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Abstract

The hippocampus communicates with the neocortex via the entorhinal cortex. These areas are thought to be critically involved in the consolidation
of memories. The hippocampus is considered to be the site of association of sensory information, which is then laid down for long-term storage
in the neocortex. We examined the projection from the subiculum to the entorhinal cortex to determine whether it could function to transfer
this hippocampally-processed information to the neocortex. Following stimulation in the subiculum we demonstrate a negative-going deflection
followed by a positive-going deflection in the entorhinal cortex. This projection is capable of short-term plastic changes in the form of PPF. FIn
addition, we demonstrate that long-term synaptic changes in the form of LTP and LTD could be sustained for at least 30 min on this pathway.
Finally we show that PPF changes after LTP and LTD, suggesting that a presynaptic mechanism may be involved in both of these pathways.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The hippocampal formation is considered to be critically
involved in learning and memory [29,30,34,38]. Although it is
believed to be the site of association of sensory information [35],
allowing for rapid storage of this information, the hippocampus
itself is not thought to be involved in the long-term storage of this
information [39]. Instead long-term memory storage is thought
to occur in the neocortex [25,37-39]. Therefore an interface
between the hippocampus proper and the neocortex would be
required to translate temporary hipppocampal information stor-
age into a more permanent cortical storage.

The hippocampal formation is anatomically defined by a
number of sub-regions that include the entorhinal cortex (EC)
dentate gyrus (d.g.), areas CA3, CA1 and the subiculum. These
structures are linked to each other by largely unidirectional pro-
jections. Entorhinal neurons constitute the major input to the
hippocampus proper via the perforant path to the d.g. and is
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also considered to be the major recipient of its outputs. The
subiculum and area CA1 are thought to constitute the major out-
put structures of the hippocampus. The subiculum is the major
synaptic relay for the majority of CAl neurons [1,40,41,45]
making the subiculum the last synaptic relay of the hippocampal
formation prior to the cortex. Thus, the subiculum could possi-
bly act as such a mediator of hippocampal—cortical interaction
as it also receives and integrates information from several dif-
ferent sources, such as the EC, peri- and postrhinal cortices and
the presubiculum [22,23,27,28,44,47]. The subiculum can then
pass this information to cortical regions either via the entorhinal
cortex or by synapsing directly on perirhinal cortex (PER) or
postrhinal cortex (POR) neurons [14,40].

The majority of back projections to the neocortex are mainly
mediated through the EC [6] with anatomical studies [43,46]
suggesting the existence of a direct projection between the
subiculum and the EC. However, the subiculum is not composed
of a homogeneous cell population [42] and this has resulted in
conflicting results with regards to its outputs. A study by Witter
et al. [46] maintained that only the proximal part of the subicu-
lum projects to the entorhinal cortex. An injection of PHA-L
(anterograde tracer) in the distal subiculum did not result in
labelling in the entorhinal cortex. However, later studies con-
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tradict this result. Tamamaki and Nojyo [43] used the tracer Dil
and observed retrograde labelling in distal subiculum after injec-
tion in the medial entorhinal cortex (MEC). Based on this result
these authors suggest that topography is maintained between the
subiculum and EC. A recent study adds to the debate [21], and
seems to confirm the earlier findings of Tamamaki and Nojyo
[43]. Injections in the proximal dorsal subiculum with PHA-L
and BDA resulted in a large amount of labelled cells in the lat-
eral entorhinal cortex (LEC). Dye injection in the distal dorsal
subiculum resulted in labelling of a small number of neurons in
the most caudal part of MEC.

Current theories of hippocampal function in memory pro-
pose that connections between the hippocampus and neocortex
undergo use-dependent changes in synaptic strength, enabling
the consolidation of memory [17,29,35]. Paired-pulse facilita-
tion (PPF) is a form of short-term synaptic plasticity. PPF is the
phenomenon whereby the field excitatory postsynaptic response
(fEPSP) to a second stimulus is enhanced relative to the first,
if the second stimulus is delivered relatively quickly after the
first [50]. PPF is thought to be primarily a presynaptic phe-
nomenon, resulting from a transient increase in calcium levels
in the presynaptic terminal caused by the first stimulus elevating
the response to the second stimulus [48]. Long-term potentiation
(LTP) and depression (LTD) have been considered as possible
models for the synaptic changes that occur during learning and
memory in the CNS [3,4,18]. LTP is a long-lasting increase in
monosynaptic responsiveness induced by short high-frequency
activation of the appropriate monosynaptic inputs [4]. In con-
trast LTD of synaptic transmission is the persistent decrease in
synaptic response as a result of repeated low-frequency stim-
ulation (LFS) of the pathway. It is a matter of controversy
whether LTP/LTD is primarily a presynaptic or a postsynaptic
phenomenon or some combination of the two [3]. It is hypoth-
esised that if LTP, or LTD expression includes a presynaptic
locus, then it might alter expression of PPF [8,20]. LTP, which
increases synaptic efficacy, causes a reduction in PPF, post-LTP
induction [9,36]. Commins et al. [9], for example have reported
that PPF decreased after LTP in the projection from CAl to
the subiculum and in the CA1 to prefrontal cortex projection
PPF both increased and decreased post-LTP [36]. On the other
hand LTD, which decreases synaptic efficacy [15] should cause
an increase in facilitation post-LTD induction. Commins and
O’Mara [12] observed such an increase in PPF 30 min post-LFS
in the projection between the area CA1 and the subiculum.

In this study we first investigate whether there is physiological
evidence for a projection from the subiculum to the entorhi-
nal cortex. We determine whether this projection is capable of
sustaining both short-term (in the form of PPF) and long-term
plasticity (in the form of LTP/LTD). Finally we investigate the
interaction effect between these forms of synaptic changes.

2. Materials and methods
2.1. Subjects and surgery
Adult male Wistar rats (weight 200-300 g) were anaesthetized with urethane

(ethyl carbamate: 1.5 g/kg, i.p.) and mounted on a stereotaxic holder. A local
anaesthetic/adrenaline combination was injected under the scalp and an incision

was made to visualize the skull. Burrholes for the stimulating and recording
electrodes (stainless bipolar wires insulated except at tips; 50 wm) were placed
at the coordinates relative to Bregma [33]: stimulating electrodes aimed at the
subiculum: 6.3 mm posterior and 4.4 mm lateral; recording electrodes, aimed at
EC: 6.7 mm posterior and 5.8 mm lateral. Signals were filtered between 0.1 Hz
and 1kHz and then amplified. Recordings were digitised online using a PC
connected to a CED-1401 plus interface (CED, Cambridge, UK).

2.2. Procedures

The depth profile of the subiculum to entorhinal cortex projection was exam-
ined by firstly slowly lowering the recording electrode towards the EC and
allowing it settle for a minimum of 10 min. The stimulating electrode was slowly
lowered in 50 wm steps towards the dorsal subiculum. The final depths of both
electrodes were adjusted until the maximal fEPSP was recorded. At each of the
50 wm steps 2 stimuli of 1 mA were given at a low repetition rate (interpulse
interval of 20s). The first stimulus was used as a test stimulus and only the
second was subsequently analysed.

Baseline PPF effects were measured after allowing both the stimulating and
recording elecrodes to settle for 10 min in the subiculum and the entorhinal
cortex, respectively. Pairs of stimuli were then delivered with inter-stimulus
intervals (ISIs) of 20, 40, 60, 120, 240, and 480 ms. The first fEPSP and second
fEPSP elicited by the first and second stimulus of the stimulus pair will be
referred to as fEPSP1 and fEPSP2, respectively. The PPF value was calculated by
taking the average of six slope values of fEPSP1, for a given ISI, and normalizing
the average of six values for fEPSP2 with respect to this value in percentage terms
(see [9] for further details).

The same protocol for PPF was used pre- and 30 min post-LTP/LTD induc-
tion (see below).

Induction of LTP was attempted using a high-frequency stimulation (HFS)
protocol, following a minimum of 10 min baseline period at a low frequency
stimulation rate (LFS 0.5 Hz). HFS consisted of 3 trains of stimuli for 200 ms
at 250 Hz, with an intertrain interval of 30's [16]. Stimulus intensity during LTP
induction was set at baseline intensity. Following this, low-frequency stimulation
was then resumed at a rate of 0.5 Hz for a further 30 min.

Induction of LTD was attempted using a low-frequency stimulation (LFS)
protocol, following a 10 min baseline period as above. LFS consisted of 900
stimuli at 1 Hz (see [2] for details). Stimulus intensity during LTD induction
was set at baseline intensity. Low-frequency stimulation was then resumed at a
rate of 0.5 Hz for a further 30 min.

2.3. Histological processing

After all experiments the rats were overdosed with sodium pentobarbitone
and their brains subsequently removed. In order to check the positions of the elec-
trodes the brains were frozen in Tissue-Tek O.C.T. compound (R.A. Lamb, East
Sussex, UK). Twenty-micrometer coronal slices were cut using a cryostat. Sec-
tions with electrode lesions were mounted on slides in order to confirm electrode
positioning. The sections were counterstained with cresyl violet (Nissl) to defind
cytoarchitectonic borders and subsequently coverslipped. All electrode sites and
electrode tracks were reconstructed using Paxinos and Watson altas [33].

2.4. Statistical analysis

A series of independent r-tests and one-way analyses of variance with the
appropriate post hoc test (Tukey at the 5% level of significance) were used;
*p<0.05, “p<0.01, " p<0.001.

3. Results

3.1. Depth profile of projection from subiculum to
entorhinal cortex

In a first set of experiments we wished to examine the depth
profile of the projection from the dorsal subiculum to EC. In
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addition, we wished to describe the characteristic response of
the entorhinal neurons to subicular stimulation. In an initial set
of experiments (data not shown) we lowered the recording elec-
trode into more medial regions of EC and then slowly lowered the
stimulating electrode into more distal regions of the subiculum.
Unfortunately we were unable to evoke a strong response that
would enable us to characterise this projection. We then lowered
the recording electrode into more laterally-placed entorhinal
neurons, while slowly lowering the stimulating electrode into
more proximally placed regions of the subiculum. The follow-
ing results describe responses obtained mainly on the proximal
subiculum to lateral entorhinal projection. Fig. 1a shows rep-
resentative Nissl stained slices with a typical stimulating and
recording electrode in the subiculum and EC, respectively.

In all cases (n =6) a response was evoked in the EC following
stimulation in the dorsal subiculum. The stimulating sites were
positioned in the dorsal subiculum, located just below the corpus

e
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Subiculum

callosum. The positions of the stimulating electrodes were all
located between 6.1 and 6.4 mm posterior to Bregma. In addition
the final positions of the recording electrodes in LEC were all
located between 6.7 and 7.2 mm posterior to Bregma.

The stimulating electrode was slowly lowered toward the dor-
sal subiculum (Fig. 1b). The recording electrode was lowered
6 mm below the surface of the brain and allowed to settle in the
EC (Fig. 1b). Stimulation (at a rate of 0.05 Hz) of different sites
en route to the subiculum evoked responses in the EC. In all
cases the amplitude and slope of the evoked response increased
as the electrodes were lowered toward the dorsal subiculum.

No response was observed in EC as the stimulating electrode
was lowered through the occipital cortex (Fig. 1c, 1-3). As the
electrode was lowered toward the subiculum a positive-going
deflection was first observed in EC at the border of the occipital
cortex and the corpus callosum (see Fig. 1c, 4). At the border
of the corpus callosum and the subiculum the latency of the
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Fig. 1. (a) Positions of the recording electrode in EC and of the stimulating electrodes at seven representative positions en route to subiculum; (b) representative depth
profile of projection from subiculum to EC, showing sample EPSP responses at seven representative positions (1-7) from surface to subiculum; (c) Nissl-stained

coronal sections, showing electrode tracks of subiculum and tracks of EC.
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positive wave decreased and was preceded by a negative-going
deflection (Fig. Ic, 5 and 6). This response increased as the
electrode approached the subiculum. A single-pulse stimulation
in the dorsal subiculum evoked a negative-going deflection fol-
lowed by a positive-going deflection in the EC (see Fig. 1c, 7).
This negative-going deflection occurred at 6.85 £ 0.9 ms and had
amean peak amplitude of —1.46 & 0.13 mV. The positive deflec-
tion occurred later at a mean latency value of 14.84 £0.88 ms
and had a mean peak value of 2.13+0.22mV and a slope of
0.8£0.14 mV/ms (defined in terms of the ascending compo-
nent of the positive-going deflection).

3.2. Experiment 2

In a second set of experiments we wished to determine
whether the subiculum to EC projection was capable of sus-
taining both short- and long-term plastic effects (measured in
terms of PPF and LTP). In addition we wished to determine
whether there was an interaction between these two forms of
plasticity. After allowing both stimulating and recording elec-
trodes to settle in the subiculum and EC, respectively, for 10 min
PPF was measured at different ISIs six times for five animals,
giving a minimum of 30 measurements for each interval tested.
A strong PPF effect was evident with PPF appearing at the first
stimulus interval (20 ms, fEPSP2 PPF value of 166.8 +9.5%
the value of fEPSP1) and was still evident at 480 ms (Fig. 2a). A
repeated-measures ANOVA confirmed there was an overall PPF
effect within groups (F=22.327; d.f.=1, 24; p<0.001). Subse-
quent 7-tests found that all paired comparisons of interest were
significantly different from each other (p <0.001).

Following PPF we again allowed electrodes to settle for
a minimum of 10min while recording baseline responses.
LTP was then attempted using a HFS protocol to determine
whether this projection was capable of sustaining long-term
plastic effects. Fig. 2b demonstrates that LTP was successfully
induced and that evoked responses remained potentiated for
at least 30 min. A one-way ANOVA was conducted to com-
pare the 10 min baseline period before HFS with the 0-10
and 20-30min periods post-HFS for mean slope responses.
The overall analyses of variance was statistically significant
(F=264.1;d.f.=2,71; p<0.001). Subsequent post hoc compar-
isons (Tukey, p <0.05) revealed that the mean response during
the 0—10min (131 £ 1.2% of baseline) and the 20—30 min peri-
ods post-HFS (131.83 £ 1.08% of baseline) were significantly
higher than the 10 min baseline period.

At 30 min post-HFS, PPF was measured for the second time to
determine any interaction effects between LTP and PPF. An over-
all general decrease in PPF was observed at 30 min post-LTP (see
Fig. 2¢). Analysis revealed that there was a significant decrease
in percentage facilitation post-HFS compared to baseline facil-
itation values. This reduction was significant at the following
intervals: 20, 120, 240 and 480 ms (p <0.01).

3.3. Experiment 3

In a third set of experiments we wished to determine whether
the subiculum to EC projection was capable of sustaining short

and long-term plastic effects, in terms of PPF and LTD. We
also wished to examine the interaction between these two forms
of plasticity in this pathway. After allowing stimulating and
recording electrodes to settle in the subiculum and EC, respec-
tively, PPF was measured at different ISIs six times for a further
five animals, giving a minimum of 30 measurements for each
interval tested. Similar to above a strong baseline PPF effect
was evident with PPF appearing at the first stimulus interval
(20 ms, fEPSP2 PPF value of 167.6 & 8.4% the value of fEPSP1)
and was still evident at 480 ms (Fig. 3a). A repeated-measures
ANOVA again confirmed there was an overall PPF effect within
groups (F=288.212; d.f.=1, 24; p<0.001). Subsequent z-tests
found that all paired comparisons of interest were significantly
different from each other (p <0.001).

Following PPF, we again allowed to electrodes to settle
for a minimum of 10 min while recording baseline responses.
To determine whether the projection from the subiculum to
EC was capable of sustaining LTD, a low frequency proto-
col was used. Fig. 3b demonstrates that LTD was success-
fully induced and that evoked responses remained depressed for
at least 30 min. A one-way ANOVA was conducted to com-
pare the 10min baseline period before LTD induction with
the 0-10 and 20-30 min periods post-LFS for slope measures.
The overall analyses of variance was statistically significant
(F=168.4;d.f.=2,71; p<0.001). Subsequent post hoc compar-
isons (Tukey, p <0.05) revealed that the mean response during
the 0—10 min (74.7 = 0.9% of baseline) and the 20-30 min peri-
ods post-LFS (85.71 £ 0.98% of baseline) were significantly
lower than the 10 min baseline period.

Finally we wished to determine if there was an interaction
effect between PPF and LTD. At 30 min post-LTD induction,
PPF was again examined across the range of ISIs used previ-
ously. A significant increase was observed in the percentage
facilitation post-LFS compared to the baseline facilitation at the
ISI of 20 ms (p <0.05). However, significant decreases in facili-
tation were observed at the 120, 240 and 480 ms ISIs (p <0.05),
while no change in facilitation was noted for the remaining inter-
vals (40, 60 ms).

4. Discussion

It has been proposed that connections between the hippocam-
pus and the neocortex undergo use-dependent synaptic changes,
enabling the consolidation of memories [17,29,35]. Rolls [35]
suggests that the hippocampus operates as an intermediate-term
memory and that long-term memories are laid down in the neo-
cortex. In addition Rolls suggests that all back projections from
the hippocampus to the neocortex should be modifiable. This
is in contrast with McClelland et al. [25] who suggests that
CA3-CALI projection is the last set of synapses to be modifi-
able. Nadel and Moscovitch [29] proposed that the interaction
between the hippocampus and the neocortex itself is the memory
trace. However most theories recognise the need for an interface
between the presumed memory function of the hippocampus and
the neocortex.

The hippocampal output to the neocortex is mainly mediated
through the EC [6], with the subiculum to EC projection being
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Fig. 2. (a) A bar chart showing paired-pulse facilitation in the subiculum-EC pathway before LTP induction for intervals indicated; bars represent mean peak heights
for fEPSP1 (black) and fEPSP2 (hatched). Data are normalised to fEPSP1 (100%); (b) effects of HES on the slope of fEPSPs. The post-HFS values are expressed
as percentage of the pre-stimulation baseline & S.E.M. Representative traces for pre- and post-HFS above graph; (c) a bar chart showing changes in paired-pulse
facilitation after LTP was induced. Bars represent mean PPF before (black) and after (hatched) HFS that induced LTP.
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facilitation after LTD was induced. Bars represent mean PPF before (black) and after (hatched) LFS that induced LTD.
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the final relay, which would function to transfer hippocampally-
processed information to the neocortex for storage. There is
conflicting information regarding the nature of subiculum to EC
projection (see Section 1) but most authors agree that this pro-
jection is topographical in nature. Although we were unable to
obtain a strong physiological response of the distal subiculum
to MEC, we did find the proximal to LEC projection produced
a strong response characterised by a negative-going deflection
followed by a positive-going deflection.

Although we cannot state for certain. We further suggest that
this projection may be monosynaptic in nature. Several previ-
ous studies have interpreted a short latency as consistent with
monosynaptic activation [5,13]. Consistent with this, we have
observed similar short EPSP peak latencies in the subiculum to
EC projection. Other authors [49] suggest that if the compo-
nents of the EPSP remain intact following trains of continuous
stimulation, that this demonstrates evidence for a monosynap-
tic response, although the frequency of stimulation varies (from
100 Hz according to Cousens and Otto [13], to >25 Hz accord-
ing to others [24,49]). In this study, components of the fEPSP
response in the EC following subiculum stimulation at both 1
and 250 Hz remained intact. Again this suggests that this pro-
jection may indeed be monosynaptic in nature.

We provide evidence here for the first time, that synaptic
plasticity exists in the projections from the subiculum to EC.
We were able to demonstrate that this pathway was capable of
PPF across a range of intervals (similar to that seen on the CAl
to subiculum pathway [9]). In addition we were able to induce
long-term changes in this pathway that lasted for at least 30 min.
These changes were in the form of both LTP and LTD, giving
credence to the suggestion by Rolls [35] that the back projec-
tions from the hippocampus to the EC should be capable of
undergoing synaptic plasticity. LTP has also been observed on
the CAl-subiculum projection [10,11], the CA1 to EC projec-
tion (unpublished observations) and now on the subiculum to EC
projection. However, in contrast to LTP, LTD has been difficult
to demonstrate in vivo. Using a variety of stimulation protocols,
Anderson et al. [2] were unable, for example, to induce LTD
on the CA1 to subiculum pathway. However, in this study we
were able to induce LTD in the projection from subiculum to
EC, which was sustained for at least 30 min. There is evidence
to suggest that LTP and LTD may be dependent on distinct and
separate mechanisms [7,19,31,32]. However both are thought to
form the basis of memory formation and storage. The distinct
roles of either LTP or LTD have yet to be elucidated. And why
one set of projection should sustain LTD while another does
not is still uncertain. It is possible that bi-directional plasticity
is necessary for memory consolidation and transfer from the
hippocampal neurons to the neocortex.

Whether LTP/LTD has a pre- or post-synaptic locus is a mat-
ter of debate. To help better understand this, McNaughton [26]
developed an approach based on the analysis of changes in PPF
following LTP. These authors suggest that PPF should change
following LTP if presynaptic mechanisms contribute to LTP
expression. In this study we found that PPF decreased after LTP
compared to the baseline PPF measurements. These results sup-
port the hypothesis that LTP expression includes a presynaptic

locus. In contrast, PPF in the hippocampus has been reported
to increase post-LFS [12], if it includes a presynaptic compo-
nent (see Section 1). In this study we observed an increase in PPF
post-LTD for the 20 ms interval only. In addition, PPF decreased
at the 120, 240 and 480 ms intervals. Thus, we conclude that in
this projection, LTD expression is not only associated with a
presynaptic change, but with some other mechanism.

To conclude, in this study we confirmed the presence of a
projection from the subiculum to the entorhinal cortex. This
pathway was capable of undergoing both short- and long-term
synaptic changes. This suggests that the subiculum may act as a
possible interface between the hippocampus and the neocortex
during the consolidation of memories. We also suggest that the
expression of LTP includes a presynaptic locus but cannot be
certain about the mechanism involved in LTD induction in this
pathway.
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