 1967), the CA1 (Kohler, 1985b; Nafstad, 1967; Witter
et al., 1988b) and the Sub (Beckstead, 1978; Kohler, 1985b; van Groen and Wyss,
1990b; Witter et al., 1988b). Another example of underexposed circuitry is the direct
projection from the PER and the POR to the HF. Both A35 and A36 have been reported
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Box 1: Neuroanatomical tract tracing methods
Most of what is known today about the pathways that connect neurons in different
brain regions has been discovered by using neuroanatomical tract-tracing techniques
(Zaborszky et al., 2006). A tracer is a substance that allows visualizing such pathways.
Tracers can be injected intracellularly, thus labeling the dendrites and axons of a neuron. Both autofluorescent dyes (e.g. Lucifer yellow, Alexa dyes) and biotin-derived dyes
are most often used for intracellular labelling, since they can be easily visualized for
fluorescent microscopy. Alternatively, a tracer can be injected at a stereotaxically defined location in the in vivo brain extracellularly. The tracer is taken up by neurons at
the injection site and transported or diffused within cells. A tracer substance can be
transported anterogradely (e.g. Phaseolus vulgaris leucoagglutinin), from the soma towards the axon terminals, retrogradely (e.g. Fast Blue), from the axon terminals towards
the soma or it can be transported in both directions (e.g. Horse-radish-peroxidase).
Another method is by creating small lesions and visualizing the resulting degeneration.
Such labelled connections are generally assessed using light microscopy. Electron microscopy can be used to visualize whether a presynaptic axon contacts a post-synaptic
element. This is a very accurate, but time-consuming method because only small pieces
of tissue can be examined at one time. Alternatively, confocal microscopy allows threedimensional reconstruction of larger pieces of tissue and can indicate whether pre- and
postsynaptic elements are likely to form a synapse (Wouterlood et al., 2008). A question
of current interest is whether confocal microscopy is reliable enough for indicating such
contacts. In order to increase our understanding of the connectivity of the brain and its
related function, accurate numbers that provide information about projection intensity
and termination density of pathways are needed. To achieve this, new techniques such
as viral tracers are being developed (Wickersham et al., 2007).

to project to the CA1 and the Sub (Furtak et al., 2007; Kosel et al., 1983). The POR has
been suggested to project to all sub-areas of the HF (Furtak et al., 2007), but another
report indicates only direct projections to CA1 and Sub (Naber et al., 2001b).

Intrinsic connectivity within the HF
The first step of the poly-synaptic HF-pathway (Figure 3; Supplement 4, Figure S8A)
is formed by a unidirectional projection from the DG to the CA3: the mossy fibers. In
contrast to what is depicted in the standard model, the CA3 actually projects back to
the hilus and the inner molecular layer of the DG (Buckmaster et al., 1993; Laurberg,
1979; Li et al., 1994; Swanson et al., 1978; Wittner et al., 2006; Wittner et al., 2007).
All septo-temporal levels show this back-projection (Supplement 4, Figure S8B), but the
strongest back-projection was found to originate in the temporal levels of the CA3,
projecting to the temporal part of the DG.(Li et al., 1994).
The Schaffer collaterals which originate in the CA3 and project to the CA1 are the next
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step in the poly-synaptic loop. A detailed look at this connection shows an interesting
topography along the transverse axis. The distal part of the CA3 projects to the
proximal CA1 and conversely, the proximal part of the CA3 projects to the distal CA1
(Ishizuka et al., 1990; Laurberg, 1979; Laurberg and Sorensen, 1981). The topography
of projections that arise from mid-proximodistal portions of the CA3 lies in-between
the two aforementioned projection patterns. Again contrasting the standard idea of
unidirectionality, a back-projection from the CA1 to the CA3 has also been reported;
this back-projection arises from neurons in the stratum radiatum and stratum oriens of
the CA1 and projects to the same layers in the CA3 (Amaral et al., 1991; Cenquizca and
Swanson, 2007; Laurberg, 1979; Swanson et al., 1981) (Supplement 4, Figure S8B).
The last step in the poly-synaptic pathway is projection from the CA1 to the Sub. The
proximal part of the CA1 pyramidal cell layer projects to the distal Sub, whereas the
distal CA1 projects to the proximal part of the Sub (Amaral et al., 1991; Naber et al.,
2001a; Swanson et al., 1981; Tamamaki and Nojyo, 1990; van Groen and Wyss, 1990a).
A back-projection from the Sub to the CA1 has also been reported (Supplement 4,
Figure S8B). This back-projection arises from neurons in the stratum pyramidale of the
Sub and projects to all layers of the CA1 (Finch et al., 1983; Kohler, 1985b).
HF projections to PHR
The HF output to the PHR arises from the CA1 and the Sub and, according to the
standard view, terminates primarily in the deep layers of the the EC. In contrast to this
view, several authors have reported direct projections from the CA1 (Cenquizca and
Swanson, 2007; Swanson et al., 1978) and the Sub (Kloosterman et al., 2003; Kohler,
1985b; Van Haeften et al., 1995) to the superficial layers of both the LEA and the
MEA.
An interesting differentiation in the output projections appears, because a reciprocal
organization of the connections between the EC and the CA1/Sub can be observed.
The CA1–to–EC projection is organized such that the septotemporal axis of the HF is
mapped onto the dorsolateral–ventromedial axis of the EC, resembling the strongest
EC-HF projection (Cenquizca and Swanson, 2007; Naber et al., 2001a; Swanson et al.,
1978). The transverse output organization also mimics the EC-HF input, i.e. the proximal
part of the CA1 projects to the MEA (Supplement 4, Figure S9A) and the distal part of the
CA1 projects to the LEA (Naber et al., 2001a; Tamamaki and Nojyo, 1995) (Supplement
4, Figure S9B). The Sub-EC projections follow a similar topography along the long
(Kloosterman et al., 2003; Naber and Witter, 1998) and transverse axes (Honda et al.,
1999; Kloosterman et al., 2003; Naber and Witter, 1998; Tamamaki and Nojyo, 1995;
Witter et al., 1990), although they seem to be less sharply defined. However, along the
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transverse axis the organization is reversed compared to the CA1-EC connections: the
proximal Sub sends a stronger projection to the LEA (Supplement 4, Figure S9C) and the
distal Sub to the MEA (Supplement 4, Figure S9D).
The CA1/Sub-to-EC projections form the main part of the HF output to the PHR, yet
other connections to the PHR exist. For example, the CA3 (Nafstad, 1967; Siddiqui and
Joseph, 2005; Swanson et al., 1978; van Groen and Wyss, 1990b), the CA1 (Cenquizca
and Swanson, 2007; Nafstad, 1967; van Groen and Wyss, 1990a; van Groen and Wyss,
1990b; van Groen and Wyss, 1990c) and the Sub (Honda et al., 1999; Kloosterman
et al., 2003; Kohler, 1985b; Naber and Witter, 1998; van Groen and Wyss, 1990b;
van Groen and Wyss, 1990c; Witter et al., 1990) all project to the PrS and the PaS
(Supplement 4, Figure S10). The connection from the Sub to the PrS is the best described.
The connection from the Sub to the PrS follows a septo-temporal gradient, such that
the septal part of the Sub projects to the septal PrS (Kloosterman et al., 2003; Naber
and Witter, 1998; van Groen and Wyss, 1990c; Witter et al., 1990) and the temporal
part of the Sub projects to the temporal PrS (Naber and Witter, 1998; van Groen and
Wyss, 1990b). A projection from the Sub to the PaS exists, but no detailed information
is currently available (Kloosterman et al., 2003; Kohler, 1985b; van Groen and Wyss,
1990b). Finally, the CA1 and the Sub project to both the PER and the POR, although
no detailed information about the organization of this projection is currently available
(Deacon et al., 1983; Furtak et al., 2007).
Functional implications
In the preceding paragraph we compared the details of the PHR–HF circuitry to the
standard view, highlighting several underexposed connections. To place some of the
added connectional details in a functional perspective, we will discuss two functions
that have long been associated with the HF: navigation and temporal dynamics (O’Keefe
and Nadel, 1978),(Buzsaki and Draguhn, 2004).
Different types of spatial information are represented in the PHR–HF circuitry and
the circuitry may facilitate the exchange of information in order to make navigation
through an environment possible. Place cells, which encode place fields, provide
essential information for navigation. These place cells are found in the CA3 (Kjelstrup
et al., 2008b) and the CA1 (O’Keefe, 1976b), but cells with similar functional properties
have been found in the Sub (O’Keefe, 2007; Sharp, 1997; Sharp, 1999b; Sharp and
Green, 1994), the septal PrS (Sharp, 1996) and the PaS (O’Keefe, 2007; Taube, 1995).
It was recognized that place-field size is related to the septotemporal position of the
place cells: place cells in the septal HF show the smallest place fields, at intermediate
septotemporal levels place fields are already twice as big (Jung et al., 1994) and in the
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temporal HF they become even larger (Jung et al., 1994),(Maurer et al., 2005),(Kjelstrup
et al., 2008a). Place-field size could be interpreted as a measure for spatial scale, and
therefore environments can be represented at different spatial resolutions along the
septo-temporal axis of the HF.
A large number of non-overlapping, unique spatial representations are stored within the
rather limited network of the HF which creates a storage problem. It has been argued
that in order to solve this problem, the HF might make use of another map that can
be applied universally across environments. The HF would map unique environments
by making use of this universal map, which was postulated to be located outside HF
((O’Keefe, 1976a), (Touretzky and Redish, 1996), (Sharp, 1999a)). Based on the strong
reciprocal connectivity between the EC and the HF, the EC was considered a likely
candidate, and more in particular the MEA, as this area was suggested to receive
predominantly spatio-visual information from the POR (Burwell and Amaral, 1998a).
Corresponding results showed that a disruption of the monosynaptic information flow
from MEA layer III to the CA1 impaired the place-cell firing in the CA1 (Brun et al.,
2008), whereas a selective disruption of the monosynaptic input from the CA3 to the
CA1 did not markedly change the spatial properties of CA1 neurons (Brun et al., 2002;
McNaughton et al., 1989). However, previous recordings in the EC had not revealed
cells with a striking spatial modulation (Frank et al., 2000; Quirk et al., 1992). Detailed
knowledge of the topographical EC - HF organization pointed out that the published
EC recordings most likely had not covered the most dorsolateral portion of the MEA
and that the recording environments were too small. Recordings in the dorsolateral
MEA revealed grid cells (Fyhn et al., 2004). Comparable to place cells, grid cells show
a gradual increase in grid size from MEA-dl towards MEA-vm (Brun et al., “Progressive
increase in grid scale from dorsal to ventral medial entorhinal cortex”, submitted) and
the predominant topography of the perforant path is in line with these observations.
Apart from the increase in grid scale and place-field size along the dorsolateral-toventromedial and septotemporal axes, other distinct types of information processing
along these axes could also be of importance. Recently it was reported that rapid place
learning is more affected by a lesion at intermediate septotemporal levels of the HF than
after a selective lesion of either the septal or temporal HF (Bast et al., “The intermediate
hippocampus is critical for translating rapid place learning into navigational behaviour”,
submitted to Neuron). Correspondingly, the dorsolateral EC receives prominent input
from neocortical regions (Kerr et al., 2007), which is passed on mainly to the septal
HF, whereas the ventromedial EC receives strong input from the hypothalamus and
the amygdala (Petrovich et al., 2001), (Inoue et al., 2005; Kjelstrup et al., 2002) (but
see (Kerr et al., 2007)) and sends projections mainly to the temporal HF. Following
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this scheme, the septal HF is likely to process exteroceptive information that is relevant
to spatial navigation (Bannerman et al., 2004),(Moser and Moser, 1998),(Steffenach et
al., 2005) whereas the temporal HF processes interoceptive information that might be
relevant to the motivational components of behaviour. As explained above, the EC-to-HF
projection is broader than is suggested by the standard model; hence, the intermediate
HF receives a strong mixture of exteroceptive and interoceptive information from the
dorsolateral and ventromedial parts of the EC, which may be the key to successful
rapid place learning. Taking into account the elaborate intrinsic entorhinal networks,
we hypothesize that lesioning the input from the intermediate EC to the HF would be
as effective as lesioning the dorsolateral or ventromedial part of the EC with respect to
impairing rapid place learning.
Head-direction cells form a third class of cells that are involved in navigation. Headdirection cells are located mainly in the septal PrS (Taube et al., 1990; Taube, 1995), but
directionally tuned cells have been observed in the EC as well (Sargolini et al., 2006).
This indicates that the directional signal is most likely computed in brain networks
outside the HF (Sharp et al., 2001), and therefore forms a likely input to the CA1 place
cells. This is in line with reports that head-direction information is important, though
not indispensable, for the functional characteristics of place cells in the CA1(Calton
et al., 2003). It is likely that place fields in the DG, CA3 and Sub will be affected in a
similar way by a septal PrS lesion. This stands in remarkable contrast to the functioning
of head-direction cells, which appears to be independent from place-cell input (Golob
and Taube, 1997) despite the existence of monosynaptic projections from all place-cell
containing regions to the PrS.
Information from the head-direction system may enter the HF through at least two
different routes. One route runs from the PrS directly to the HF and a second route runs
indirectly to the HF through the EC network. In order to decide which of these routes
provides the predominant directional input to the HF, the reported effects of PrS lesions
on CA1 place-cell firing 107 should be compared with the effect of PrS lesions on the
spatial-firing properties of MEA neurons. If MEA-neuron firing is not affected, the direct
route from the PrS to the CA1 is more likely to be the predominant input pathway for
directional information to the HF. However, if the firing properties of MEA neurons do
change as a result of PrS lesions, the CA1 firing properties after a PrS lesion should be
compared with the CA1 firing properties after a selective MEA lesion (Brun et al., 2008)
and after a combined PrS and MEA lesion. Together, these experiments will provide
valuable insight into the integrative role of PHR-HF networks to navigation.
In our second example, we look at the temporal dynamics of the HF and PHR. In our
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discussion of the circuitry, we highlighted several intra-HF back-projections which
contrast with the standard mono-directional model of the HF. In addition, these backprojections do not arise from the principal pyramidal cell layer, but from neurons in the
stratum oriens and stratum radiatum, which are generally considered to be inhibitory
(inter)neurons. Tracer studies do not reveal if a projection is excitatory or inhibitory
(Supplementary figure 1). Until now, at least 21 types of interneurons are recognized
in the CA1 (Freund and Buzsaki, 1996a; Klausberger and Somogyi, 2008; Somogyi
and Klausberger, 2005a). Although interneurons are typically considered to be locally
projecting GABAergic neurons, there are at least seven types of long-range projecting
interneurons, for example, GABAergic neurons with somas in the stratum oriens of
the CA1 that project to the CA3 (Gulyas et al., 2003; Losonczy et al., 2002b; Sik et al.,
1995), Sub (Jinno et al., 2007d; Losonczy et al., 2002a) and PrS (Jinno et al., 2007c).
The reported projection from the CA1 stratum oriens and stratum radiatum to the
CA3 could therefore be of a GABAergic nature. The same might be true for some of
the other reported intra-HF back-projections (Freund and Buzsaki, 1996b). Functionally,
these back-projections are related to the different patterns of rhythmical HF activity
(Jinno et al., 2007b) , and each of the different types of GABAergic neurons (local and
projecting) shows its own stereotypical phase-locked firing pattern during the different
patterns of rhythmical activity (Jinno et al., 2007a; Somogyi and Klausberger, 2005b).
This rhythmical firing of the GABAergic projection neurons could contribute to the
temporal organization of the HF and PHR and modulate the output of the excitatory
pyramidal cells in their target areas.
Conclusions and future directions
Understanding the organization of the PHR–HF connectivity is of pivotal importance for
the elucidation of PHR–HF function. It would not only increase our understanding of the
PHR and HF in spatial processing and temporal dynamics, but also of other functions that
have been associated with the region such as episodic memory (Kirwan et al., 2008),
crossmodal memory (Goulet and Murray, 2001), recollection and recognition (Mayes et
al., 2007), memory for the temporal order of events (Fortin et al., 2002; Kesner et al.,
2002; Lisman, 1999; Manns et al., 2007) and visual perception (Bussey et al., 2005).
Although topological information is available for quite a number of connections, most
functional and computational models of the entire PHR–HF region do not take these
details into account. However, anatomical detail is sometimes used for models of a
single sub-region. A major challenge will be to integrate relevant models at different
levels of anatomical detail into one anatomically and functionally comprehensive theory
on the role of PHR–HF in learning and memory.
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An important requirement for such future advancement is increasing the knowledgebase
of PHR – HF connectivity. A first improvement to be made is to differentiate between strong
and weak connections. Currently, all connections in the interactive diagram are displayed
as if they are of equal density. Unfortunately, connectional density is often not reported
quantitatively in the anatomical literature and even when it is reported, it is a subjective
observation that is difficult to compare between studies. A second improvement can be
made by adding information about the excitatory or inhibitory role of connections. The
excitatory or inhibitory nature of a connection influences the functional properties of
another region in a highly specific manner. Related to this point is a third improvement,
a description of pre- and postsynaptic cell types. Currently, the diagram displays only
the layers of origin and termination, but each region and layer consists of several cell
types. Implementing these improvements requires extensive fundamental research into
the connectional properties of the region, but this investment will have a tremendous
impact on advancing our functional understanding. Here, we have made a first attempt
to provide a comprehensive and accessible description of all currently known connections
within the PHR–HF region. Anatomical and electrophysiological studies, combined with
the use of promising new genetic tools (Luo et al., 2008), provide the foundation for
further detailed functional studies in freely behaving animals. Of equal importance is to
get a better view of the comparative anatomy between the rat PHR–HF and that of the
monkey, such that researchers will have a better understanding of how rodent models
of PHR–HF function could translate to the monkey and ultimately, to humans.
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