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properties of the rat perirhinal cortex. Firstly, we review the properties of the perirhinal cortex itself, we
describe how it can be separated into two distinct subregions and consider how it differs from other
neighbouring regions in terms of cell type, cellular organisation and its afferent and efferent projections.
We review the forms of neurotransmission present in the perirhinal cortex and the morphological,
electrophysiological and plastic properties of its neurons. Secondly, we review the perirhinal cortex in
the context of its connections with other brain areas; focussing on the projections to cortical, subcortical
and hippocampal/parahippocampal regions. Particular attention is paid the anatomical and
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?ﬂ;ﬁ?ﬁ;y electrophysiological properties of these projections. Thirdly, we review the main functions of the
Electrophysiology perirhinal cortex; its roles in perception, recognition memory, spatial and contextual memory and fear
Perception conditioning are explored. Finally, we discuss the idea of anatomical, electrophysiological and functional
Recognition memory segregation within the perirhinal cortex itself and as part of a hippocampal-parahippocampal network
Spatial memory and suggest that understanding this segregation is of critical importance in understanding the role and

Fear conditioning contributions made by the perirhinal cortex in general.
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1. Introduction

The perirhinal cortex is considered along with the entorhinal
and postrhinal cortices as an integral part of the parahippocampal
formation. It contributes both direct and indirect (via the
entorhinal cortex) projections to the hippocampus as well as
being one of its main output structures. The perirhinal cortex is
therefore pivotal in the processing of information into and out of
the hippocampal region. Although, there have been a number of
reviews that have specifically examined the anatomy (e.g. Burwell,
2001; van Strien et al., 2010) and functional roles of the perirhinal
cortex (Dere et al.,, 2007; Winters et al., 2008; Warburton and
Brown, 2010), to date, there has been no review that brings
anatomy, physiology, synaptic plasticity and function of the
perirhinal cortex together. Here we attempt to bring these
different strands together and also examine how the perirhinal
cortex fits within the general hippocampal-parahippocampal
circuitry with particular emphasis on the electrophysiological
properties of these connections.

2. The perirhinal cortex
2.1. Anatomical definition of the perirhinal cortex

In the rat brain, the perirhinal cortex is located along the rhinal
sulcus and itis composed of Brodmann’s areas 35 and 36 (Brodmann,
1909), although later studies defined the perirhinal cortex as area 35
only (Krieg, 1946a). Area 36 occupies the dorsal bank of the rhinal
sulcus and area 35 occupies the ventral bank, extending slightly
more rostrally than area 36 (Burwell, 2001). It is bordered rostrally
by the posterior agranular insular cortex (bordering with areas 35
and 36) and the visceral area (area 36 only), caudally by the
postrhinal cortex, dorsally by the ventral temporal association
cortex and ventrally by the lateral entorhinal cortex (Fig. 1a; Burwell
et al., 1995; Burwell, 2001; Paxinos and Watson, 2005).

The borders between the perirhinal cortex and its neighbouring
areas can be determined by cytoarchitectonic means, in particular
the characteristic lack of a distinct layer IV in the perirhinal cortex
(Burwell, 2001; Witter, 2002). Area 35 completely lacks layer IV
while area 36 does have layer IV but it appears to be less well
defined particularly in the medial portions of the cortex compared
to other neocortical areas (Burwell et al., 1995). Brodmann’s areas
35 and 36 are also cytoarchitectonically different in that layer I of
area 35 tends to be thicker than that of area 36, the cells in area 35
are organised radially, the presence of large, heart-shaped
pyramidal cells in layer V of area 35 and finally layers II and III
are distinctly separated in area 36 and not in area 35 (Krieg, 1946b;
Burwell and Amaral, 1998a,b; Burwell, 2001). Burwell (2001)
further subdivides areas 35 and 36 into two subregions (ventral
and dorsal) and three subregions (dorsal, ventral and posterior)
respectively (Fig. 1b). In the ventral subregion of area 35, there is a
more pronounced radial organisation of neurons compared to the
dorsal subregion and layers Il and IIl have a more organised
appearance. In addition, in the deeper parts of layer II/IIl of the
dorsal subregion there is a lower cell density compared to the
ventral subregion. Within area 36, the dorsal and ventral
subregions make up the rostral region (with the ventral subregion

sometimes protruding more rostrally than the dorsal subregion)
and the posterior subregion is located caudally, bordering the
postrhinal cortex. These three subregions are distinct from each
other in that cells in layers II-V of the dorsal subregion are
organised radially whereas cells in the same layers of the ventral
subregion show no particular orientation and layers V and VI are
narrower in the dorsal subregion (Burwell and Amaral, 1998b;
Burwell, 2001). The posterior subregion differs from the rostral
subregions of area 36 due to the presence of round, medium-sized
cells throughout layers V and VI and the absence of a bilaminated
layer VI (Burwell, 2001). The borders of the perirhinal cortex with
the surrounding areas of neocortex can be determined in a similar
way to the divisions within the perirhinal cortex. The border with
posterior agranular insular cortex is located approximately 2.45-
2.80 mm posterior to the Bregma line and the two areas of cortex
differ in that the posterior agranular insular cortex has a trilaminar
appearance and the presence of claustral cells but both these
features are absent in the perirhinal cortex (Burwell, 2001). The
visceral area has a granular layer IV making it distinct from the
posterior agranular insular cortex but like the agranular insular
cortex, the layers V and VI are distinct from each other. This is in
contrast to the perirhinal cortex where the two layers are
homogenous and is referred to as layer V (Burwell, 2001).

The border with the ventral temporal association cortex is
determinable by observing cell types in layer II; this layer of area
36 of the perirhinal cortex is composed of round, medium-sized
cells peppered with smaller pyramidal cells whereas a greater
number of cells in the ventral temporal association cortex are
pyramidal in shape (Burwell, 2001). In addition, the ventral
temporal association cortex sometimes features layers either side
of layer V where cell density is lower but this feature is absent in
the perirhinal cortex (Burwell, 2001). Layer VI in area 36 of the
perirhinal cortex has a thick bilaminated appearance in contrast to
both the ventral temporal association cortex and area 35 of the
perirhinal cortex (Burwell, 2001). Finally, based on cortical input to
either area, the perirhinal cortex receives markedly greater levels
of input from various cortical areas compared to the ventral
temporal association area, i.e. the ventral temporal association
area receives no input from the piriform but receives more
somatosensory and auditory input and lower levels of input from
the insular and entorhinal cortices (Burwell and Amaral, 1998b).

The border with the entorhinal cortex is distinct in that the
lamina dissecans layer (found in the entorhinal cortex) is absent in
the perirhinal cortex (Burwell, 2001; Witter, 2002). The areas can
also be defined based on the connections made with subcortical
areas, the entorhinal cortex projects to the dentate gyrus (Wyss,
1981) whereas the perirhinal cortex does not (Insausti et al., 1997;
Dolorfo and Amaral, 1998; Witter et al., 1999). In addition, the
perirhinal cortex receives a much larger input from area CA1 of the
hippocampus compared to the entorhinal cortex (Van Groen and
Wyss, 1990). On a cellular level, the presence of large, “stellate”
cells in layer I of the entorhinal cortex and differences in staining
were found between the two areas for parvalbumin, calbindin and
zinc (Timm’s staining; Insausti et al., 1997; Burwell, 2001; Witter,
2002; Canto et al., 2008). Finally, a more subtle difference can be
seen in layer IV of the perirhinal cortex which appears to be better
defined in the entorhinal cortex (Witter et al., 2000).
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Fig. 1. (a) Location of the perirhinal cortex in the rat brain. The perirhinal cortex is found along the rhinal sulcus (dotted line) and is comprised of cortical areas 35 (dark grey)
and 36 (light grey). Area 36 occupies the dorsal bank of rhinal sulcus whereas area 35 occupies the ventral bank. Neighbouring the perirhinal cortex are the posterior agranular
insular cortex, the visceral area, the postrhinal cortex, the ventral temporal association cortex and the lateral entorhinal cortex. Diagram summarised from Burwell et al.
(1995), Burwell (2001), and Paxinos and Watson (2005). (b) Subdivisions of the perirhinal and postrhinal cortices in the rat brain. Area 35 is composed of two subregions, the
ventral and dorsal subregions. Area 36 is composed of three subregions, the ventral, dorsal and posterior subregions. Finally, the postrhinal cortex, like area 35, is also divisible
into ventral and dorsal subregions. Adapted from Burwell (2001). (c) A summary diagram illustrating the various differences between area 36 and 35 of the perirhinal cortex.

Although similar in terms of cell organisation and amounts of
myelin present, the postrhinal and perirhinal cortices can be
distinguished by the presence of ectopic layer II cells in the
postrhinal cortex and the presence of smaller cells in postrhinal
layer Il compared to the perirhinal cortex (Burwell, 2001). It has a
bilaminate appearance with layers II/Ill and V/VI forming
homogenous bands (Burwell and Amaral, 1998a,b). The two areas

can also be distinguished based on their connections with the
entorhinal cortex, the perirhinal cortex projects mainly to the
lateral entorhinal cortex and the postrhinal cortex projects mainly
to the medial entorhinal cortex (Naber et al., 1997). Despite these
differences, there is a debate in the literature as to whether to
count the postrhinal cortex as a separate area to the perirhinal
cortex (Deacon et al., 1983; Burwell et al., 1995) or whether to
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extend the definition of the perirhinal cortex to include the
postrhinal cortex (Palomero-Gallagher and Zilles, 2004; Paxinos
and Watson, 2005). There are a number of anatomical differences
(Burwell et al., 1995; Burwell and Amaral, 1998a,b; Pitkdnen et al.,
2000; Burwell, 2000, 2001) and functional differences (Norman
and Eacott, 2005) existing between the two areas and it has been
suggested that the rat postrhinal cortex is homologous to the
monkey parahippocampal cortex (Burwell et al., 1995; Burwell,
2000). Therefore, we follow Burwell’s classification (2000) and
distinguish between the perirhinal and postrhinal cortices as two
distinct anatomical regions in the rat brain.

2.2. Neurotransmission in the perirhinal cortex

As part of the neocortex, the perirhinal cortex can sustain
glutamatergic transmission as expected; it has shown to express
metabotropic glutamate receptors (Ohishi et al., 1995; McCaffery
et al,, 1999), NMDA glutamate receptors (Monaghan and Buller,
1994), AMPA glutamate receptors (Palomero-Gallagher and Zilles,
2004) and kainate glutamate receptors (Nagahara et al., 1993).
lonotropic glutamate receptors (which are the main receptors
involved in synaptic plasticity) appear in lower densities in the
perirhinal cortex compared to surrounding cortical areas and
perirhinal ionotropic glutamate receptors show a layer-specific
distribution; NMDA and AMPA glutamate receptors are found in
greater densities in layers I-IIl whereas kainate receptors around
found in greater densities in the layers V-VI in the perirhinal cortex
(see Fig. 1c, Palomero-Gallagher and Zilles, 2004). Cholinergic
transmission can be sustained through muscarinic acetylcholine
(Massey et al., 2001) and nicotinic acetylcholine receptors
(Palomero-Gallagher and Zilles, 2004). However, although a
number of studies have shown the physiological and behavioural
importance of perirhinal cholinergic transmission (Massey et al.,
2001; Abe and Iwasaki, 2001; Bang and Brown, 2009a) there is
little anatomical and histological information on the distribution
and density of perirhinal cholinergic receptors available.

The perirhinal cortex can also sustain dopaminergic transmis-
sion (Pum et al., 2007); it expresses D1 and D2 dopamine receptors
across all layers (Richfield et al., 1989; Goldsmith and Joyce, 1994),
D4 receptors (Rivera et al., 2008) and dopamine transporters
(Belcher et al., 2005). Based on several tracing studies, there are
low levels of GABAergic input to the perirhinal cortex (Christie
et al.,, 1987; Kosaka et al., 1987; Beart et al., 1990; Vaucher et al.,
2000) but GABAergic inputs from the temporal and entorhinal
cortices have been identified (Garden et al., 2002). Additionally,
GABAg receptors have been shown to play a role in local perirhinal
circuits (Ziakopoulos et al., 2000). Adrenergic transmission can be
sustained through a;-adrenergic receptors (King et al., 1995) and
noradrenaline transporters (Hébert et al., 2001). Finally, the
perirhinal cortex receives serotoninergic input (Pum et al., 2007)
with a projection from the raphe nucleus terminating in superficial
layers of the perirhinal cortex (Hermann et al., 1997; Vertes et al.,
1999; Harding et al., 2004). The perirhinal cortex expresses 5-HT1
receptors (Nyakas et al., 1997), 5-HT, receptors (Altar et al., 1985;
Osterlund et al., 1999) and 5-HT transporters (Hébert et al., 2001;
Belcher et al., 2005). In addition to the classic neurotransmitters,
the perirhinal cortex is also capable of signalling via the
neurotrophins and their receptors (Sobreviela et al., 1996).
Although there are low levels of nerve growth factor (NGF) and
TrkA present in the neocortex (Altar et al., 1991; Merlio et al.,
1992), the other neurotrophins and their receptors are more
widely expressed throughout the neocortex (Klein et al., 1990;
Merlio et al., 1992; Altar et al., 1994). However, the parahippo-
campal region shows higher levels of neurotrophins compared to
rest of the neocortex: NGF (Lin et al., 1996; Conti et al., 2009),
brain-derived neurotrophic factor (BDNF, Sato et al., 1996; Vezzani

et al., 1999; Engler-Chiurazzi et al., in press), NT-3 (Eagleson et al.,
2001) and all three Trk receptors (Bengzon et al., 1993) have been
shown to be strongly expressed in the perirhinal cortex. It must be
noted that so far, no study has looked at NT-4/5 expression in the
perirhinal cortex. Evidence for a physiological role for BDNF in the
perirhinal cortex comes from infusion studies where recombinant
human BDNF (rhBDNF) is applied to the occipital and entorhinal
cortices and subsequently transported retrogradely to the peri-
rhinal cortex (Sobreviela et al., 1996).

2.3. Morphological and electrophysiological properties of perirhinal
neurons

Morphological analysis of the perirhinal cortex in the adult rat
reveals that pyramidal neurons are the most common type of
perirhinal neuron and they are morphologically divisible into five
subtypes: horizontal, upright, inverted, bifurcating and oblique
(with upright pyramidal neurons being the most numerous; Furtak
etal., 2007a). Although the most common neuron type, Furtak et al.
(2007a) note that the numbers of pyramidal neurons in the
perirhinal cortex are comparatively lower than other neocortical
areas. Electrophysiological examination of perirhinal cortex has
revealed a number of different neuron types based on spiking
patterns; a range of neurons falling into the categories of fast
spiking, regular spiking, burst spiking and late spiking have been
described by Faulkner and Brown (1999). These neurons were all
found in layers II/I11, V and VI of the perirhinal cortex (Faulkner and
Brown, 1999). The various cell layers in the perirhinal cortex show
differential distribution of these neurons compared to each other
(Fig. 1c); in layers II/III late spiking neurons account for 54% of the
total of pyramidal neurons followed by regular spiking pyramidal
neurons (46%; Beggs et al.,, 2000). Whereas in layer V regular
spiking pyramidal neurons are the most common of the three types
(76% of total) followed by late spiking (14%) and burst spiking
pyramidal neurons (9%; Moyer et al., 2002). Lastly, layer VI has
been shown to be unique amongst cortical regions in having late
spiking neurons account for 86% with of the total number of
pyramidal neurons followed by single spiking (7%), fast spiking
(5%) and regular spiking pyramidal neurons (<1%; McGann et al.,
2001). The fast-inactivating voltage-dependent K* current has
been identified as a regulator of spiking behaviour in layer II/III
pyramidal neurons (Biella et al., 2007). Additionally, the resurgent
Na* current in layer Il pyramidal neurons has also been identified
as a regulator of perirhinal neuronal activity (Castelli et al., 2007).
As yet no functional implications for either type of current have
been identified in the rat.

The baseline field excitatory postsynaptic potential (fEPSP) in
the perirhinal cortex is dependent on the voltage-gated Ca%* and
Na® ion channels (D’Antuono et al., 2001) and AMPA glutamate
receptors (Cho et al., 2000) but is less reliant on NMDA or mGlu
receptors (Ziakopoulos et al., 1999) or extracellular Ca%* (McCaff-
ery etal., 1999). A long-lasting, positive GABAg component has also
been described (Ziakopoulos et al., 2000).

2.4. Synaptic plasticity in the perirhinal cortex

The perirhinal cortex can sustain various forms of long-term
changes in synaptic plasticity. For example, 100 Hz high frequency
stimulation (HFS) in layers II/IIl neurons of the perirhinal cortex in
vitro produces NMDA receptor-dependent long-term potentiation
(LTP) in the same layers (Bilkey, 1996) and, tetanic and theta-burst
stimulation at 100 Hz in layers II/Ill can also induce NMDA
receptor-dependent LTP in layer I neurons (Ziakopoulos et al.,
1999). LTP in the perirhinal cortex is associated with an increase in
BDNF secretion in the first 5-12 post-stimulation and this LTP can
be blocked by inhibiting the BDNF receptor TrkB (Aicardi et al.,
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2004). Perirhinal LTP can be blocked by inhibiting CREB as shown
by adenoviral transduction of a CREB-inhibitor onto perirhinal
slices (Warburton et al., 2005) but it appears to be independent of
L-type voltage-dependent Ca®* channel activation (Seoane et al.,
2009). The induction of LTP in the perirhinal cortex has also been
demonstrated to be GABA,-dependent as enhancement of GABA,
receptor function by lorazepam disrupts the induction of LTP in
neurons within layers II/IIl (Wan et al., 2004).

The bulk of research on synaptic plasticity within the perirhinal
cortex has focussed on long-term depression (LTD) due to its
possible role in recognition memory (see below and Jerusalinsky
et al, 1997; Warburton et al., 2003; Wan et al., 2004; Barker et al.,
2006a; Griffiths et al., 2008; Seoane et al., 2009). Ziakopoulos et al.
(1999) demonstrated that the perirhinal cortex could also undergo
depressive synaptic plasticity; short-term depression in the form
of paired-pulse depression (PPD) could be induced with a 200 ms
IPI and this PPD was GABAg-dependent (Ziakopoulos et al., 2000).
Perirhinal LTD was also demonstrated; 1 Hz and 5 Hz LFS can
induce perirhinal LTD lasting approximately 40 min and 180 min
respectively and this LTD is associated with transient decreases in
BDNF secretion following LFS (Aicardi et al., 2004). Induction of
perirhinal LTD has been found to be reliant on L-type voltage-
dependent Ca®* channels (Seoane et al., 2009). Like LTP, LTD in the
perirhinal cortex seems to be largely glutamatergic in nature with
the ionotropic glutamate receptors being of particular importance
(Ziakopoulos et al., 1999).

However, even though Ziakopoulos et al. (1999) concluded that
both LTP and LTD in the perirhinal cortex were mGlu receptor-
independent, it has been shown that a range of mGlu receptor
agonists (specific for group I, I and III mGlu receptors) can induce
perirhinal LTD in the absence of LFS (McCaffery et al., 1999). These
conflicting results were reconciled with the finding that NMDA and
mGlu receptors may be both required for LTD induction and that
the contribution of NMDA and mGlu receptors to LTD require
different electrophysiological conditions induced; group II mGlu
receptor-dependent LTD can only be induced at resting membrane
potentials whereas NMDA receptor-dependent LTD can be induced
even when depolarisation has occurred (Cho et al., 2000; Cho and
Bashir, 2002). Furthermore, Ca?* signalling in mGlu receptor-
dependent LTD relies on neuronal Ca?* sensor protein interacting
with protein C kinase whereas NMDA receptor-dependent LTD
relies on calmodulin (Jo et al., 2008). It also appears that interaction
between group I and group Il mGlu receptors is required for LTD to
be induced at resting membrane potentials and this synergy
requires protein kinase A and protein phosphatase 2B (Cho et al,,
2002). This interaction between group I and group II mGlu
receptors is explained by the cAMP-dependent enhancement of
mGIuR5 (group I mGlu receptor) by mGluR2 (group II mGlu
receptor); this enhancement of mGIuR5 in turn contributes to the
induction of perirhinal LTD (Harris et al., 2004a). NMDA receptor-
dependent LTD involves the internalisation of AMPA receptors
(Griffiths et al., 2008) but mGlu receptor-dependent LTD appears to
modulate AMPA receptors via a different molecular mechanism to
that found with NMDA receptors (Harris et al., 2004b). Kainate
receptor-dependent LTD has been described which appears to be
independent of NMDA receptor activation and also appears to be
regulated by mGIuR5 (Park et al., 2006). These findings indicate
that glutamatergic LTD in the perirhinal cortex is highly organised
and regulated across multiple glutamate receptor systems,
perhaps reflecting the complexity of the perirhinal cortex’s
functional role in the behaving animal.

In addition to LTD that relies on glutamatergic neurotransmis-
sion, there appears to be other forms of LTD in the perirhinal
cortex. Muscarinic M1 cholinergic receptor-dependent LTD can be
induced without electrical stimulation or NMDA receptor activa-
tion by the application of carbachol (Massey et al., 2001).

Additionally, Massey et al. (2001) found that perirhinal blockade
of intracellular Ca®* release and protein synthesis could impair this
carbachol-induced LTD. Moreover, perirhinal muscarinic receptor
antagonism by scopolamine can block LTD while sparing LTP
(Warburton et al., 2003). It is worth noting that in the developing
rat brain, there is a visual experience-dependent switch from mGlu
receptor-dependent to muscarinic receptor-dependent LTD (Jo
et al.,, 2006) which indicates not only that LTD might play a
functional role in the perirhinal cortex but also that the forms of
LTD expressed in the area are not set in stone and could be further
modified with behavioural experience. Yet other forms of LTD have
been identified in the literature such as GABA, and D2 dopamine
receptor-dependent LTD; enhancement of GABA, receptor func-
tion using lorazepam disrupts induction of LTD in the perirhinal
cortex (Wan et al., 2004) and the D2 dopamine receptor has been
implicated in synaptic plasticity abnormalities found in the
perirhinal cortex in a mouse model of Huntington’s disease
(Cummings et al.,, 2006, 2007). Again, this complex array of
processes underlying different forms of LTD may be functionally
significant in terms of the perirhinal cortex’s role in cognitive
processes.

The relationship between LTP and LTD in the perirhinal cortex
appears to follow the predictions outlined in the Bienenstock,
Cooper and Munro (BCM) model of synaptic plasticity (Bienenstock
et al., 1982) as the 6, threshold appears to be dependent on
intracellular Ca®* concentrations (Cho et al., 2001). Cho et al.
(2001) have also shown that the magnitude of perirhinal synaptic
plasticity is also Ca?*-dependent but they also propose that even
though synaptic plasticity in the perirhinal cortex obeys the
predictions of the BCM model, this LTP and LTD may be two
separate co-existing processes instead of one biphasic process.
Learning has also been shown to affect the perirhinal cortex’s
tendency to exhibit LTP or LTD; perirhinal cortex slices taken from
rats that had previously been exposed to multiple trials in a visual
recognition learning task showed impaired LTD induction but no
changes in LTP were observed (Massey et al., 2008). Massey et al.
(2008) also demonstrated that scopolamine administration to the
perirhinal cortex during learning prevented the learning-induced
LTD impairment, indicating that muscarinic receptors are needed
for learning to modify synaptic plasticity in the perirhinal cortex.
These findings reviewed in this section suggest that although
synaptic plasticity in the perirhinal cortex may appear to follow
the predictions set out in the BCM model, due to the varying types
of LTP and LTD and the complex variations in LTD observed in
several experiments, it may be that perirhinal LTP and LTD are
separate but related processes which would allow for finer control
of physiological functions compared to a biphasic LTP/LTD process.

3. The perirhinal cortex and its projections
3.1. Cortical projections

Aside from the components of the hippocampal-parahippo-
campal network (see Section 3.3), there exists a number of
projections to the perirhinal cortex from other cortical areas;
namely the precentral, cingulate, parietal, frontal, piriform, insular,
prelimbic, infralimbic, periamygdaloid, visual association and
auditory cortices (Fig. 2a; Saper, 1982; Deacon et al., 1983; Wyss
and Van Groen, 1992; Burwell and Amaral, 1998b; Haberly, 2001;
Naber et al., 2001a,b; Majak and Pitkdnen, 2003; Jones and Witter,
2007). Out of these cortical areas, a number project to both areas 35
and 36 of the perirhinal cortex including the cingulate, parietal,
piriform, insular and auditory cortices (Saper, 1982; Deacon et al.,
1983; Wyss and Van Groen, 1992; Burwell and Amaral, 1998a,b;
Haberly, 2001; Naber et al., 2001a,b). In contrast, the precentral,
prelimbic and periamygdaloid cortices project to area 35 only
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Fig. 2. (a) The main cortical afferent (red) and efferent (blue) projections of the
perirhinal cortex (areas 35 and 36). (b) A detailed diagram of the connectivity
between the prefrontal and perirhinal cortex. (c) Schematic diagram showing main
subcortical afferent (red) and efferent (blue) projections of the perirhinal cortex
(areas 35 and 36).

(Deacon et al., 1983; Majak and Pitkdnen, 2003) and the visual
association cortex projects to area 36 only (Burwell and Amaral,
1998b). Many of the projections also show topographic organisa-
tion which vary depending on the pathway, some show rostral-
caudal or ventral-dorsal topographical gradients whereas others
project to a particular region of the perirhinal cortex alone (see
below for a more detailed description of these topographies).

Projections originating in the perirhinal cortex and terminating
in other cortical areas include the anterior cingulate, prelimbic,
infralimbic, frontal, piriform, visual and parietal cortices (Saper,
1982; Naber et al., 1997; Burwell and Amaral, 1998a,b; Haberly,
2001; Hoover and Vertes, 2007; Agster and Burwell, 2009). Unlike
the afferent projections of the perirhinal cortex, its efferents all
involve both areas 35 and 36, albeit with some weighting towards
one or the other in some cases (Burwell and Amaral, 1998a;
Mcintyre et al., 1996; Delatour and Witter, 2002; Agster and
Burwell, 2009).

The perirhinal cortex shares important reciprocal connections
with the medial prefrontal cortex (Fig. 2b, Deacon et al., 1983;

Sesack et al., 1989). The medial prefrontal cortex is usually
subdivided into four regions: the medial precentral, anterior
cingulate, prelimbic and infralimbic cortices and together these
areas are involved in working memory, attention, control of
emotional and planning (Heidbreder and Groenewegen, 2003 ). All
four of these subregions of the medial prefrontal cortex project to
the perirhinal cortex (Heidbreder and Groenewegen, 2003) though
it is mainly the more rostral structures (prelimbic and infralimbic
cortices as well as the rostral regions of the anterior cingulate
cortex) that project to the perirhinal cortex (Jones and Witter,
2007). Jones and Witter (2007) also suggest that there is a
topographic distinction between the different medial prefrontal
regions; the anterior cingulate, prelimbic and infralimbic all
project to the perirhinal and lateral entorhinal cortices whereas the
other areas project mainly to the postrhinal and medial entorhinal
cortices (see Section 4 for the implications of such topographic
delineation).

The medial precentral cortex projects to the caudal perirhinal
cortex but terminates only in the deep layers of area 35 (Deacon
etal., 1983). The cingulate cortex projection originates in the dorsal
anterior region in layers II/Ill and V and projects to the caudal
regions of both areas 35 and 36 (Deacon et al., 1983; Burwell and
Amaral, 1998b) predominantly in the deep layers of the perirhinal
cortex (Jones and Witter, 2007). Similarly, the prelimbic cortex
projects caudally but terminates only in area 35 (Deacon et al.,
1983) mainly in the deep layers of area 35 but with a small amount
of projections terminating in superficial layers (Sesack et al., 1989;
Jones and Witter, 2007). Jones and Witter (2007) also report that
projections originating in the deep layers of the prelimbic cortex
are more numerous than those originating in superficial layers,
though both terminate in the deep layers of area 35. The
infralimbic cortex projects to the perirhinal cortex (Hurley et al.,
1991; Takagishi and Chiba, 1991) with most of the projections
terminating in the superficial layers with a small amount
terminating in deep layers (Jones and Witter, 2007).

There are a number of return projections from the perirhinal
cortex to the medial prefrontal cortex (Hoover and Vertes, 2007).
Specifically, the perirhinal cortex projects to the anterior cingulate,
prelimbic and infralimbic cortices (McIntyre et al., 1996; Agster
and Burwell, 2009). The projection from the perirhinal cortex to the
anterior cingulate cortex originates in layers IlI/V, V/VI and VI of
areas 35 and 36 (MclIntyre et al., 1996) and terminates weakly in
superficial layers (Agster and Burwell, 2009). The strongest
projection from the perirhinal cortex originates in the rostral
region of area 36 and terminates in the rostral region of the dorsal
anterior cingulate cortex (Agster and Burwell, 2009). The projec-
tions from the perirhinal cortex to the prelimbic cortex also
originate in both areas 35 and 36 and terminate across all layers
but with an emphasis on layers I-III (Delatour and Witter, 2002;
Agster and Burwell, 2009). Finally, the projection from the
perirhinal cortex to the infralimbic cortex originates in layers
IlI/V and V/VI of areas 35 and 36 (Mclntyre et al., 1996) and
terminates across all layers, again with an emphasis on layers I-III
(Delatour and Witter, 2002; Agster and Burwell, 2009). In both the
prelimbic and infralimbic cortices, Agster and Burwell (2009)
report heavier labelling following injection of the tracer in area 36
than in area 35, however only the projections from area 36 showed
any topographical pattern. In this case a rostral-caudal topography
was reported with more rostral areas of area 36 targeting the
prelimbic cortex whereas the more caudal areas target the
infralimbic cortex (Agster and Burwell, 2009).

Interestingly, the postrhinal cortex does not project to either
the prelimbic or the infralimbic cortices but does project to the
anterior cingulate cortex (Delatour and Witter, 2002; Agster and
Burwell, 2009). Agster and Burwell (2009) also report that the
lateral entorhinal cortex projects moderately to both the prelimbic
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and infralimbic cortices while the medial entorhinal cortex forms a
weaker set of projections to the prelimbic and infralimbic cortices.
Similarly, while both the lateral and medial entorhinal cortices
project weakly to the anterior cingulate cortex; it is the lateral
entorhinal cortex that projects the strongest to the anterior
cingulate cortex (Agster and Burwell, 2009). Delatour and Witter
(2002) do not differentiate between the lateral and medial
entorhinal cortices but they do report a rostral-caudal topography
in the termini of the projections. The presence of reciprocal
projections between the parahippocampal region and the medial
prefrontal cortex points to a functional relationship between these
areas and a number of behavioural studies point towards a role for
the medial prefrontal cortex in memory formation (Aggleton and
Brown, 2006; Brown et al.,, 2010). Unfortunately, as far as the
authors are aware, no electrophysiological studies have been done
on any of the projections between the medial prefrontal and the
perirhinal cortices in the rat.

As well as the medial prefrontal cortex, a number of frontal lobe
regions also sends and receives numerous lighter projections to
and from the perirhinal cortex. There projections present between
the perirhinal cortex and the frontal pole and the motor and
orbitofrontal cortices (Deacon et al., 1983; Burwell and Amaral,
1998b; Agster and Burwell, 2009). The frontal pole projects to area
35 only and follows a rostral-caudal topography (Deacon et al.,
1983). The remaining frontal lobe areas project to both areas 35
and 36, with most projections originating in layer II/IIl of their
respective cortices (Burwell and Amaral, 1998b). Return projec-
tions from both areas 35 and 36 to the various motor cortices have
been described; the projections from area 36 are stronger than
those from area 35 apart from the projection to the primary motor
cortex where the connection originating in area 35 is stronger than
that of area 36 (Agster and Burwell, 2009). Agster and Burwell
(2009) also report that the termini of these perirhinal projections
favour layers I and VI over layers II-V and that, while projections
from area 35 show no apparent topography, those from area 36
show a rostral-caudal topography. They also describe the
projections from the perirhinal cortex to the orbitofrontal cortices;
area 36 projecting more heavily compared to area 35 and termini
being found in all layers of the orbitofrontal cortices. Again there
was no topographical pattern associated with area 35 but
projections from more rostral regions of area 36 showed heavier
labelling in the orbitofrontal cortices than in caudal regions.

In keeping with the perirhinal cortex’s role as an association
area, it receives input from a number of sensory or associative
areas, namely the parietal, insular, ventral temporal association,
piriform, periamygdaloid, visual and auditory cortices (Deacon
et al.,, 1983; Paperna and Malach, 1991; Burwell and Amaral,
1998b). The first three areas of cortex listed are both associative in
nature; the parietal cortex acts as a site for associating perceptual
stimuli (Save and Poucet, 2009), spatial representation (Save and
Poucet, 2000, 2009; Nitz, 2009) and may act as an interface
between attention and learning during working memory (Bucci,
2009), the insular cortex has many different sensory and
associative functions attributed to it (Rodgers et al., 2008) and
the ventral temporal association cortex is involved in integrating
separate sensory modalities (Bai et al., 2004). The parietal cortex
projection originates in the caudal, granular regions of layers II, V
and VI and terminates in all layers of areas 35 and 36 following a
rostral-caudal topography (Deacon et al., 1983; Insausti et al.,
1997). The projection from the perirhinal to the parietal cortex
originates in both areas 35 and 36, with rostral regions of the
perirhinal cortex projecting more heavily to layers I-IIl of the
parietal cortex (Agster and Burwell, 2009).

The projection from the insular cortex originates in layers Il and
III and terminates in both areas 35 and 36 with approximately
equal weighting. However, the projection to area 35 follows a

rostral-caudal pattern of topography whereas the projection to
area 36 follows a ventral-dorsal pattern of topography (Deacon
et al., 1983; Burwell and Amaral, 1998b). The return projection
from the perirhinal cortex originates in both areas 35 and 36 but
both show different termination patterns in the insular cortex;
projections from area 35 terminate in layers II-V of the insular
cortex whereas projections from area 36 terminate in layers -1l in
rostal regions of the insular cortex and in layers V and VI in caudal
regions (Agster and Burwell, 2009). Like the perirhinal cortex, the
insular cortex also receives input from the medial prefrontal cortex
(Guldin and Markowitsch, 1983; Takagishi and Chiba, 1991) which
suggests the presence of a direct and indirect input from the medial
prefrontal cortex to the perirhinal cortex. As mentioned above,
there have been no electrophysiological studies of the projections
between the medial prefrontal cortex and the perirhinal cortex;
paired-pulse facilitation/depression experiments should reveal
whether the medial prefrontal cortex communicates with the
perirhinal cortex via a mono- or polysynaptic projection.

The ventral temporal association cortex provides a large input
to the perirhinal cortex, projecting mainly to area 36 with a smaller
degree of its projections terminating in the caudal region of area 35
(Burwell and Amaral, 1998b). This projection originates in layers II,
V and VI of the ventral temporal association cortex (Burwell and
Amaral, 1998b). The entorhinal and postrhinal cortices also receive
inputs from the ventral temporal association area (Burwell and
Amaral, 1998b) which points to an upstream processing role for
the ventral temporal cortex governing parahippocampal function-
ing.

The projection from the piriform cortex originates in the caudal
region of layer Ill and terminates in the superficial layers of both
areas 35 and 36 with area 35 receiving a greater amount of input
compared to area 36 (Burwell and Amaral, 1998b). Similarly, the
endopiriform nucleus also projects mainly to area 35 but
terminating in layers I and VI (Behan and Haberly, 1999). The
return projection from the perirhinal cortex to the piriform
originates in both areas 35 and 36 with projections from area 35
not showing a strict topographic arrangement but projections from
area 36 showing a rostral-caudal pattern of topography (Agster
and Burwell, 2009). The amygdalopiriform transitional area also
receives input from the perirhinal cortex with the projections
mainly originating in layer II of area 35 (Santiago and Shammah-
Lagnado, 2005). The projection from the periamygdaloid cortex
originates the caudal region of layer Il and terminates in layers Il
and III of area 35 only (Majak and Pitkdnen, 2003) and a return
projection has also been reported (Pitkdnen et al., 2000).

As both the piriform (Barkai and Saar, 2001; Wilson, 2001) and
periamygdaloid (Scalia and Winans, 1975) cortices are involved in
the processing and integration of olfactory stimuli, it is conceivable
that olfactory information is passed on to the perirhinal cortex via
these areas. The weighting given over to olfactory input in the rat
perirhinal cortex may not be the same as other animals (such as
primates) who do not rely on olfactory information to such a great
degree. As both areas project mainly to area 35, there is an
argument to be made for a functional distinction between areas 35
and 36 of the perirhinal cortex.

The visual cortex receives a projection from the rostral region of
layer V of the perirhinal cortex (Miller and Vogt, 1984) but there is
no substantial projection reported from the primary visual cortex
to the perirhinal (Burwell and Amaral, 1998b). However, light
labelling in the caudal perirhinal cortex has been reported
following injection of the anterograde tracer Phaseolus vulgaris
leucoagglutinin into the primary visual cortex (McDonald and
Mascagni, 1996) and electrophysiological stimulation of the
primary visual cortex has been shown to evoke fEPSPs in the
perirhinal cortex (Naber et al., 2000). The perirhinal cortex shows a
greater connectivity with the visual association areas compared to
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the primary visual cortex (Paperna and Malach, 1991; McDonald
and Mascagni, 1996); the projection from the visual association
cortex originates in layers II, V and VI and terminates only in the
caudal region of area 36 (Burwell and Amaral, 1998b; Agster and
Burwell, 2009).

The projections from auditory areas originate in layers I, V and
VI and terminate in the rostral region of area 36, projecting to a
lesser degree to area 35 (Burwell and Amaral, 1998b). There are
also an input to the perirhinal cortex from the secondary auditory
areas Te2 and Te3; the ventral regions of Te2 and Te3 project to the
caudal region of area 36 (Arnault and Roger, 1990; Shi and Cassell,
1997). A return projection to the auditory cortex from the
perirhinal cortex has also been described (Paperna and Malach,
1991); perirhinal projections terminating mainly in layers I-1Il and
VI of the auditory association cortices (Agster and Burwell, 2009).
Return projections from the perirhinal cortex to the secondary
auditory areas have also been reported (Paperna and Malach,
1991); projections from the middle layers of the caudal region of
area 36 terminate mainly in the superficial and middle layers of
Te2 and in the superficial layers of Te3 (Shi and Cassell, 1999).
However, Shi and Cassell’'s (1999) definition of the perirhinal
cortex differs from our definition and some of these projections
may actually be postrhinal in origin.

It is worth noting that the postrhinal cortex receives a
substantial input from the visual cortex but relatively little input
from auditory areas (Burwell and Amaral, 1998b). Additionally, the
postrhinal cortex shows a stronger electrophysiological response
to stimulation of the visual cortex compared to the perirhinal
cortex (Naber et al., 2000). This evidence further supports the
argument for the postrhinal cortex being classed as a separate area
both anatomically and functionally to the perirhinal cortex (see
Section 2.1 for more information on the separation of these two
cortical areas).

3.2. Subcortical afferents and efferents of the perirhinal cortex

Subcortical projections to the perirhinal cortex originate from
the amygdala, thalamus, hypothalamus, basal ganglia, raphe
nucleus and olfactory bulb (Fig. 2c; Deacon et al., 1983;
Shammah-Lagnado et al.,, 1996; Van Groen et al., 1999; Vertes
et al., 1999; Pikkarainen and Pitkdnen, 2001).

The amygdala consists of a number of nuclei, including the
nucleus of the lateral olfactory tract, bed nucleus of the olfactory
tract, anterior amygdaloid area, accessory basal nucleus, basal
nucleus and lateral nucleus (Pitkdnen et al., 2000; de Olmos et al.,
2004), and the amygdala has been linked to emotion (de Vito and
Smith, 1982; Ansah et al., 2010; Ponomarev et al., 2010), memory
(Maren, 1999; Savage and Guarino, 2010), sexual functioning
(Carrer et al., 1973; Carrer, 1978; Holder and Mong, 2010) and
neuroendocrine functioning (Beltramino and Taleisnik, 1978,
1980). From the amygdala, the perirhinal cortex receives projec-
tions from the nucleus of the lateral olfactory tract, accessory basal
nucleus, basal nucleus and lateral nucleus (Krettek and Price, 1974,
1977; McDonald and Jackson, 1987; Pikkarainen and Pitkdnen,
2001; Furtak et al., 2007b) with area 35 receiving the heaviest
projections from the amygdala compared to area 36 and the
accessory basal and lateral nuclei being the most prominent
origins of these projections (Pitkdnen et al., 2000). Approximately
half of all subcortical afferents to area 36 originate in the amygdala,
terminating in the rostral region of area 36 (Furtak et al., 2007b).
Furtak et al. (2007b) also report that area 35 receives approxi-
mately half of its subcortical inputs from the amygdala, terminat-
ing in the caudal region of area 35. The accessory basal, basal and
lateral nuclei project heavily to area 35 and form a weaker
projection to area 36 (McDonald and Jackson, 1987; Pikkarainen
and Pitkdnen, 2001). Although Krettek and Price (1977) only report

a projection to area 36 and to the border between areas 35 and 36
from the lateral nucleus, the heaviest projection comes from the
lateral nucleus (McDonald and Jackson, 1987; Pikkarainen and
Pitkdnen, 2001). The posterior basomedial nucleus has been shown
to project to the perirhinal cortex, projections terminating mainly
in layers II, IIl and V (Petrovich et al., 1996). McDonald and Jackson
(1987) demonstrate that the projections from the amygdala follow
a rostral-caudal topography. It must be noted that not all
components of the amygdala project to the perirhinal cortex,
the posterior cortical nucleus of the amygdala has not been shown
to project to the perirhinal cortex (Kemppainen et al., 2002).
Furthermore, it is interesting that the posterior basomedial
nucleus mainly projects to a number of areas which show a
strong anatomical interaction with the perirhinal cortex including
the hippocampus and the medial prefrontal cortex (Petrovich et al.,
1996).

While there has been little electrophysiological work looking at
synaptic plasticity in these projections, there have been a number
of electrophysiological studies looking at epileptiform activity in
the perirhinal cortex, especially utilising the kindling model of
temporal lobe epilepsy (Goddard, 1967; Giblin and Blumenfeld,
2010). Slices of perirhinal cortex from amygdala-kindled rats
showed abnormal generation and synchronisation of fEPSPs
following tetanus stimulation compared to slices taken from
control rats (Matsumoto et al, 1996). Moreover, while
electrophysiological stimulation of either the lateral nucleus or
the superficial perirhinal cortex in vitro does not propagate to the
entorhinal cortex, simultaneous stimulation of the lateral nucleus
and the superficial perirhinal cortex (which they use to approxi-
mate sensory input to the perirhinal cortex) results in strong
depolarisation in the deep layers of area 35 and this electrophysi-
ological response was propagated to the entorhinal cortex and
dentate gyrus (Kajiwara et al.,, 2003). Based on this evidence,
Kajiwara et al. (2003) posit that the perirhinal cortex acts as an
association area for emotional and sensory information before
these types of information enter the hippocampus. This hypothesis
is supported by electrophysiological evidence in vitro which shows
that the perirhinal cortex does act as a gateway between the
amygdala and the hippocampal-parahippocampal network (Koga-
nezawa et al., 2008). Koganezawa et al. (2008) also show using
slices cut along a different axis to Kajiwara et al. (2003) that
stimulation of the lateral nucleus or of area 35 alone is enough to
propagate information to the entorhinal cortex and dentate gyrus
but that simultaneous stimulation of the lateral nucleus and area
36 was needed to elicit a response in the entorhinal cortex or the
dentate gyrus. Further electrophysiological analysis of these
projections is required to fully flesh out the hypothesis of the
perirhinal cortex as an associative area for sensory and emotional
information although we review the functional evidence for this
hypothesis in Section 4.4.

There have been strong return projections reported from the
perirhinal cortex to the amygdala (Ottersen, 1982; Pitkdnen et al.,
2000); the perirhinal cortex projects to the lateral, basolateral and
basomedial nuclei in the amygdala; these projections originating
predominantly in the layers V and VI of the perirhinal cortex
(McIntyre et al.,, 1996) though projections to the basolateral
amygdaloid nucleus are reported to originate from layer II of the
perirhinal cortex (Shi and Cassell, 1999). The heaviest projection
from the perirhinal cortex is the one which targets the lateral
nucleus (Pitkdnen et al., 2000). The projections from area 36
project more heavily to the amygdala than those of area 35 (Shi and
Cassell, 1999). Projections from the middle rostral-caudal region
of area 36 terminate in the various nuclei of the amygdala (Furtak
etal., 2007b). Furtak et al. (2007b) report that the return projection
to the amygdala from area 35 originates in the rostral region of area
35 and mainly targets the basomedial nucleus. Shi and Cassell
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(1999) report no direct connections to the central and medial
amygdaloid nuclei. There is growing electrophysiological evidence
to suggest a role for the perirhinal cortex in transferring
information to the amygdala; stimulation of either area 35 or 36
can elicit fEPSPs in the basal and lateral nuclei of the amygdala
(Yaniv and Richter-Levin, 2000; Yaniv et al., 2001). Evidence from
paired-pulse facilitation experiments show that the projection
from area 35 to the basal nucleus is monosynaptic (Yaniv and
Richter-Levin, 2000). Yaniv et al. (2001) also report that the
projections from areas 35 to the basal nucleus can sustain LTP in
vivo following theta-burst stimulation but they could not induce
LTP in the projection from area 35 to the lateral nucleus or in the
area 36 projections to either the basal or the lateral nuclei.

The thalamus is a diencephalic structure involved in the relay and
modulation of information to and from the cortex (Groenewegen
and Witter, 2004). The thalamus can be divided into the dorsal and
ventral thalamus and these divisions can be subdivided further into
a number of nuclei (Groenewegen and Witter, 2004). A number of
these thalamic nuclei have been shown to project to the perirhinal
cortex. From the midline thalamus, both the nucleus reuniens and
rhomboid nucleus project to the perirhinal cortex (Vertes et al.,
2006). The projection from the dorsal nucleus reuniens terminates
mainly in layer I with some labelling found in layers IV-VI of both
areas 35 and 36 (Wouterlood et al., 1990) and the projection from the
rhomboid nucleus terminates mainly in layers I and V of the
perirhinal cortex (Vertes et al.,2006). It has since been demonstrated
that projections to the superficial perirhinal cortex from the nucleus
reuniens originate mainly in the perireuniens nucleus (Dolleman-
Van Der Weel and Witter, 1996). The anteromedial nucleus also
projects to the perirhinal cortex, terminating in mainly layer V of the
caudal perirhinal cortex (Van Groen et al., 1999) but with some
lighter labelling also observed in layer I (Shibata, 1993). Shibata
(1993) also describes a projection from the interanteromedial
nucleus tolayer V of the perirhinal cortex and from the anteroventral
nucleus to layers V and VI of the perirhinal cortex. The posterior
intralaminar nucleus and the dorsal medial geniculate nucleus both
project to the perirhinal cortex with the posterior intralaminar
nucleus projection being the heaviest of the pair, projecting mainly
to the superficial layers of the perirhinal cortex (Namura et al., 1997;
Linke, 1999; Doron and LeDoux, 2000). Namura et al. (1997) also
report projections from the suprageniculate and subparafascicular
nuclei. Unfortunately there have been no electrophysiological
studies performed on the projections from the thalamus to the
perirhinal cortex.

Although the projections from the thalamus to the perirhinal
cortex have been well characterised in anatomical terms, there has
been less attention paid to the return projection though the
number of such studies is mounting. The projection from the
perirhinal cortex to the thalamus mainly originates in layers V and
VI and terminates in the reuniens, posterior and ventral poster-
omedial nuclei (Cornwall and Phillipson, 1988; McIntyre et al.,
1996). Projections from the deep layers of the perirhinal cortex to
the rostral, caudomedial and rostrolateral regions of the nucleus
reuniens have also been described (McKenna and Vertes, 2004).
McKenna and Vertes (2004) also describe a light projection to
rhomboid nucleus from the deep layers of the perirhinal cortex. As
with the projections from the thalamus to the perirhinal cortex,
there have been no electrophysiological studies done either on
synaptic plasticity or epileptiform activity. Now that there is a
growing body of anatomical data, the need for electrophysiological
characterisation of these projections is becoming more apparent.

The hypothalamus is a subcortical structure which governs
endocrine, autonomic and somatomotor function (Simerly, 2004).
As its role requires extensive integration of many disparate
functions, the structure of the hypothalamus matches its range of
tasks and it can be broadly delineated into three main sections: the

periventricular, medial and lateral areas (Simerly, 2004). These can
in turn be subdivided numerous times into various nuclei and
some of these nuclei form connections with the perirhinal cortex.
Several subfields of the ventromedial nucleus and the tuberal
nucleus project to the perirhinal cortex, in all cases there is light
labelling observed in layers III-VI of the perirhinal cortex following
injection of P. vulgaris leucoagglutinin into the respective
hypothalamic nuclei (Canteras et al., 1994). There is a light
projection from the caudal posterior nucleus to the deep layers of
the perirhinal cortex and a heavier projection from the rostral
posterior nucleus which terminates mainly in layers I and II of the
perirhinal cortex (Vertes et al., 1995). There is little description in
the literature of area 35 versus area 36 in terms of hypothalamic
projections and there has been no electrophysiological analysis of
any of these hypothalamic projections to the perirhinal cortex.

The basal ganglia are a group of subcortical structures including
the striatum (including the nucleus accumbens), caudate, puta-
men, globus pallidus and substantia nigra (Gerfen, 2004). The basal
ganglia act as a gateway between the cortex and various
subcortical regions involved in the generation of behaviours
(e.g. movement and autonomic function; Gerfen, 2004). Few
projections from the basal ganglia to the perirhinal cortex have
been described but there has been a projection from the globus
pallidus reported which has been found to terminate across all
layers in the perirhinal cortex (Shammah-Lagnado et al., 1996).
Return projections to the basal ganglia from the perirhinal cortex
have also been described (McGeorge and Faull, 1989); projections
to the striatum originate in layers IIl and V of the perirhinal cortex
and projections to the caudate and substantia nigra originate in
layer V of the perirhinal cortex (Mclntyre et al., 1996). Projections
to the striatum mainly terminate in the nucleus accumbens
(Christie et al., 1987), terminating mainly in the core of the lateral
nucleus accumbens (Phillipson and Griffiths, 1985; Brog et al.,
1993). As with most of the subcortical projections of the perirhinal
corteX, no electrophysiological studies have been performed on
these basal ganglia projections.

The raphe nuclei are a group of neuronal clusters responsible for
serotoninergic signalling within the brain and are involved in
mood (Gardier et al., 1996) and circadian rhythms (Monti, 2010).
The perirhinal cortex maintains multiple connections throughout
the raphe nuclei (Vertes, 1991; Hermann et al., 1997; Vertes et al.,
1999). The dorsal raphe nucleus (Vertes, 1991) and the median
raphe nucleus (Deacon et al., 1983; Vertes et al., 1999) both project
to the perirhinal cortex. In the case of the dorsal raphe nucleus, the
majority of projections to the perirhinal cortex originate in the
rostral region of the dorsal raphe nucleus (Vertes, 1991). In the case
of the median raphe nucleus, the projections terminate across all
layers of the caudal perirhinal cortex with the heaviest labelling
observed in superficial layers (Deacon et al., 1983; Vertes et al.,
1999). Return projections from the perirhinal cortex terminate in
the rostral raphe magnus and raphe pallidus (Hermann et al.,
1997). However, Hermann et al. (1997) do not differentiate
between areas 35 and 36 and do not report what layers or regions
the perirhinal projections originate in. The role of the raphe
nucleus as regards the perirhinal cortex and vice versa is not clear
as no functional or electrophysiological studies focussing on their
relationship have yet been performed.

The main olfactory bulb is a structure which receives input
directly from olfactory receptor neurons in the nose and relays the
olfactory information on to other brain areas (Shipley et al., 2004).
The perirhinal input from the olfactory bulb terminates across
multiple layers of the perirhinal cortex but no return projection
from the perirhinal cortex has been reported (Santiago and
Shammah-Lagnado, 2004). As reported in Section 3.2, the
perirhinal cortex does form reciprocal projections with a number
of cortical areas associated with olfactory processing such as the
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piriform and periamygdaloid cortices (Burwell and Amaral, 1998b;
Behan and Haberly, 1999; Majak and Pitkdnen, 2003; Agster and
Burwell, 2009). As such it is probable that the perirhinal cortex
does not communicate directly with the olfactory bulb but instead
processes “raw” olfactory bulb input simultaneously with input
from olfactory association areas. However, without relevant
functional and electrophysiological data this hypothesis remains
untested.

Finally, there are a number of other subcortical nuclei which are
connected with the perirhinal cortex but little research has been
performed on these projections beyond the initial studies which
originally reported the projections. Miscellaneous subcortical
afferents of the perirhinal cortex include the nucleus incertus
(Olucha-Bordonau et al.,, 2003) and the substantia innominata
(Grove, 1988b). Miscellaneous subcortical efferents of the peri-
rhinal cortex include the suprachiasmatic nucleus (Krout et al.,
2002) and the substantia innominata (Grove, 1988a).

3.3. Hippocampal and parahippocampal projections

The intrinsic projections of the perirhinal cortex follow a
dorsal-ventral gradient within area 36 and between areas 35 and
36 (Burwell, 2000). Area 36 projects laterally into area 35 with the
majority of connections originating in the ventral region of area 36
in layers I, V and VI and terminating in layers I and V of area 35
(Burwell and Amaral, 1998a). Burwell and Amaral (1998a) also
show that area 35 of the perirhinal cortex projects into area 36 (to a
lesser degree than the 36 into 35 projections) and forms a feedback
pathway with most projections originating in layers Il and III and
terminating in all layers.

The perirhinal cortex is well connected with the other
hippocampal and parahippocampal fields; it forms reciprocal
projections with the area CA1, subiculum, entorhinal cortex and
postrhinal cortex (Fig. 3a; Swanson and Cowan, 1977; Wyss, 1981;
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Fig. 3. (a) Schematic diagram showing the main projections within the
hippocampal-parahippocampal circuit. (b) A more detailed diagram illustrating
the projections to and from various sub regions of the perirhinal cortex.

Kosel et al., 1982, 1983; Deacon et al., 1983; K&hler, 1988; Van
Groen and Wyss, 1990; Insausti et al., 1997; Burwell and Amaral,
1998a,b; Shi and Cassell, 1999; Kloosterman et al., 2003b). Based
on anatomical (Witter et al., 2000b; Witter, 2002), electrophysio-
logical (Young et al., 1997; Ivanco and Racine, 2000; Naber et al.,
1997, 1999, 2001a,b) and functional evidence (Bussey et al., 2000;
Wan et al., 2001; Burwell et al., 20044a,b; Jenkins et al., 2004; Amin
et al., 2006; Albasser et al., 2010; Romero-Granados et al., 2010),
the hippocampal-parahippocampal region of the brain has been
implicated in several aspects of learning and memory. The role of
the perirhinal cortex in this hippocampal-parahippocampal
network has been traditionally seen as a gateway for sensory
information into the hippocampus via the entorhinal cortex
(Witter et al.,, 2000a,b) but, as discussed below, the current
evidence does not fully support this model but points to a more
complex relationship between the hippocampal-parahippocampal
regions.

The hippocampal input to the perirhinal cortex originates
principally in the septal region of the area CA1 and in the dorsal
region of the subiculum and both projections terminate in the deep
layers of the perirhinal cortex (Swanson and Cowan, 1977; Deacon
et al., 1983; Van Groen and Wyss, 1990, see Fig. 3b). Projections
from the septal proximal subiculum terminate ipsilaterally in
layers V and VI of the perirhinal cortex (Kloosterman et al., 2003b).
Kloosterman et al. (2003b) noted that there were some projections
that terminated more superficially (layers I, II and III) and in
addition, some of the subicular efferents projected contralaterally.
Swanson and Cowan (1977) indicate that the CA1 projection may
go through the subiculum and continue on to the perirhinal cortex
by either passing straight through the subiculum or by terminating
there and the direct connection to the perirhinal cortex actually
originating in subicular neurons. However, retrograde tracing
using horse radish peroxidase results in labelling of both the area
CA1 and the subiculum (Deacon et al., 1983) which suggests that a
direct connection from the area CA1 to the perirhinal cortex exists.
In a later study using both anterograde and retrograde tracing, a
projection originating the septal region of area CA1 was found to
terminate in layer VI of the caudal perirhinal cortex (Van Groen and
Wyss, 1990).

There is a growing amount of electrophysiological research to
support the functional significance of the projections going from
the hippocampus to the perirhinal cortex. As well as generating
fEPSPs in the perirhinal cortex, stimulation of the monosynaptic
return projection from the hippocampus to the perirhinal cortex
can induce changes in long-term synaptic plasticity (Cousens and
Otto, 1998; Kealy and Commins, 2009, 2010). Stimulation of area
CA1 using 300 Hz HFS in the freely moving rat (Ivanco and Racine,
2000) and, 100 Hz theta-burst stimulation (Cousens and Otto,
1998) and 250 Hz (Kealy and Commins, 2009, 2010) in the
anaesthetised rat can induce LTP in the perirhinal cortex. However,
Ivanco and Racine (2000) observed that synaptic changes in the
perirhinal cortex following HFS of CA1 took several sessions to
induce, indicating that this projection may be resistant to activity-
dependent changes in synaptic plasticity but the findings of
Cousens and Otto (1998) appear to contradict this view as the LTP
observed during their experiment was robust and easily induced
with their stimulation protocol. In general, however, the findings
that the CA1 to perirhinal cortex projection can sustain both short-
and long-term changes in activity-dependent synaptic plasticity
indicate that this projection may therefore play a role in the
storage or consolidation of perirhinal-dependent memories
(Hasselmo and McClelland, 1999).

Here we present findings from research in the anaesthetised rat
from our own lab (Kealy and Commins, 2009, 2010) which fills in
some of the details as regards the electrophysiological properties
of the projection arising in area CA1 of the hippocampus and
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terminating in the perirhinal cortex (see Fig. 4a for location of
stimulating and recording electrode sites in area CA1 and
perirhinal cortex respectively). By pooling data from a number
of experiments already published (Kealy and Commins, 2009,
2010), we confirm that the projection from area CAl to the
perirhinal cortex is also capable of sustaining both short-term
plastic effects in the form of paired-pulse facilitation (Fig. 4b) with

facilitation peaking at the 40 ms interval before tapering out at
longer intervals with a significant depression observed at the
480 ms interval, and long term potentiation (Fig. 4c).

As well as a group of direct projections from the hippocampus
to the perirhinal cortex, there is also a direct projection from the
perirhinal cortex to a number of hippocampal fields (Liu and
Bilkey, 1998b). The efferent projections from the perirhinal cortex
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Fig. 4. (a) Drawings of approximate final positions of all electrode sites following stimulation in CA1 (left) and recording in perirhinal cortex (right), with representative
coronal micrographs inset showing sections stained with cresyl violet with electrode tracts. (b) Pooled baseline PPF data from Kealy and Commins (2009, 2010)
demonstrating that PPF of the CAl-Perirhinal projection peaks at the 40 ms interval and tapers off at longer intervals with PPD observed at 480 ms. *p < 0.05;
**p < 0.01;***p < 0.001. (c) Induction of long-term potentiation (LTP) following high-frequency stimulation (HFS) in the CA1 to perirhinal cortex projection. LTP lasted for at
least 1 h (adapted from Kealy and Commins, 2010), fEPSPs remaining significantly higher than baseline at all times. Each point represents an average of three fEPSP slopes
recorded over 1 min and data is expressed as a percentage of baseline fEPSP slopes where baseline is approximately 100%. Inset are representative fEPSP traces showing

typical fEPSPs at baseline, 0-10 min, 20-30 min and 50-60 min.
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to the hippocampal formation terminate in area CA1, subiculum
and prosubiculum but not in the dentate gyrus, CA2, CA3 and CA4
(Kosel et al., 1983; McIntyre et al., 1996; Naber et al., 1999; Shi and
Cassell, 1999; Witter et al., 1999). A direct connection from area 35
to the molecular layer of the middle dorsoventral subiculum and
adjacent parts of the prosubiculum and area CA1 has been
described (Kosel et al., 1983; Shi and Cassell, 1999). A later study
found that the perirhinal cortex projected to the border area of CA1
and the subiculum but spared other regions of the hippocampus
(Naber et al., 1999). There is a caveat as regards the perirhinal
cortex projection to the hippocampus as depending on which
anatomical definition of the perirhinal cortex is taken, what might
be considered area 35 of the perirhinal cortex by one group may be
considered to be the dorsal lateral entorhinal cortex by others (a
region that is well-connected with the hippocampus; Kajiwara
et al., 2008).

As with the projections from the hippocampus to the perirhinal
cortex, there are a number of studies which show that the
perirhinal efferents are capable of sending electrophysiological
information to the hippocampus. Stimulation of the perirhinal
cortex can also result in the generation of fEPSPs in the CA1/
subiculum (Naber et al., 1999) although others have reported that
stimulation of the perirhinal cortex does not elicit excitatory
electrophysiological activity in the area CA1 (Canning and Leung,
1997). However, the monosynaptic projection from the perirhinal
cortex to the area CA1 has also been shown to be capable of
sustaining LTP (Liu and Bilkey, 1996b) and this LTP is NMDA
receptor-dependent (Liu and Bilkey, 1996a) which strengthens the
case considerably for this projection being capable of sending
information directly to the hippocampus from the perirhinal
cortex. Despite there being no monosynaptic input from the
perirhinal cortex to the dentate gyrus (Kosel et al., 1983; McIntyre
et al., 1996), an indirect, polysynaptic projection from the
perirhinal cortex to the dentate gyrus has been shown to be
capable of sustaining LTP in the freely moving rat (Ivanco and
Racine, 2000). In addition to the direct projection to the
hippocampus, the perirhinal cortex can also exert an indirect
electrophysiological influence in area CA1 through the entorhinal
cortex (Naber et al., 1999); stimulation of the perirhinal cortex
leads to an enhancement of entorhinal-induced fEPSPs in the area
CA1 (Liu and Bilkey, 1996b).

As mentioned above, the perirhinal cortex forms part of the
parahippocampal region along with the entorhinal and postrhinal
cortices. Anatomical evidence suggests that these parahippocam-
pal areas and the hippocampus form the hippocampal-parahip-
pocampal network (Fig. 3a); the hippocampus is reciprocally
connected to all the regions of the parahippocampal neocortex to
form a network of parallel pathways that are proposed to work in
concert during learning and memory formation (Witter et al.,
2000a,b; Witter, 2002). We have reported above that the
projections between the perirhinal cortex and hippocampus can
sustain changes in synaptic plasticity which points to a functional
role for these projections.

The most prominent of all afferent cortical projections to the
perirhinal cortex is the one originating in the entorhinal cortex
(Wyss, 1981; Kosel et al., 1982; Kohler, 1988; Insausti et al., 1997,
Burwell and Amaral, 1998a; Canto et al., 2008). Lateral entorhinal
projections project more to area 35 than 36 with rostral lateral
entorhinal projections terminating in rostral regions of the
perirhinal cortex and caudal lateral entorhinal projections
terminating across the perirhinal cortex (Burwell and Amaral,
1998a). The lateral entorhinal cortex projection to the perirhinal
cortex originates in all layers of the lateral entorhinal cortex but
laminar distribution changes depending on location within the
entorhinal cortex (Insausti et al, 1997) which supports later
findings that suggest the projection originates in layers IIl and V of

the lateral entorhinal cortex (Burwell and Amaral, 1998a). In any
case, the lateral entorhinal cortex projects more heavily to area 35
than area 36 (Insausti et al., 1997; Burwell and Amaral, 1998a).
These projections terminated across all layers of area 35 (albeit
with heavier staining present in layers I and V comparatively) and a
similar story is seen for area 36 (Burwell and Amaral, 1998a). There
is only a minimal projection to area 35 from layer V of the medial
entorhinal cortex (Burwell and Amaral, 1998a). Stimulation of the
entorhinal cortex elicits an electrophysiological response in the
perirhinal cortex and this projection from the entorhinal to the
perirhinal cortex can sustain short-term synaptic plasticity in the
form of PPD (Garden et al., 2002). The capability of this projection
to sustain changes in synaptic plasticity reinforces the idea of a
functional parahippocampal network in the rat brain.

The efferent projection from the perirhinal cortex to the
entorhinal cortex follows a similar topographic weighting;
projections from area 35 to the entorhinal cortex are heavier
than those from area 36 (Burwell and Amaral, 1998a). Additionally,
the majority of projections from the perirhinal cortex to the
entorhinal cortex terminate in the lateral entorhinal cortex (Naber
etal., 1997; Santiago and Shammah-Lagnado, 2005). Cells from the
rostral perirhinal cortex innervate rostral regions of the lateral
entorhinal cortex and likewise those from the caudal perirhinal
cortex go to caudal areas of the entorhinal cortex (Burwell and
Amaral, 1998a). Area 36 efferents to the entorhinal cortex originate
in layers II, V and VI and with more superficial cells projecting to
lateral regions of the lateral entorhinal cortex and deeper cells
projecting to more intermediate regions (Burwell and Amaral,
1998a). In area 35, more projections originate from superficial
layers, i.e. II/IIl, with a smaller proportion originating from layers V
and VI (Burwell and Amaral, 1998a). No matter which area of the
perirhinal cortex that a projection originates from, the majority of
projections terminate in layers II and III of the entorhinal cortex
(Burwell and Amaral, 1998b). Electrophysiological confirmation of
this projection has been reported; stimulation of the perirhinal
cortex can generate fEPSPs in the entorhinal cortex and this
projection is capable of sustaining LTP (Ivanco and Racine, 2000).

Electrophysiological evidence shows that the perirhinal cortex
can send information to the hippocampus via an indirect pathway
through the entorhinal cortex (Canning and Leung, 1997; Naber
et al., 1999) but studies in cats (Pelletier et al., 2004) and in guinea
pigs (Biella et al., 2003, 2010) have shown that the perirhinal
cortex may not simply just relay information from upstream areas
to the entorhinal cortex as has been suggested based on anatomical
data. All of these studies have focussed on the flow of information
through a number of cortical areas but there is a need for more
concentrated research on the electrophysiological properties of the
reciprocal projections between the entorhinal and perirhinal
cortices. Little is known about the effects of stimulation in either
cortical area on plasticity in the other, nor of the molecular
mechanisms that may govern communication between them.

The next major cortical area associated with the perirhinal
cortex is the postrhinal cortex, an area of the brain involved in
contextual processing (Eacott and Gaffan, 2005) and spatial
representation (Burwell and Hafeman, 2003). Projections from
the postrhinal cortex originate rostral areas in layers Il and V and
terminate in both areas 35 and 36 but favouring the caudal region
of area 36 (Burwell and Amaral, 1998a,b) forming a lateral pathway
across all cortical layers in the perirhinal cortex (Deacon et al.,
1983; Burwell and Amaral, 1998a). The return projections from
area 36 to the postrhinal cortex are heavier than those from area 35
(Burwell and Amaral, 1998a). Burwell and Amaral (1998a,b) show
that both areas of the perirhinal cortex form a feedback pathway
with the postrhinal cortex; projections originate from layers II, V
and VI of the perirhinal cortex and terminate mainly in layers I/II
and VI of the rostral part of the postrhinal cortex with projections
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from the rostral region of area 36 terminating in the caudal
postrhinal cortex.

As with the entorhinal cortex, there is a dearth of electrophys-
iological studies looking at the electrophysiological properties
between the perirhinal and postrhinal cortices. A single study in
guinea pigs (Biella et al., 2010) has shown some electrophysiologi-
cal interaction between the perirhinal and postrhinal cortices but
does not uncover what sort of electrophysiological relationship
there is between these two neighbouring regions of cortex. There is
aneed for more in depth electrophysiological studies looking at the
connections between the parahippocampal cortices in the rat in
order to fully appreciate their roles during behaviour.

Taking all this information together, there is a strong case for
the existence of a hippocampal-parahippocampal network. The
cortices that make up the parahippocampal region all form
reciprocal connections with each other. As shown above, the
perirhinal cortex forms reciprocal connections with the entorhinal
(Wyss, 1981; Kosel et al., 1982; Kohler, 1988; Insausti et al., 1997;
Naber et al., 1997; Burwell and Amaral, 1998a) and postrhinal
cortices (Burwell and Amaral, 1998b; Burwell, 2000). The
entorhinal and postrhinal cortices also project to and from each
other to complete the cortical aspect of the hippocampal-
parahippocampal network (Burwell and Amaral, 1998a,b). These
three neocortical areas have been shown to be capable of
transferring electrophysiological information with each other
(Ivanco and Racine, 2000; de Curtis and Biella, 2002; Garden
et al., 2002) which is a necessary requirement of any neuronal
network.

In addition to being connected to each other, these cortical
areas also show large amounts of interconnectivity with the
hippocampus. As well as the hippocampus forming reciprocal
connections with the perirhinal cortex (Swanson and Cowan,
1977; Deacon et al., 1983; Kosel et al., 1983; Van Groen and Wyss,
1990; Mcintyre et al., 1996; Kloosterman et al., 2003b), it also
shows strong interconnectivity with the entorhinal (Steward,
1976; Steward and Scoville, 1976; Swanson and Cowan, 1977;
Swanson et al., 1981; Wyss, 1981; Tamamaki and Nojyo, 1993,
1995; Ohara et al.,, 2009) and postrhinal cortices (Kloosterman
et al., 2003b). Many of these projections have been shown to be
capable of eliciting an electrophysiological response in their
respective tissues. Electrical stimulation of the entorhinal (Naber
et al,, 1999) and postrhinal cortices (Naber et al., 2001b) results in
the generation of fEPSPs in area CA1 and the subiculum.
Furthermore, the projection from the entorhinal cortex to area
CA1 can sustain NMDA receptor-dependent LTP following 100 Hz
HFS (Remondes and Schuman, 2003). Additionally, the return
projection from the hippocampus to the entorhinal cortex can also
carry electrophysiological information (Ivanco and Racine, 2000;
Kloosterman et al., 2003a, 2004). Moreover, the CA1 to entorhinal
(Craig and Commins, 2005) and subiculum to entorhinal projec-
tions (Craig and Commins, 2006) are both capable of sustaining
short- and long-term changes in synaptic plasticity. Both projec-
tions can sustain LTP or LTD depending on previous electrophysi-
ological activity as both show a frequency-dependent
metaplasticity (Craig and Commins, 2007).

3.4. Anatomical and electrophysiological evidence for segregation
within the hippocampal-parahippocampal network: the perirhinal
cortex as part of this network

Based on anatomy (Swanson and Cowan, 1977; Wyss, 1981;
Kosel et al., 1982, 1983; Deacon et al., 1983; McIntyre et al., 1996;
Naber et al., 1997, 1999, 2000, 2001a,b; Burwell and Amaral,
1998a; Kloosterman et al., 2003b) and physiology (Canning et al.,
2000; Ivanco and Racine, 2000; de Curtis and Biella, 2002; Garden
et al., 2002; Kloosterman et al., 2003a, 2004; Craig and Commins,

2005, 2006, 2007; Kealy and Commins, 2009, 2010), the
hippocampal-parahippocampal network has been proposed as a
relay of parallel pathways between the hippocampus and the
constituents of the parahippocampal region that may play a role in
learning and memory (Witter et al., 2000a,b; Witter, 2002). Our lab
has shown previously that the projections originating in the distal
CA1 and proximal subiculum which terminating in the lateral
entorhinal cortex show a greater tendency to sustain ‘electrophys-
iologically excitatory’ synaptic plasticity (demonstrating a greater
tendency to show potentiation, even at low frequency stimulation
levels) whereas those originating in the proximal CA1 and
terminating in the medial entorhinal cortex show a greater
tendency to sustain ‘electrophysiologically inhibitory’ synaptic
plasticity (readily demonstrating LTD, see Craig and Commins,
2007). Looking at perirhinal-entorhinal interconnectivity; the
lateral entorhinal cortex has multiple reciprocal projections with
the perirhinal cortex whereas the medial entorhinal cortex is
connected reciprocally with the postrhinal cortex (Insausti et al.,
1997; Burwell and Amaral, 1998a). Taking into account these
anatomical findings, there seems to be differences also in
electrophysiological activity between two main circuits connect-
ing in the hippocampal-parahippocampal network, with the
circuit centred around the lateral entorhinal cortex (which
includes the perirhinal cortex) being ‘electrophysiologically
excitatory’ in nature and the circuit centred around the medial
entorhinal cortex (including the postrhinal cortex) being electro-
physiologically inhibitory in nature. From this model, one would
predict that the CA1 to perirhinal cortex projection should be
‘electrophysiologically excitatory’ in nature as it forms part of the
CA1/subiculum to lateral entorhinal cortex circuit (Figs. 3a and 5).
Based on our recent investigation into frequency-dependent
changes in synaptic plasticity in the CA1 to perirhinal cortex
projection (Kealy and Commins, 2010), our findings fit with the
proposed model of electrophysiological as well as anatomical
segregation along the hippocampal-parahippocampal pathways
(Fig. 5). HFS induced LTP as predicted and LFS did not induce LTD.
We did, however, observe low levels of potentiation (rather than
depression) following 1 Hz and 5 Hz LFS protocols which would be
expected of an ‘electrophysiologically excitatory’ pathway.

From this and previous work (Burwell, 2000; Witter et al., 2000;
Craig and Commins, 2007), clear predictions can be made in terms
of the remaining projections and future work should focus on
determining the electrophysiologically excitatory and inhibitory
capabilities of the other projections in the hippocampal-para-
hippocampal network. We suggest, for example, that the projec-
tions from the proximal subiculum and lateral entorhinal to the
perirhinal cortex will both be electrophysiologically excitatory in
nature. We also predict that the projections from the proximal CA1,
distal subiculum and medial entorhinal cortex will be electro-
physiologically inhibitory in nature. Further electrophysiological
examination of the distal CA1 to the perirhinal cortex may reveal
that LTD can be induced following changes in metaplasticity as
metaplastic effects have been described in other projections within
the hippocampal-parahippocampal network (Craig and Commins,
2007).

3.5. Anatomical and electrophysiological evidence for segregation of
function within the perirhinal cortex

Further, it is becoming clear from the various anatomical
experiments described in the previous sections that there must
also be some specialisation of function within the perirhinal cortex.
Two main forms of anatomical segregation appear repeatedly in
the literature: segregation by cortical area (i.e. area 35 versus area
36) and the existence of a rostral-caudal topography amongst
many perirhinal projections. For example, visual inputs to the
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Fig. 5. Proposed model of segregation of information from the hippocampal areas CA1 and subiculum to the entorhinal cortex (lateral (LEC) and medial (MEC) divisions) and
directly and indirectly to the perirhinal (PER) and postrhinal (POR) cortices. Red thick arrows represent similar electrophysiological and plastic properties (demonstrates LTP
readily, low transition threshold from depression to potentiation and strong metaplastic effects — ‘electrophysiological excitatory’). Blue thick lines also represent similar
electrophysiological and plastic properties, but these (demonstrate more depression with a high transition threshold and weak metaplastic effects - ‘electrophysiological
inhibitory’). These results have been found already (see Craig and Commins, 2007; Kealy and Commins, 2010). Dashed lines represent the proposed experiments and the
predicted segregation of hippocampal-PER and POR projections into the excitation-inhibition dichotomy of the information processing circuit. Note that this segregation

maps directly onto the anatomical separation (Witter et al., 2000).

perirhinal are denser to area 36 compared to 35. Whereas
projections to both prelimbic and infralimbic cortices are denser
from area 36 compared to area 35. In addition, perirhinal
projections to the anterior cingulate cortex arises mainly in the
rostral region of area 36, however the return projections from the
anterior cingulate terminate in the caudal aspect of both areas 36
and 35. Interestingly, given the close connectivity between the
lateral entorhinal cortex and the perirhinal cortex (described in the
previous section) these connections seem to involve mainly the
rostral extent of the lateral entorhinal cortex and the rostral region
of area 35. Whereas, projections between the postrhinal and
perirhinal cortices mainly the caudal extent of area 36.

To complicate issues, perirhinal afferents and efferents,
depending on each case, also show segregation in the layers of
the perirhinal cortex in which they originate or terminate in. For
example, a number of subcortical afferents to the perirhinal cortex
terminate in superficial layers but the return projections from the
perirhinal cortex tend to originate in deep layers. Equally, sensory
and amygdalar input to the perirhinal cortex terminate in
superficial layers but the associational properties of the perirhinal
cortex appear to require deep layer neurons (Kajiwara et al., 2003;
Koganezawa et al., 2008). As described in Sections 2.2 and 2.3,
there are different distributions of neuron types in the various
layers of the perirhinal cortex and where the various projections to
and from the perirhinal cortex begin or terminate may be
dependent on what cell types (and therefore what layers) are
involved. An interesting observation by Paperna and Malach
(1991) was the intermingling of perirhinal efferents to the visual
and auditory cortices. They suggest that this intermingling may
allow for cross talk between the different sensory modalities,
reinforcing the idea of the perirhinal cortex being an association
area. This view is supported by anatomical evidence from Shi and
Cassell (1997) which shows that multimodal inputs converge in
the same areas of the perirhinal cortex.

Finally, tracing experiments have suggested that the perirhinal
cortex is a “border area” where dorsal-ventral projections from

neighbouring cortical areas are segregated (Deacon et al., 1983;
Burwell and Amaral, 1998a). H3-labelled amino acid autoradio-
graphic and horse radish peroxidase tracing experiments show
that projections from ventral areas do not traverse the perirhinal
cortex dorsally and similarly projections from dorsal areas do not
traverse ventrally (Deacon et al.,, 1983). Similarly, the situation
described above with perirhinal-postrhinal connections focussing
mainly in area 36 and perirhinal-entorhinal connections focussing
mainly in area 35 (Burwell and Amaral, 1998a) thus supporting the
idea of there being a segregation role for the perirhinal cortex along
the dorsal-ventral axis.

4. Function
4.1. Introduction

The main behavioural role identified for the perirhinal cortex is
recognition memory (Mumby and Pinel, 1994; Suzuki, 1996; Liu
and Bilkey, 2001; Mumby et al., 2002b, 2007; Winters and Bussey,
2005a; Hannesson et al., 2005; Albasser et al., 2009; Brown et al.,
2010) but roles for the perirhinal cortex in fear conditioning
(Suzuki, 1996) and in spatial memory-related tasks (Wiig and
Bilkey, 1994; Glenn et al., 2003; Abe et al., 2009) will also be
discussed. Additionally, we will review the developing evidence for
the perirhinal cortex in perceptual processing that is typically not
addressed in the wider learning and memory literature (Bussey
et al., 2003, 2005).

Previous functional reviews of the perirhinal cortex tend to
focus primarily on its role in recognition memory, especially in
relation to other areas of the medial temporal lobe. Here we offer a
more general overview of the perirhinal cortex and attempt to
integrate the functional data with the anatomical and physiologi-
cal data previously reviewed. As such, our focus will be on lesion
studies, immediate early gene expression studies and electrophys-
iological recordings in the perirhinal cortex in the behaving animal.
Each of these methodological approaches has their own advan-
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tages and disadvantages but looking at them in parallel with the
anatomical and physiological data previously described, we hope
to evaluate, where possible, the hypothesis that there are
functional differences between the different regions of the
perirhinal cortex. In addition, where information is available, we
will highlight that suggestion that the anatomical segregation of
the connectivity between the perirhinal cortex and other regions
may also have a bearing on the different functional roles of the
perirhinal cortex.

4.2. The perirhinal cortex and perception

At the root of many of the perirhinal cortex’s functions is its role
in discriminating between stimuli. However, a distinction must be
made between the perirhinal cortex’s role in discriminating
between stimuli in general (e.g. one light from another) and
being able to discriminate between familiar and novel stimuli (e.g.
an object encountered during a previous trial and a new object that
the animal has never encountered before). Some early studies have
shown that discrimination between stimuli can occur indepen-
dently of the perirhinal cortex: combined lesion of the rhinal
region and area TE did not significantly impair rats on a visual
discrimination task (Aggleton et al., 1997) and ablation of the
rhinal region does not impair rats in the acquisition of an object
discrimination task (Mumby and Pinel, 1994). Both these studies
suggest that stimulus discrimination may not be one of the
perirhinal cortex’s primary functions even if it requires an ability to
discriminate stimuli in order to perform its role as a novelty
detector. Some subsequent studies showed that the perirhinal
cortex may be involved more in a mnemonic rather than a sensory
capacity (Albasser et al., 2009), i.e. once a delay is introduced,
performance becomes largely perirhinal cortex-dependent (Wiig
and Bilkey, 1995). Animals with perirhinal cortex lesions showed
impairments in acquisition and retention in a visual discrimination
task but performed similarly to controls on the first day of the
experiment, showing no apparent impairment in visual discrimi-
nation but did show impairments in recognition memory (Myhrer
and Wangen, 1996; Myhrer, 2000). These findings indicate that the
parahippocampal region may be involved in stimulus discrimina-
tion but only the perirhinal cortex is needed to form a memory
based on discrimination (see Section 4.3 for a more in depth review
of the perirhinal cortex’s role in recognition memory).

However, over the last decade there has been a growing body of
evidence to suggest that the perirhinal cortex has a role in non-
mnemonic functions such as perception (Murray and Bussey,
1999; Bussey et al.,, 2002, 2005). In the perceptual-mnemonic/
feature-conjunction (PMFC) model, an argument is made using
evidence from non-human primate (Bussey et al., 2003, 2005) and
human studies (Lee et al., 2005) that the perirhinal cortex becomes
involved in perception when the perceptual load increases. They
suggest that in this capacity the perirhinal cortex acts as part of the
ventral visual stream in addition to being part of the medial
temporal lobe as it is traditionally classified. There have been a few
studies in rats which have supported this view from primates that
the perirhinal cortex may play a role in perceptual processes; rats
with lesions of the perirhinal cortex are impaired on a memory-
independent visual discrimination task (Gaffan et al., 2000) and on
a visual discrimination task where stimulus interference is
employed (Gilbert and Kesner, 2003). Recently, antagonism of
perirhinal GABA,, NMDA and muscarinic receptors in rats prior to
training disrupts acquisition of an object recognition tasks which,
although not conclusive, supports the PMFC model in that the task
most likely relies on both perceptual and mnemonic processing
(Winters et al., 2010).

Rats have been shown to be able to discriminate between
complex visual stimuli such as photographs and geometric shapes

as well as typical simple stimuli such as lights (e.g. rats can
competently discriminate between two different photos or two
different geometric shapes; Forwood et al., 2007; Bussey et al.,
2008). Additionally, the perirhinal cortex has been implicated in
the discrimination of complex stimuli; rats with perirhinal lesions
showed greater impairments on a visual discrimination task when
the stimuli were composed of complex overlapping features
(Eacott et al., 2001) and in a configural learning task utilising
complex visual-tactile stimuli (Moran and Dalrymple-Alford,
2003). The PMFC model predicts that the perirhinal cortex is used
to resolve feature ambiguity in situations where a particular
feature of an object may represent different outcomes depending
on the context it is presented in (Bussey and Saksida, 2002).
Further support for the PMFC model comes from primate studies
where hippocampal lesions did not impair performance on tasks
utilising stimuli with ambiguous features, suggesting that the
ventral visual stream rather than the medial temporal lobe was
required to solve the task (Saksida et al., 2006, 2007).

This idea of the perirhinal cortex acting in an associative role to
govern over the processing of complex stimuli is supported by
evidence from fear conditioning studies where the rostral
perirhinal cortex has been shown to be required for processing
contextual and multimodal information (Rosen et al., 1992;
Corodimas and LeDoux, 1995; Kyuhou et al., 2003). More recently,
the PMFC model has been shown to perhaps underpin certain
forms of recognition memory (Bartko et al., 2007) which indicates
that the perceptual and mnemonic roles of the perirhinal cortex are
not exclusive to each other. Bartko et al. (2010) have since used a
computerised PMFC model and in vivo study in rats to predict that
the memory impairments observed following lesions of the
perirhinal and postrhinal cortices are due to a continuum of
perceptual and mnemonic processes being disrupted.

However, there is still controversy over how the perirhinal acts
as an association area and in what situations is the perirhinal
cortex needed. Lesions of the perirhinal cortex or a combined
lesion of the perirhinal and postrhinal cortices failed to impair
configural learning in a biconditional visual discrimination task
(Davies et al., 2007). Recently, another study again failed to find a
deficit in learning a configural visual discrimination task following
perirhinal lesions in rats (Aggleton et al., 2010). These findings fail
to support the PMFC model, showing that rats can still learn
configural tasks in the absence of the perirhinal cortex or indeed
complete disruption of the parahippocampal region. Horne et al.
(2010) argue against the PMFC model as it stands in their study in
which rats with perirhinal cortex lesions had to solve a water maze
task based on context (the hidden platform was in one of two
locations indicated by the two different contexts: white walls and
black walls). However, they recognise that the stimuli may not be
sufficiently complex to result in an impairment which raises the
question of how complex a stimulus must be in order for the
perirhinal cortex to be needed? Moreover, from the rats’
perspective, this change in context may be regarded as a more
global change (i.e. it is a new environment as opposed to a change
in wall colour) and therefore may rely on areas of the brain devoted
to spatial processing. This is supported by a previous study which
found that the perirhinal cortex was not necessarily required for
associative learning in all situations and that the relationship
between stimuli and rewards determines whether the perirhinal
cortex is recruited or not (Eacott et al., 2003).

One final caveat to be taken from this stream of perirhinal
cortex research is that the observations made in primate studies to
form the PMFC model (Bussey et al., 2003, 2005) may not translate
to rats. While the perirhinal and postrhinal cortices of the rat are
respectively analogous to the perirhinal and parahippocampal
cortices of the primate (Burwell et al., 1995; Burwell, 2000), this is
not to say that all the functions ascribed to these regions can be
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translated between these species. The brains of primates are more
adapted to visual information compared to rodents and therefore
more elaborate visual processing may occur in the primate
parahippocampal region compared to rats. Further work needs
to be undertaken to determine whether the PMFC model is as
powerful in rodents as it is in primates. Provided the PMFC model
holds true, it represents an intriguing alternative to the traditional
view of the brain as a jigsaw of interconnected modules but instead
parts of the brain can work in more than one capacity (i.e. the
perirhinal cortex is both perceptual and mnemonic in its function;
Bussey and Saksida, 2007; Cowell et al., 2010a,b).

4.3. Object recognition memory

Out of all perirhinal functions, object recognition memory has
undergone the most scrutiny. Object recognition memory is an
animal’s capability to remember whether they have encountered
an object before, i.e. the ability to detect old from new. The
standard behavioural test for this recognition memory is the object
recognition task. In this task, animals are exposed to a set of objects
in the training phase and in the testing phase, one of the objects
from the training phase is replaced with a novel object. Animals
should preferentially explore this novel object over the other
familiar objects (Ennaceur and Delacour, 1988). Ennaceur and
Delacour (1988) propose that the strength of this task is that it
reflects spontaneous behaviour in the animal, therefore it is a
“pure” memory test without the need for any rule learning and as
such, it is easily comparable across species. Recently, there have
been a number of comprehensive reviews of the object recognition
task and in particular we refer the reader to reviews on the one trial
object recognition task (Dere et al.,, 2007) and on the neural
substrates underlying recognition memory (Eichenbaum et al.,
2007; Brown et al., 2010; Clark and Squire, 2010; Warburton and
Brown, 2010).

Recognition memory itself can be divided into two broad
processes: familiarisation and recollection (Aggleton and Brown,
2006; Brown et al., 2010; Warburton and Brown, 2010). These two
processes are difficult to dissociate in animal models, where
familiarity ends and recollection begins is up for debate (Wixted
and Squire, 2008; and see Wixted et al., 2010 for how this is being
addressed in human medial temporal lobe studies) but Brown and
Aggleton (2001) have predicted that the perirhinal cortex should
underlie familiarisation and the hippocampus should be involved
in recollection. This hypothesis is supported by the anatomy and
physiology of the hippocampal-parahippocampal network (see
Section 3.1) and lesion studies where performance on recollection-
type but not familiarity-type recognition memory tasks have been
impaired following hippocampal lesions (Eacott and Easton, 2007;
Easton and Eacott, 2010).

Successful completion of the object recognition task requires
the ability to discriminate between stimuli. Lesions of the
perirhinal cortex have been shown to impair performance on a
simple visual discrimination task (Myhrer, 2000) and, more
recently, the perirhinal cortex’s ability to perceive and discrimi-
nate between complex stimuli seems to play a role in recognition
memory (Cowell et al., 2006, 2010a; Murray et al., 2007). Other
research seem to confirm this hypothesis that the perirhinal cortex
acts as an area where complex stimuli are processed; it has been
shown to be involved in discriminating between stimuli composed
of complex, overlapping components (Eacott et al., 2001) and in
resolving configural feature ambiguity in object recognition
memory (Bartko et al., 2007).

Evidence for the validity of the object recognition task as a test
of memory come from initial studies which showed that nootropic
drugs enhanced performance in the task (Ennaceur et al., 1989)
and systemic antagonism of cholinergic neurotransmission causes

a time-dependent impairment in object discrimination (Ennaceur
and Meliani, 1992a). Immediate early gene imaging studies have
shown that the perirhinal cortex is activated following object
recognition tasks (Wan et al., 1999; Aggleton and Brown, 2005;
Warburton et al., 2005) and following the presentation of novel
visual stimuli (Zhu et al., 1995b, 1996, 1997), thus indicating that
the perirhinal cortex plays a central role in novelty detection.
Lesions of the perirhinal cortex have been shown to impair
performance in the object recognition task (Ennaceur et al., 1996;
Ennaceur and Aggleton, 1997) and more recent work has shown
that the perirhinal cortex is required for the encoding, consolida-
tion and retrieval of object recognition memory (Winters and
Bussey, 2005a,b; Winters et al., 2008). Yet, recently it has been
suggested that perirhinal lesions do not impair memory formation
but may instead cause the occurrence of false memories; rats with
perirhinal cortex lesions show a number of false positive hits on a
modified version of the object recognition task as they treated
novel objects as familiar (McTighe et al., 2010). McTighe et al.
(2010) also demonstrated that this false memory was due to
interference between the training and testing phases of the task;
putting the rats in a visually restrictive environment restored the
perirhinal cortex lesioned rats to the same levels of object
exploration as the controls.

Nevertheless, the idea of the perirhinal cortex as a novelty
detector has been confirmed in a number of studies. Electrophysi-
ological recordings in the hippocampus and parahippocampal
region of cortex in freely moving rats have shown differential
neuronal responses to familiar and novel visual stimuli (Zhu et al.,
1995a). The same group also demonstrated that the neuronal
processing for familiarity could be separated from the neuronal
processing required for recognising repetition of stimuli (Zhu and
Brown, 1995; Zhu et al, 1995a). Recently, exercise-induced
enhancement in performance in a novel object recognition task
has been associated with concurrent increases in perirhinal BDNF
expression in the rat (Hopkins and Bucci, 2010) and interference of
perirhinal BDNF signalling has been shown to disrupt long-term
recognition memory (Seoane et al., 2011). Immediate early gene
imaging studies also show that perirhinal cortex is recruited during
recognition tasks; there is increased c-Fos expression in the
perirhinal cortex following exposure to novel visual stimuli (Zhu
et al., 1995b, 1997; Wan et al., 1999) but not after exposure to
familiar visual stimuli (Zhu et al., 1996).

Despite a large proportion of the research on recognition
memory being centred around visual recognition memory, the
perirhinal cortex has been shown to be involved in recognition
memory in other modalities. Rats with perirhinal-entorhinal
lesions were found to be impaired in an olfactory recognition
memory tasks (Kaut and Bunsey, 2001; Kaut et al., 2003).
Electrophysiological recordings during delayed non-matching
tasks also show a role for the perirhinal cortex (Young et al.,
1997) and prefrontal cortex (Ramus and Eichenbaum, 2000) in
olfactory discrimination. Bearing in mind the anatomical connec-
tions between the perirhinal cortex and olfactory regions (see
Section 3.2) and that many object recognition studies in rats rely
on nose contact as a measure of exploration, it is surprising that
more attention has not been focussed on the role of the perirhinal
cortex in olfactory recognition memory. These reported findings
show that there it is an area that is likely to yield interesting
findings.

In comparison to visual and olfactory recognition memory,
there is less evidence to suggest that it plays a role in auditory
recognition memory; the perirhinal cortex showed no significant
changes in c-Fos expression following an auditory recognition task
(Wanetal.,2001) and a similar study in dogs reinforces this finding
(Kowalska et al.,, 2001). However, the door on the perirhinal
cortex’s role in auditory recognition is not fully closed. As well as
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the perirhinal cortex being an important structure in acoustic fear
conditioning tasks (see Section 4.4), there is a differential pattern
of c-Fos expression in the rat brain following exposure to two
different acoustic stimuli; the perirhinal cortex was only activated
following exposure to the 22 kHz stimulus and not the 50 kHz
stimulus (Sadananda et al., 2008). Although this study does not in
itself look at recognition of these stimuli (both are novel stimuli),
50 kHz vocalisations in rats are common during positive social and
play interactions whereas 22 kHz vocalisations are associated
more with aversive situations (Panksepp, 2007). There is a
possibility that to rats kept in captivity with adequate food, water
and social interaction might be more familiar with 50 kHz-like
vocalisations and 22 kHz vocalisations may be more unusual and
therefore novel in this context. The more likely explanation is that
perirhinal cortex is acting as an associative area for these auditory
stimuli but considering the reciprocal projections between
auditory areas and the perirhinal cortex, we would be surprised
if there was no novelty detection role for the perirhinal cortex for
acoustic stimuli. The role of the perirhinal cortex in auditory
function is reviewed further in Section 4.4 in relation to fear
conditioning in the rat.

Despite the need for perirhinal cortex in novelty detection, a
number of other regions are recruited during visual novelty
detection. Visual cortex, temporal association cortex, entorhinal
cortex, cingulate cortex, thalamus and the hippocampus all show
signs of activity during visual recognition tasks although in some
cases (such as the thalamus and the hippocampus) the activity is
minor compared to other areas (Zhu and Brown, 1995; Zhu et al,,
1995a,b, 1997). The perirhinal cortex has been shown to be
connected to each of these areas and many of these projections
have been shown to be capable of transferring electrophysiological
information (see Sections 3.1 and 3.2). In these freely moving
animal experiments, perirhinal recordings were located mainly in
superficial layers and, as described in Section 3.2, this is where a
large proportion of the perirhinal cortex’s sensory afferents and
efferents are located. As immediate early gene imaging and lesion
studies have either poor or no temporal resolution, it is difficult to
determine the route and order of activation across these many
areas during recognition learning and recall. The need for multi-
array electrophysiological and biosensor studies is apparent to
deduce how these disparate regions are interacting with each other
in the behaving animal.

However, even though a number of areas show activity during
recognition tasks, lesion studies have shown that it is the perirhinal
cortex that plays the major role in recognition memory. Lesions of
the perirhinal cortex lead to impairments in tasks that require
cross-modal integration; perirhinal-lesioned rats who were
allowed to explore objects by tactile exploration only could not
recognise the same object using visual-only information but
control rats could perform this task without problem (Winters and
Reid, 2010). Winters and Reid (2010) also demonstrate that this
cross-modal integration requires the parietal cortex for processing
tactile information whereas the perirhinal seemed to be involved
only in processing of visual information. There has been a
functional dissociation shown between the roles of the perirhinal
cortex and the hippocampus (Aggleton and Brown, 2005). Lesions
of the perirhinal cortex result in impairments in recognition but
not spatial tasks whereas lesions of the hippocampus result in
impairments in spatial but recognition tasks (Ennaceur and
Aggleton, 1994; Bussey et al., 2000; Abe et al., 2009). Similarly,
electrophysiological (Zhu and Brown, 1995; Zhu et al., 1995a) and
c-Fos studies (Zhu et al., 1996, 1997; Wan et al., 1999; Jenkins et al.,
2004; Amin et al., 2006) have shown that the perirhinal cortex is
recruited more during recognition than spatial tasks and vice versa
for the hippocampus. There is mounting evidence to suggest that
the hippocampus may indeed play a role in recognition memory

(Hammond et al., 2004; Prusky et al., 2004) but the overwhelming
consensus is that the perirhinal cortex alone is sufficient for
completing recognition memory tasks. A pair of recent reviews
compares data from human, non-human primate and rodent
studies to argue that the hippocampus may be required more for
aspects of recognition memory distinct from pure novelty
discrimination such as in tasks that require working spatial and
temporal order memory in addition to recognition memory in
order to solve them (Brown et al., 2010; Warburton and Brown,
2010).

Molecular, pharmacological and physiological evidence have
further strengthened the case for the importance of the perirhinal
cortex in object recognition memory. Additionally, the case for
synaptic plasticity being the physiological process underlying
memory is also supported by these studies. Benzodiazepine-
induced impairments in object recognition memory have been
described, indicating that GABAergic neurotransmission is re-
quired for this form of learning (Longone et al., 1996; Bertaina-
Anglade et al., 2006). In rats, administration of the benzodiazepine
lorazepam to the perirhinal cortex impairs recognition memory
and when applied to perirhinal slices, it also disrupts both LTP and
LTD (Wan et al., 2004). In the perirhinal cortex, antagonism of L-
type voltage-dependent Ca®* channels (Seoane et al., 2009) and of
CREB signalling (Warburton et al., 2005) have also been shown to
impair perirhinal LTD and object recognition memory. Taken
together, the evidence would suggest that long-term synaptic
plasticity is involved in recognition memory formation.

There is much evidence to support this claim as glutamatergic
signalling, crucial for synaptic plasticity, is also required for object
recognition memory (de Lima et al., 2005; Winters and Bussey,
2005b; Barker et al., 2006a; Nilsson et al., 2007; Barker and
Warburton, 2008). In rats, the perirhinal administration of AP-5
(Winters and Bussey, 2005b; Barker et al., 2006a) or systemic
administration of MK-801 (de Lima et al., 2005; Nilsson et al.,
2007) impairs object recognition tasks performance by disrupting
glutamatergic signalling via the NMDA receptor. Similar pharma-
cological challenges of the NMDA receptor also disrupt perirhinal
LTP and LTD (Ziakopoulos et al., 1999; Cho et al., 2000; Cho and
Bashir, 2002; Karasawa et al., 2008). The AMPA receptor has also
been implicated in both object recognition memory (Winters and
Bussey, 2005b) as well as baseline neuronal transmission (Park
et al., 2006) and synaptic plasticity (Griffiths et al., 2008) in the
perirhinal cortex. Additionally, a role for the kainate receptor in
object recognition memory (Barker et al., 2006a) and perirhinal
synaptic plasticity (Park et al., 2006) has been proposed. Functional
dissociations have already been shown between NMDA and
kainate receptors; kainate receptors mediate recognition memory
at short but not long delays whereas NMDA receptors mediate
recognition memory at long but not short delays (Barker et al.,
2006a). In another study, Barker et al. (2006b) demonstrate that
perirhinal mGlu receptors are also involved in recognition
memory. They have shown that simultaneous antagonism of
group I and II (but not group III) mGlu receptors in perirhinal cortex
results in impaired acquisition in an object recognition task when
tested after 24 h. They also report that there is no short-term
memory impairment, that separate antagonism of either type of
mGlu receptor has no effect on recognition memory and that mGlu
receptor antagonism has no effect on consolidation of recognition
memory (Barker et al., 2006b). Bearing in mind the contribution of
mGlu receptors to synaptic plasticity in the perirhinal cortex
(McCaffery et al., 1999; Cho et al., 2000; Cho and Bashir, 2002), we
predict that interactions between perirhinal NMDA and mGlu
receptors may underlie object recognition memory.

Simultaneous blockade of both NR2A and NR2B NMDA receptor
subtypes in the perirhinal cortex lead to impairments an object
recognition task (Barker et al., 2006a). As the NR2A subunit is



J. Kealy, S. Commins/Progress in Neurobiology 93 (2011) 522-548 539

associated with LTP and the NR2B subunit is associated with LTD
(Massey et al., 2004; Toyoda et al., 2005; Bartlett et al., 2007;
Yashiro and Philpot, 2008), this implies that both perirhinal LTP-
and LTD-like processes are required for the formation of object
recognition memories. Furthermore, transgenic overexpression of
the NR2B subunit in hippocampal and cortical neurons enhances
performance in an object recognition task yet does not promote
LTD in the area CA1 (Wang et al., 2009) which is a conflicting
finding compared to the majority of research in this area. There are
a large number of molecular mechanisms involved in object
recognition memory that are correlated with LTD including L-type
voltage-dependent Ca?* channels (Seoane et al, 2009), CREB
(Warburton et al, 2005), muscarinic cholinergic receptors
(Warburton et al., 2003; Massey et al., 2008), GABA receptors
(Wan et al., 2004) mGlu receptors (Barker et al., 2006a; Moult et al.,
2006), NMDA receptors (Cho et al., 2000, 2002; Roberts et al., 2009;
Winters et al., 2010), kainate receptors (Barker et al., 2006a; Park
et al., 2006; Holman et al., 2007) and AMPA receptor internalisa-
tion (Griffiths et al., 2008). Therefore, although both LTP and LTD-
like processes might be involved in object recognition memory, it
would appear that an LTD-like process is the principle physiologi-
cal mechanism underlying recognition memory.

4.4. The role of the perirhinal cortex in fear conditioning

Another learning paradigm that appears to require the
perirhinal cortex in the rat is fear conditioned learning (Falls
et al.,, 1997; Sacchetti et al., 1999; Otto et al., 2000; Schulz et al.,
2004; Davis, 2006; Albrechet-Souza et al, 2011). Here the
perirhinal cortex plays more of an associative role compared to
its role in recognition memory (Kholodar-Smith et al., 2008b).
Based on the anatomical projections described in Sections 3.2 and
3.3, it is not surprising that the perirhinal cortex is required for
such associational learning as it forms a significant reciprocal
connections with the amygdala (Krettek and Price, 1974, 1977,
Ottersen, 1982; McDonald and Jackson, 1987; Pitkdnen et al., 2000;
Pikkarainen and Pitkdnen, 2001; Furtak et al., 2007b), thalamus
(Cornwall and Phillipson, 1988; Wouterlood et al., 1990; Shibata,
1993; Mcintyre et al., 1996; Van Groen et al., 1999; Vertes et al.,
2006), medial prefrontal cortex (Deacon et al., 1983; Sesack et al.,
1989; Burwell and Amaral, 1998b; Delatour and Witter, 2002;
Heidbreder and Groenewegen, 2003; Jones and Witter, 2007,
Agster and Burwell, 2009) and hippocampus (Swanson and Cowan,
1977; Deacon et al., 1983; Kosel et al., 1983; Van Groen and Wyss,
1990; Mclntyre et al., 1996; Naber et al., 1999; Shi and Cassell,
1999; Witter et al., 1999; Kloosterman et al., 2003b); regions of the
brain which have been strongly linked with fear conditioning
(Milad et al., 2006; Rosen and Donley, 2006).

Fear conditioning tasks can be quite varied with different
studies using different forms of stimuli across the various sensory
modalities to condition subjects and visual, auditory, olfactory, and
contextual paradigms have all been explored in the general fear
conditioning literature and a number of studies have implicated
the perirhinal cortex in visual (Rosen et al., 1992; Campeau et al.,
1997; Shi and Davis, 2001), auditory (Campeau et al., 1997;
Sacchetti et al., 1999; Kyuhou et al., 2003; Bruchey and Gonzalez-
Lima, 2006; Kholodar-Smith et al., 2008a,b; Bang and Brown,
2009a,b), olfactory (Herzog and Otto, 1997, 1998; Otto et al., 2000)
and contextual fear conditioning (Sacchetti et al., 1999; Bucci et al.,
2000; Burwell et al., 2004a; Kholodar-Smith et al., 2008a,b; Schulz-
Klaus, 2009). Electrophysiological recordings made in the peri-
rhinal cortex during trace conditioning using auditory stimuli
(Furtak et al., 2007¢) and immediate early gene imaging shows
increased levels of c-Fos in the perirhinal cortex following a fear
conditioning task (Campeau et al., 1997). Antagonism of perirhinal
muscarinic acetylcholinergic receptors using scopolamine has

been shown to disrupt trace conditioning using auditory stimuli
(Bang and Brown, 2009a). Perirhinal lesions also disrupt trace
conditioning using auditory stimuli (Kholodar-Smith et al,
2008a,b).

However there is some controversy as to when and how the
perirhinal cortex is utilised during fear conditioning and indeed,
the entire parahippocampal region has been implicated in
contextual fear conditioning (Burwell et al., 2004b; Albrechet-
Souzaetal., 2011). Initial work suggested that the perirhinal cortex
was required only for the retrieval of fear conditioning-related
memory (Campeau and Davis, 1995) but that view is not widely
held now. The perirhinal cortex seems to be not only required for
different forms of the task but also that there seems to be
subdivision within the perirhinal cortex; temporary lesions of area
36 have no impact on the retrieval of fear memories using auditory
stimuli (Sacchetti et al., 2007) nor do permanent lesions of the
caudal perirhinal cortex on the retrieval of visual conditioned fear
memories (Rosen et al., 1992). Yet lesions of the rostral perirhinal
cortex cause a complete attenuation of fear conditioned responses
(Rosen et al., 1992) and prevent the electrophysiological propaga-
tion of auditory stimuli to the motor cortices in a fear conditioning
study (Kyuhou et al., 2003). Lesions of the rostral perirhinal cortex
also lead to an attenuation of olfactory fear conditioning while
sparing contextual fear conditioning (Herzog and Otto, 1997, 1998;
Otto et al., 2000) and this sparing of contextual fear conditioning
following perirhinal lesions has been confirmed by other groups
(Phillips and LeDoux, 1995). However, other studies have shown
that similar sized lesions in the same location (Corodimas and
LeDoux, 1995) and larger ablations of the entire perirhinal cortex
disrupt contextual fear conditioning (Sacchetti et al., 1999; Bucci
et al., 2000, 2002; Burwell et al., 2004a). More generally temporary
inactivation of the rostral perirhinal cortex seems to have an
anxiolytic effect in an unconditioned fear task (Schulz-Klaus et al.,
2005), this along with many of the above studies singling out the
rostral region of the perirhinal cortex as being particularly
important when it comes to emotional learning.

In studies which have used specific ultrasonic vocalisations as
auditory stimuli instead of “abstract” continuous tones, some
intriguing findings have turned up. As mentioned in Section 4.3,
the perirhinal cortex only activates following exposure to 22 kHz
ultrasonic vocalisations and not following 50 kHz ultrasonic
vocalisations (Sadananda et al., 2008). Furthermore, a multitude
of recent studies have shown that discontinuous tones (including
ultrasonic vocalisations) recruit the perirhinal cortex but continu-
ous tones do not (Kholodar-Smith et al., 2008a; Bang and Brown,
2009b). Confirmation of these findings come from electrophysio-
logical data which shows that there are different firing patterns
observed in the perirhinal cortex during exposure to discontinuous
tones compared to continuous tones (Furtak et al., 2007¢) and from
lesions of the perirhinal cortex where there is impairment of
conditioning to ultrasonic vocalisations but not to continuous
tones (Lindquist et al., 2004). These results fit with the data
generated from recognition and fear conditioning tasks where the
perirhinal cortex is required for processing more complex stimuli
and contexts (Corodimas and LeDoux, 1995; Sacchetti et al., 1999;
Bucci et al., 2000, 2002; Bussey et al., 2000; Eacott et al., 2001;
Burwell et al., 2004a).

Overall, this points to an associative role for the perirhinal
cortex and, as in recognition memory, contextual processing most
likely require interaction with the amygdala (Romanski and
LeDoux, 1992b; Campeau and Davis, 1995; Sacchetti et al., 1999,
2007), thalamus (Romanski and LeDoux, 1992a,b; Sacchetti et al.,
1999; Shi and Davis, 2001), medial prefrontal cortex (Goldstein
et al,, 1994; Campeau et al., 1997; Sacchetti et al., 2002) or the
hippocampus (Phillips and LeDoux, 1995; Sacchetti et al., 1999).
However, the perirhinal cortex’s role in recognition memory
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cannot be discounted as recognition and familiarity do seem to be
part of the perirhinal cortex’s role in fear conditioning; the rostral
ventral perirhinal cortex shows increased c-Fos expression when
the animal is exposed to previously acquired (i.e. familiar)
associations (Schettino and Otto, 2001). However, it is clear from
the research that the rostral perirhinal cortex along with its
connections with the amygdala, thalamus, medial prefrontal
cortex and hippocampus is subserving functions distinct from
its traditional role as a novelty detector.

4.5. The role of the perirhinal cortex in context and spatial memory

Initial research into the roles of the hippocampus and the
perirhinal cortex and their respective contributions to spatial
memory portrayed a simple dissociation between the two areas;
animals with perirhinal lesions are impaired on object recognition
but not spatial memory tasks (Aggleton et al., 1997; Ennaceur and
Aggleton, 1997; Glenn and Mumby, 1998; Bussey et al., 1999;
Machin et al., 2002) and animals with hippocampal lesions are
impaired on spatial but not object recognition memory tasks
(Ennaceur et al., 1997; Mumby et al., 2002a). Double dissociation
studies confirmed these findings showing that animals with
hippocampal lesions showed impairments in recognition memory
but not in spatial memory and those with perirhinal lesions
showed impairments in spatial memory but not in recognition
memory (Ennaceur et al., 1996; Bussey et al., 2000; Winters et al.,
2004). This dissociation between hippocampal and perirhinal
function was conserved across rat strains (Futter et al., 2006) and
species (Pihlajamaki et al., 2004; Buckley, 2005; Kohler et al.,
2005). Furthermore, immediate early gene imaging supports these
lesion studies whereby c-Fos levels are increased in the
hippocampus but not the perirhinal cortex during spatial learning
tasks and they are increased in the perirhinal cortex but not the
hippocampus during recognition tasks (Vann et al., 2000a;
Aggleton and Brown, 2005).

Although the perirhinal cortex is not required for learning
spatial memory-dependent tasks like the Morris water maze
(MWM; Machin et al., 2002; Burwell et al., 2004b; Moses et al.,
2005) or the radial arm maze (Vann et al., 2000; Machin et al.,
2002; Moran and Dalrymple-Alford, 2003), it has been implicated
in solving tasks that require a spatial awareness if not specifically
tests of spatial memory. For example, the perirhinal cortex has
been implicated in object-in-place associative learning (Bussey
et al,, 2000, 2001; Barker and Warburton, 2008, 2009), spatial
reference memory (Wiig and Bilkey, 1994; Abe et al., 2009) and
long-term spatial memory (Glenn et al., 2003). However, these
impairments are probably not due to the perirhinal cortex playing
a specific role in encoding spatial memory but possibly due to
impairments in cue or context recognition (see Aggleton et al.,
2004 for a review of this problem in the human research
literature).

Yet, there are aspects of spatial memory that have been reported
to require the perirhinal cortex (Aggleton and Brown, 2005); for
example, situations involving spatial novelty may require dual
activation of the hippocampus and the perirhinal cortex (VanEl-
zakker et al., 2008). However, it has also been shown that activation
of the hippocampus and not the perirhinal cortex was observed
following successful performance in tasks requiring the learning of
novel spatial locations for familiar objects (Jenkins et al., 2004) and
temporal changes in spatial order (Amin et al., 2006). This apparent
spatial component of perirhinal function may be explained by
anatomical classifications; that different research groups use one of
the two main alternative definitions of the perirhinal cortex (one
that includes the postrhinal cortex as being part of the perirhinal
cortex and the other that classifies the perirhinal and postrhinal
cortices as separate regions, see Section 2.1).

Therefore, the variance in the literature may be due to reporting
deficits associated with the postrhinal cortex to the perirhinal
cortex. The majority of perirhinal lesion studies that spare the
postrhinal cortex do not show deficits in spatial memory (Ennaceur
et al., 1996; Ennaceur and Aggleton, 1997; Glenn and Mumby,
1998; Liu and Bilkey, 1998a; Machin et al.,, 2002; Moran and
Dalrymple-Alford, 2003; Moses et al., 2005; Futter et al., 2006) but
one study of perirhinal-only lesions has demonstrated deficits in
object-place memory but not allocentric spatial memory (Bussey
et al., 2001). Perirhinal lesion studies that do report spatial
memory deficits also show some damage to the postrhinal cortex
(Mumby and Glenn, 2000; Glenn et al., 2003) or also involve
entorhinal cortex lesions (Nagahara et al., 1995). One combined
perirhinal and postrhinal lesion study has reported impairments in
spatial memory (Liu and Bilkey, 2001) but a number of other
combined perirhinal and postrhinal lesion studies showed no
deficits in spatial memory (Aggleton et al.,, 1997; Bussey et al.,
1999, 2000; Winters et al., 2004).

Functional differences between the perirhinal and postrhinal
cortices have also been demonstrated; there is differential activity
between the postrhinal and perirhinal cortices following spatial
memory tasks (Vann et al., 2000a). Lesions of the postrhinal cortex
do not result in substantial changes in place cell firing in the area
CA1 (Nerad et al., 2009) whereas lesions of the perirhinal cortex
result do cause disruption of CA1 place cell function (Muir and
Bilkey, 2001). However, in this latter study there appeared to be
some damage to the postrhinal cortex which prevents its role in
spatial processing from being ruled out and as both of these
investigations in parahippocampal effects on place cell function
utilised different lesioning techniques which may have resulted in
differential secondary effects in the hippocampus (Glenn et al.,
2005). In spite of some contradictions, these studies indicate that
the postrhinal cortex may form part of a separate functional circuit
in the hippocampal-parahippocampal network compared to the
perirhinal cortex (Aggleton et al., 2000; Furtak et al., 2007b; and
see Section 5 below for physiological justification of this proposal).
These perirhinal and postrhinal functional circuits may govern
different aspects of associative memory and as perirhinal cortex
lesions more often than not spare spatial memory function, the
postrhinal cortex may play a larger role in spatial memory.
However, there does not appear to be a complete dissociation
between the two cortical areas across all aspects of spatial
memory.

The divergence in the literature as regards hippocampal and
perirhinal contributions to spatial memory may also be due to the
types of test utilised (Mumby and Glenn, 2000). Allocentric spatial
memory tests like the MWM may exploit a completely different set
of neuronal processes compared to tests of spatial memory that do
not rely on navigation (Aggleton et al., 2000). Both the perirhinal
and postrhinal cortex contribute to contextual associations for
long-term memory (Burwell et al.,, 2004a) but this contextual
association does not appear to be necessary for all forms of spatial
learning; lesions of the hippocampus and the parahippocampal
region suggest allocentric spatial memory can occur without the
need for parahippocampal-dependent contextual associative
learning (Burwell et al.,, 2004b) and rats with lesions of the
perirhinal cortex are unimpaired in a delayed-matching-to-place
task (Glenn and Mumby, 1998). Therefore, in studying the role of
the perirhinal cortex in spatial memory, tasks that focus on the
contextual properties and not on allocentric properties of spatial
memory have been developed.

In order to study the effect of context on perirhinal cortex
function, two main spatial variations of the object recognition task
have been developed which require integration of spatial and
novelty awareness without being strictly spatial memory tasks. In
the object displacement task, animals are again exposed to a set of
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objects in the training phase but in the testing phase, instead of a
novel object being introduced, one of the familiar objects is moved
to a novel location where there was no object previously and
animals should explore this moved object preferentially over the
other objects (Ennaceur and Meliani, 1992b). Training regimes that
can impair allocentric spatial memory can also impair performance
in the object displacement task (Commins et al., 2003) and
manipulation of distal and proximal cues can also result in object
displacement task deficits (Craig et al.,, 2005). These findings
suggest that the hippocampus may have a role in this type of
spatial learning. This form of learning appears to require
expression of neurotrophins (Calamandrei et al., 2002; Niewia-
domska et al., 2006) and exercise-induced enhancement of task
performance has been associated with increases in hippocampal
and perirhinal BDNF (Griffin et al., 2009). Furthermore, successful
performance of the task is dependent on glutamatergic signalling
through NMDA (Roullet et al., 1996; Usiello et al., 1998; Larkin
et al, 2008) and AMPA receptors (Roullet et al., 2001). A
dopaminergic component has also been identified (Roullet et al.,
1996; Mele et al., 2004) and interactions between these glutamate
and dopamine systems in the nucleus accumbens have been
implicated in the consolidation of this task (Ferretti et al., 2005).

In the second spatial variation of the object recognition task, the
object-in-place task, rats are exposed to four objects in the training
phase and two of the objects switch their positions in the testing
phase (although, unlike the object displacement, they are still
occupying positions where an object had been previously located
in the training phase) and animals should explore these moved
objects preferentially over the other objects (Bussey et al., 2000).
Although no lesion studies have yet been published on the roles of
the hippocampus and perirhinal cortex in the object-in-place task,
perirhinal lesions lead to impairments on a radial arm maze
variation of the object-in-place task (Bussey et al., 2001). However,
Brown et al. (2010) have reported that Barker and Warburton have
submitted a study for publication which shows that interaction
between the hippocampus and perirhinal cortex in order to
complete the object-in-place task. Additionally, perirhinal NMDA
receptors have been demonstrated to underlie short-term object-
in-place memory (Barker and Warburton, 2008). However, these
findings do not rule out hippocampal contributions to the object-
in-place task. Lesions of the hippocampus cause impairments in a
similarly designed task in the monkey (Gaffan and Harrison, 1989)
and also in the rat (Bussey et al., 2000, 2001). Hippocampal lesions
in the rat have also shown that the hippocampus does not
contribute to object recognition nor object context memories but
only to the spatial location where an object has been previously
encountered (Piterkin et al., 2008). An elegant study by Barker et al.
(2007) have shown that interaction between the perirhinal and
medial prefrontal cortices is required in order to solve tasks where
association between different forms of memory are required such
as the object-in-place task. Functional disconnection of the
hippocampus and perirhinal cortex circuit has also been shown
to impair performance on an object-place associative memory task
(Jo and Lee, 2010). These findings makes sense based on the
anatomical projections between the medial prefrontal cortex, the
hippocampus and parahippocampal region (see Sections 3.1 and
3.2); these interconnections must serve some functional role and it
is logical that this functional role would combine the known
functions of these areas (i.e. integration of spatial and object
information).

These findings suggest that, although the perirhinal cortex and
hippocampus are normally associated with object recognition
memory and spatial memory respectively, the contributions of the
hippocampus and parahippocampal region to spatial memory are
not clearly defined. Further analysis of the hippocampal-para-
hippocampal network is required in order to fully determine the

roles of these various cortical and subcortical areas in the various
forms of spatial memory needed to solve these different tasks.

5. Implications of segregation and functionality

Examination of the anatomical and electrophysiological prop-
erties of the perirhinal cortex reveals that segregation exists both
within the structure, within a parahippocampal-hippocampal
network, and between the perirhinal cortex and other cortical/
subcortical structures. Unfortunately, many of the lesion and IEG
experiments do not take these segregations into account, thereby
attributing a particular function to the perirhinal rather than
considering this structure (or indeed subregions of this structure)
as part of network. Future lesion studies should target multiple
regions along this network and from this we should be able to gain
a greater sense of how a particular region contributes to this
network.

As an example, if we were to accept the idea that there is
segregation within the parahippocampal-hippocampal network
and the perirhinal contributes in some way to this network what
would be the implications of this? Firstly, it may represent a means
for separate forms of sensory information to be processed
differentially. This would allow visuospatial information from
the postrhinal cortex (Burwell and Amaral, 1998b; Burwell and
Hafeman, 2003; Furtak et al., 2007b) to be processed while keeping
olfactory information from the perirhinal cortex (Herzog and Otto,
1998; Canning et al., 2000; Biella et al., 2003; Santiago and
Shammah-Lagnado, 2004) in a separate circuit, perhaps allowing
the hippocampus to associate the disparate sensory information if
necessary. Secondly, if there is an electrophysiological segregation
as well as an anatomical one (along the lines suggested in Fig. 5),
these separate excitatory and inhibitory circuits may be involved
in regulating neuronal activity along the back-projections from the
hippocampus to the neocortex. This, in turn, may not only serve as
a means to distinguish and separate different types of information
to be consolidated (specific pathways may subserve different types
of memories) but may offer a mechanisms of how these memories
are consolidated. Interestingly, abnormal perirhinal functioning
has been identified as a possible mechanism underlying epilepto-
genesis (Ferland et al., 1998; Schwabe et al., 2000). Failure of
electrophysiologically inhibitory interactions between the peri-
rhinal, postrhinal and entorhinal cortices and the hippocampus
leads to increased electrophysiological excitability that may drive
epileptogenesis (de Curtis and Paré, 2004). Input from olfactory
areas into the perirhinal cortex (Kemppainen et al., 2002; Majak
and Pitkdnen, 2003) has been shown to increase electrophysiologi-
cally excitatory activity within the hippocampal-parahippocam-
pal region (Kelly and McIntyre, 1996). There have been analogous
findings in epilepsy studies in humans whereby epilepsy patients
exhibit lower tissue volumes in the parahippocampal region
compared to controls (Bernasconi et al., 2003a,b).

There could be an important role for these electrophysiologi-
cally excitatory and inhibitory projections from the hippocampus
to cortical regions in epileptogenesis, with perhaps the ‘electro-
physiologically inhibitory’ projections acting as a control to
prevent the spread of seizure like activity through the region.
Uncontrolled electrophysiologically excitatory activity (due to
over-activation of the excitatory projections or under-activation of
the inhibitory projections) may play role medial temporal lobe
epilepsy and as such, further electrophysiological examination of
the interconnectivity within the hippocampal-parahippocampal
network would be a vital step in understanding how epileptiform
activity is propagated through the medial temporal lobe.
Disconnection studies between the cortices of the parahippocam-
pal region in the rat may provide a way to control kindling activity
and prevent seizures from spreading to other neocortical areas.
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Equally, pharmacological dampening of glutamatergic signalling
may prevent surplus electrophysiologically excitatory activity
from manifesting itself as epileptiform activity. As AMPA receptor
antagonism successfully impaired LTP in the CA1 to perirhinal
projection and kainate receptors have been implicated in
perirhinal functioning (Barker et al., 2006a), focussed research
on this system may yield beneficial results for epilepsy treatments.

6. Conclusions

This review brings together research encompassing the
anatomical nature of the perirhinal cortex, its projections and
connectivity, the physiological and plastic properties of the
projections, and its role in perception, object recognition, fear
conditioning and spatial and/or contextual memory. In addition,
we emphasise the idea of an anatomical and electrophysiological
segregation. The perirhinal cortex should be considered in terms of
segregation within the structure itself, as part of a segregated
parahippocampal-hippocampal network and segregated connec-
tivity with other cortical/subcortical structures. The functionality
of the perirhinal and the contribution that different regions of the
perirhinal make to various circuits may depend on this segregation
and therefore should be of primary concern.
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