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Striking Variations in Corticosteroid Modulation of Long-
Term Potentiation along the Septotemporal Axis of the
Hippocampus

Nicola Maggio and Menahem Segal
Department of Neurobiology, The Weizmann Institute, 76100 Rehovot, Israel

The ability to express long-term potentiation (LTP) of reactivity to afferent stimulation along the septotemporal axis was explored in
transverse rat hippocampal slices. The ventral pole of the hippocampus (VH) was found to be much impaired in ability to express LTP
compared with the rest of the hippocampus. An exposure to acute stress before the rat was killed reversed this trend, and slices from VH
now expressed a large LTP, whereas in the rest of the hippocampus, it was much suppressed. The enhanced LTP in VH was mediated by
activation of a mineralocorticoid receptor (MR), whereas the suppressed LTP was mediated by activation of a glucocorticoid receptor,
and indeed selective agonists of the respective steroid receptors mimicked the effects of stress, whereas selective antagonists blocked
them. The MR-enhanced LTP in VH was not mediated by activation of the NMDA receptor but by enhancement of voltage-gated calcium
channels. Because the VH has an unique efferent system to the hypothalamus, these results indicate that stress may activate this system
while suppressing the ability of the rest of the hippocampus to express plastic properties under stressful conditions.
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Introduction
Recent findings propose that a functional differentiation exists
along the septotemporal axis of the hippocampus, such that the
traditional assignment of cognitive functions to this structure is,
in fact, associated mainly with its dorsal sector (Colombo et al.,
1998; Moser and Moser, 1998; Strange et al., 1999; Pothuizen et
al., 2004). In particular, it has been demonstrated that only le-
sions of the dorsal hippocampus (DH) cause a deficit in spatial
memory performance (Bannerman et al., 1999; Pothuizen et al.,
2004). In contrast, ventral hippocampal (VH) damage causes be-
havioral disinhibition and reduced anxiety (Kjelstrup et al., 2002;
Bannerman et al., 2003, 2004; Trivedi and Coover, 2004) but not
decreased memory functions. Interestingly, the ventral hip-
pocampus, more than the dorsal sector, is involved in the devel-
opment of affective disorders (Degroot and Treit, 2004). These
studies have demonstrated that the dorsal hippocampus encodes
spatial memory, whereas the ventral sector processes information
related to the motivational and homeostatic state of the animal
(Moser and Moser, 1998). In support of this hypothesis, it was
shown, both in vivo (Maruki et al., 2001) and in vitro (Papathe-
odoropoulos and Kostopoulos, 2000; Colgin et al., 2004; Maggio
and Segal, 2007), that the ability to evoke short- and long-term
plasticity differs between DH and VH. Specifically, in VH, the

magnitude of long-term potentiation (LTP), a cellular model of
learning and memory (Bliss and Collingridge, 1993), is signifi-
cantly smaller than LTP elicited in the DH (Maggio and Segal,
2007).

Stress is a biologically significant factor shown to influence
hippocampal synaptic plasticity and cognitive functions (Kim
and Yoon, 1998; Garcia, 2002; Kim et al., 2006). Specifically, LTP
is impaired in the dentate gyrus in vivo, after exposure to stress
(Korz and Frey, 2003; Ahmed et al., 2006). In addition, applica-
tion of corticosterone, the major stress hormone in rodents, to
CA1 in hippocampal slices has been shown to produce similar
results (Krugers et al., 2005; Wiegert et al., 2005). However, re-
cent studies indicate that the effects of corticosteroids on LTP is
more complicated than originally thought (Joels, 2006). Specifi-
cally, after exposure to acute swim stress, the activation of min-
eralocorticoid receptors (MRs) produced an enhancement of
LTP, whereas an LTP impairment was found after activation of
glucocorticoid receptors (GRs) before the stressful experience
(Avital et al., 2006). These studies suggest that MRs and GRs
assume opposite roles in regulation of synaptic plasticity after an
acute exposure to stressors.

Using hippocampal slices, we explored the differential ability
to evoke LTP along the septotemporal axis of hippocampal CA1.
Furthermore, we examined whether LTP could be differentially
modulated in the DH versus VH after an exposure to acute stress
or to direct corticosteroid application. We demonstrate that the
lack of LTP is a specific property of the VH sector and that stress
and corticosterone enhance LTP in the VH through a mechanism
that requires MR and activation of voltage-gated calcium chan-
nels (VGCCs).
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Materials and Methods
The following drugs (at final concentrations) were used: corticosterone (1
�M), spironolactone (500 nM), mifepristone (RU38486; 500 nM), aldoste-
rone (10 nM), dexamethasone (100 nM), APV (50 �M), DNQX (10 �M),
glycine (10 �M), nifedipine (10 �M), and 2�amino-3�-methoxyflavone
(PD98059; 1 �M). All drugs were purchased from Sigma (St. Louis, MO).
Pharmaceuticals were added to the perfusion medium with special care to
prevent changes in temperature, pH, flow rate, or degree of oxygenation of
the artificial CSF (ACSF).

Stress procedure. Experiments were conducted according to institu-
tional rules and regulations, and we obtained a local Institutional Animal
Care and Use Committee permission. The acute swim stress (ASS) pro-
tocol consisted of exposing a naive Wistar rat to a forced swim test. Stress
exposure was always done at 9:00 A.M., when the plasma corticosterone
levels are low (Finn et al., 2003, Krugers et al., 2005). Briefly, individual
rats were placed for 15 min in a circular water tank (diameter, 0.5 m;
height, 0.5 m). Water depth was 40 cm, and temperature was maintained
at 23 � 1°C. After exposure to ASS, rats were allowed to rest for 1 h before
they were killed.

Slice preparation. Male Wistar rats (10 –12 weeks of age) were rapidly
decapitated, the hippocampus was removed, and 350 �m slices were
prepared using a McIlwain tissue slicer. Specifically, the hippocampus
was divided into five sectors of 2 mm each. Transverse slices were col-
lected from all of the hippocampal sectors; however, the last 350 �m
slices at each of the two extremities were discarded. All studies of com-
parison between dorsal and ventral hippocampus were performed on
slices derived from the same hippocampus under the same experimental

conditions. To obtain the same slice conditions, the plate supporting the
structure was rotated to cut both regions perpendicularly to the longitu-
dinal axis of the hippocampus.

Electrophysiology. Slices were incubated for 1.5 h in a humidified, car-
bogenated (5% CO2 and 95% O2) gas atmosphere at 33 � 1°C and were
perfused with ACSF [containing (in mM) 124 NaCl, 2 KCl, 26 NaHCO3,
1.24 KH2PO4, 2.5 CaCl2, 2 MgSO4, and 10 glucose, pH 7.4] in a standard
interface chamber. Recordings were made with a glass pipette containing
0.75 M NaCl (4 M�) placed in the stratum radiatum CA1. Stimulation
was evoked using a Master 8 pulse stimulator (A.M.P.I., Jerusalem, Is-
rael) and was delivered through two sets of bipolar nichrome electrodes
placed on either side of the recording electrode such that two indepen-
dent stimulation channels were used for each slice. LTP was induced by
high-frequency stimulation (HFS) consisting of 100 pulses at twice the
test intensity, delivered at a frequency of 100 Hz (100 Hz, 1 s). Before
applying the tetanic stimulation, baseline values were recorded at a fre-
quency of 0.033 Hz. Responses were digitized at 5 kHz and stored on a
computer. Off-line analysis and data acquisition were performed using
the LTP Program (Anderson and Collingridge, 2001).

All numerical data are expressed as mean � SEM, and EPSP slope
changes after tetanic stimulation were calculated with respect to baseline.
There were no systematic differences in the magnitudes of the baseline
responses in the different conditions. All values reported refer to 30 min
after tetanic stimulation. Unless otherwise indicated, statistical evalua-
tion was performed by applying a Student’s t test for paired or unpaired
data, as the case may be (Origin 6.0). p values of �0.05 were considered
a significant difference between means.

Histology. Slices from all of the hippocampal sectors were fixed in 4%
paraformaldehyde in PBS, pH 7.4, for 1 h and then soaked in a solution
containing 30% sucrose/2% paraformaldehyde and stored at 4°C. Sec-
tions (30 �m) were cut using a slide microtome and stained with cresyl
violet.

Figure 1. Slicing procedure. The hippocampus was divided along its septotemporal axis into
five sectors of 2 mm each. Transverse slices (350 �m) were collected from each sector for
recordings. Nissl-stained representative sections per sector are shown on the left. Arrows indi-
cate stimulating electrodes. Asterisk indicates placement of recording pipette.

Figure 2. LTP is specifically impaired in the ventral sector of the hippocampus. A, In VH slices,
a tetanic stimulation induces lower-magnitude LTP than in slices from other hippocampal sec-
tors. Averaged EPSP slopes are plotted versus time (bottom). Representative traces at indicated
times are shown on top. The arrow indicates the time of HFS. B, Input– output curves do not
show any difference between the different hippocampal sectors.
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Results
LTP is lower in CA1 of the VH
Ventral hippocampus CA1 has been shown to express a lower-
magnitude LTP (Papatheodoropoulos and Kostopoulos, 2000;
Maruki et al., 2001; Colgin et al., 2004; Maggio and Segal, 2007).
However, whether this is a genuine property of only the ventral
sector or whether there is a gradient between the two ends of the
structure is still an open question. We addressed this issue by
recording from slices from five sectors along the septotemporal
axis (Fig. 1). To minimize the time factor after slicing, slices from
DH and VH were alternated randomly between experiments. In
addition, the recordings were made by stimulating two parallel
pathways in the same slice. The experiment consisted of deliver-
ing an HFS after 5 min of baseline recordings after the establish-
ment of an input– output curve. Delivery of HFS caused a large
potentiation of synaptic transmission in four of five hippocampal
sectors (Fig. 2A). Specifically, the amount of potentiation was not
different (after 30 min, red, 1.66 � 0.031; blue, 1.63 � 0.039;
brown, 1.68 � 0.031; green, 1.58 � 0.037; n � 10) among these
areas. However in the ventral-most sector, a significantly lower
amount of potentiation was recorded (gray, 1.21 � 0.036; p �
0.001; n � 10). Specifically, the magnitude of potentiation de-
tected in the VH was comparable with the one previously re-
ported (Maggio and Segal, 2007). Interestingly, the input– output

relationship did not differ across all of the hippocampal sectors
(Fig. 2B). These experiments suggest that the VH is unique in its
lower ability to express LTP.

Stress has a differential effect on the ability to induce LTP in
DH and VH
Stress has been shown recently to reduce LTP (Alfarez et al., 2002;
Yang et al., 2004; Krugers et al., 2005; Wiegert et al., 2005) in a
steroid receptor-specific manner (Avital et al., 2006). Because
lesion studies hint to a specific role of the ventral hippocampus in
regulation of anxiety (Kjelstrup et al., 2002), we examined the
possible effect of stress on LTP in the VH. Rats were exposed to an
ASS, followed by recording from their hippocampal slices. As
described previously (Yang et al., 2004), exposure to stress
evoked a lower-magnitude LTP in the DH than in control slices
(1.42 � 0.064 compared with 1.69 � 0.032 in controls; p � 0.001;
n � 10) (Fig. 3C). Surprisingly, in VH slices of the stressed ani-
mals, an LTP higher than that of controls could be evoked
(1.78 � 0.049 compared with 1.22 � 0.034 of the controls; p �
0.001; n � 10) (Fig. 3E). This effect was specific for the VH slices
as LTP decreased by a similar proportion in all of the other hip-
pocampal areas (Fig. 3C). Interestingly, input– output relation-
ships were not different in the rats that underwent the stressful
experience compared with controls (Fig. 3B). These experiments

Figure 3. Behavioral stress enhances LTP in VH, whereas it suppresses LTP in DH. A, Representative traces at indicated times showing the differences in LTP between control and stressed animals
in DH and VH. B, Input– output curves do not differ between the groups, along the septotemporal axis of the hippocampus. C, Stress enhances LTP only in the VH. D, In DH slices, tetanic stimulation
evoked a lower-magnitude LTP in the stressed group (open circles) than in the control (filled squares). E, In VH, stress enhances LTP (open circles) compared with the control group (filled squares).
Averaged EPSP slopes are plotted versus time. The arrows indicate the time of HFS.
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demonstrate that stress affects LTP differ-
ently along the septotemporal axis of the
hippocampus.

Corticosterone mimics the effects of
the stress
Corticosterone is considered to be the ma-
jor hormone mediating the effects of stress
(Joels, 2006). To investigate the mecha-
nisms affected by stress that exert contrast-
ing actions on LTP in DH versus VH, we
exposed slices to 1 �M corticosterone be-
fore HFS. These experiments were con-
ducted using two parallel pathways so as to
allow comparison of the effects of drug ap-
plication in the same slice. To mimic the
resting situation after the stress protocol,
the corticosterone exposure lasted 1 h. Af-
ter 10 min of baseline, delivery of HFS in
DH slices evoked a full-magnitude LTP (at
30 min from the onset, 1.65 � 0.039). Ten
minutes after the HFS, 1 �M corticoste-
rone was washed in. One hour later, a sec-
ond HFS was delivered to the unpotenti-
ated pathway. This stimulation produced a
significantly lower LTP (at 30 min from
the onset, 1.36 � 0.08; p � 0.001; n � 9)
(Fig. 4A), which was comparable with the
one induced in the stressed animals. Cor-
ticosterone treatment did not affect the in-
put– output response (Fig. 4B). Surpris-
ingly, when the same corticosterone
treatment was applied to slices from the
VH, an HFS produced a higher-magnitude
LTP than the control pathway (at 30 min
from the onset, 1.61 � 0.061 and 1.14 �
0.046, respectively; p � 0.001; n � 9) (Fig.
4C). Also in this case, the corticosterone
treatment did not affect input– output re-
lations (Fig. 4D). Additional experiments
using a lower concentration of corticoste-
rone (30 nM) (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental
material) demonstrated that a low concen-
tration of corticosterone can also produce
the enhancement of LTP. These experi-
ments demonstrate that corticosterone af-
fects differently LTP in DH versus VH and
suggest that it could mediate the differen-
tial effect of stress in the two regions.

GR and MR differentially regulate LTP
in dorsal versus ventral hippocampus
Corticosterone has been proposed to affect
LTP differentially by the activation of its
two types of receptors; MRs enhance LTP,
whereas GRs inhibit LTP in vivo (Avital et al., 2006) and in vitro
(Wiegert et al., 2005). To test the hypothesis that corticosterone
could mediate its differential effect in DH and VH by specifically
activating a subtype of steroid receptor, experiments were con-
ducted using specific MR and GR agonists and antagonists. The
results with GR and MR antagonists in dorsal hippocampus are
summarized in Figure 5. Briefly, after 10 min of baseline, HFS

resulted in a full-magnitude LTP (at 30 min from the onset,
1.83 � 0.032; n � 9) (Fig. 5A). However, when an HFS was
delivered to the unpotentiated pathway, after exposure to corti-
costerone in the presence of the specific MR antagonist spirono-
lactone, a lower-magnitude LTP than control was evoked (1.36 �
0.046; p � 0.001; n � 9) (Fig. 5A). On the other hand, bath
application of corticosterone in presence of the specific GR an-

Figure 4. Corticosterone mimics the effects of the behavioral stress in DH and VH slices. A, In DH, corticosterone depresses LTP
(open circles) compared with control (filled squares). B, Input– output curves do not differ before (filled circles) and after (open
circles) corticosterone (Cort) application. C, In VH, corticosterone enhanced LTP (open circles) compared with control (filled
squares). D, Input– output curves do not differ before (filled circles) and after (open circles) corticosterone application. Averaged
EPSP slopes are plotted versus time. Representative traces at indicated times are shown on top. The arrows indicate the times of
HFS.

Figure 5. Glucocorticoid receptors mediate the lower-magnitude LTP evoked in dorsal hippocampus after corticosterone
application. A, Corticosterone in presence of spironolactone (500 nM) evokes a lower-magnitude LTP (open circles) than in the
control pathway (filled squares). B, Corticosterone in presence of RU38486 (500 nM) induces an increase in LTP magnitude (open
circles) compared with the control pathway (filled squares). Averaged EPSP slopes are plotted versus time. Representative traces
at indicated times are shown on top. The arrows indicate the times of HFS.
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tagonist RU38486 evoked a higher-magnitude LTP after HFS than
with control no-drug conditions (2.06 � 0.049 and 1.70 � 0.06,
respectively; p � 0.05; n � 9) (Fig. 5B). This experiment indicates
that GR activation is likely responsible for the lower-magnitude LTP
after HFS in the presence of corticosterone in the DH.

The situation was strikingly different in the VH, in which HFS
in presence of corticosterone produced a full-fledged LTP (Fig.
4). This enhanced LTP was completely blocked by spironolactone
(at 30 min from the onset, 1.16 � 0.05 compared with 1.17 � 0.06
of the correspondent control pathway; p � 0.087; n � 9) (Fig.
6A), indicating the involvement of MR in the effect. In contrast,
the GR antagonist RU38486 did not block the enhancing action
of corticosterone on LTP (at 30 min from the onset, 1.70 � 0.05
compared with 1.22 � 0.04 of the corresponding control path-
way; p � 0.001; n � 9) (Fig. 6B), indicating that MRs and not GRs
are likely to be activated to produce the enhanced LTP in VH.

To complement these observations, agonists for GRs and MRs
were applied to VH slices, and the resultant effect on ability to
produce LTP was evaluated. In the presence of a fairly low con-
centration of aldosterone (10 nM), an MR agonist perfused for 60
min, HFS produced a large LTP (1.63 � 0.05 compared with
1.23 � 0.05 of the control pathway; p � 0.001; n � 9) (Fig. 6C), as
seen with corticosterone itself. However, dexamethasone, a GR

agonist, could not mimic this effect and
did not produce LTP, as seen before (at 30
min from the onset, 1.15 � 0.053 com-
pared with 1.19 � 0.054 of the control
pathway; p � 0.87; n � 9) (Fig. 6D). Once
again, these results support the contention
that MRs but not GRs are responsible for
the enhanced LTP in the VH.

To verify that the long exposure to the
antagonists has no effect of its own, either
because of an action on endogenously re-
leased steroids or because of an effect on
the viability of the slices, the long-term ef-
fects of the antagonists were examined in
both the DH and VH. As summarized in
Figure 7, neither the MR or GR antagonists
had an effect on the ability to produce
LTP, even when they were applied for well
over 1 h.

Two complementary experiments were
conducted to determine the critical time of
exposure to the elevated levels of cortico-
sterone in the hippocampus. For these ex-
periments, the rats were stressed in pres-
ence or absence of spironolactone,
followed by the slice experiments, or were
stressed, and only the slices were exposed
to this MR antagonist. Briefly, spironolac-
tone was injected subcutaneously (20 mg/
kg) 1.5 h before the exposure to the ASS to
allow proper passage of the drug through
the blood– brain barrier and its binding to
the receptors (Avital et al., 2006). Slices
were cut 1 h after the exposure to stress as
usual. Under these conditions, spironolac-
tone blocked the effects of stress on LTP in
the VH (Fig. 8A). A two-way ANOVA for
mixed design with group as between-
subjects factor and time as within-subjects
factor revealed a significant effect for the

time of measurement (i.e., 15, 40, or 70 min; F(2,27) � 30.84; p �
0.0001). Moreover, a significant difference was found between
the groups (F(3,28) � 58.97; p � 0.0001). A Tukey post hoc test
revealed a significant difference between the stressed group and
all of the other groups ( p � 0.0001). This experiment demon-
strates that activation of MRs during stress is necessary for later
enhancement of LTP in the VH.

The complementary experiment was then conducted: would
blockade of MRs in the slices during the induction of LTP coun-
teract the potentiating effect of earlier stress on LTP seen above?
We addressed this issue in the experiments summarized in Figure
8B. Delivery of HFS in presence of spironolactone, in VH slices
from animals that were previously exposed to stress, evoked LTP
as large as that seen in the previously stressed, undrugged rats
(1.77 � 0.05 compared with 1.70 � 0.073; p � 0.83; n � 6) (Fig.
8B). This experiment demonstrates that VH slices of stressed
animals are committed to enhanced LTP already before the HFS
was delivered and that subsequent blockade of MR does not block
this propensity.

MRs act through VGCCs to enhance LTP in the VH
MRs have been shown previously to influence synaptic plasticity
(Pavlides et al., 1996). Specifically, it has been reported that their

Figure 6. Mineralocorticoid receptors induce LTP facilitation in ventral hippocampal slices. A, Corticosterone in presence of
spironolactone evokes a slightly lower-magnitude LTP (open circles) than in the control pathway (filled squares). B, Corticoste-
rone application in presence of RU38486 (500 nM) induces a higher-magnitude LTP (open circles) than in the control pathway
(filled squares). C, Application of the MR agonist aldosterone enhances LTP (open circles) compared with control (filled squares) in
ventral hippocampal slices. D, GR agonist dexamethasone (100 nM) induces a lower LTP (open circles) than in control (filled
squares). Averaged EPSP slopes are plotted versus time. Representative traces at indicated times are shown on top. The arrows
indicate the times of HFS.
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effect involves calcium influx (Rey et al.,
1994). To examine whether MRs enhance
the entry of calcium into neurons, their
effects on NMDA receptors (NMDARs)
and/or VGCCs were studied. The effect of
MRs on NMDA receptors was studied in
two complementary experiments; in the
first (Fig. 9A), 10 min after the HFS to the
control pathway, 50 �M APV was added to
the VH slices, and aldosterone was applied
10 min later. After 1 h of exposure to aldo-
sterone in the presence of APV, HFS was
applied to the second pathway. This stim-
ulation led to potentiation (1.74 � 0.074)
that was higher than that of the control
pathway (1.21 � 0.077; p � 0.001; n � 9).
These results indicate that the potentiating
effect of aldosterone on LTP is indepen-
dent of the activation of NMDARs and
that in fact, LTP facilitation by the steroid
hormone is of a non-NMDA type. To ver-
ify the lack of effect of MRs on NMDARs, a
second experiment was performed (Fig.
9B): after 10 min of baseline, the slice was
superfused with a modified ACSF that
promotes detection of NMDAR EPSPs
(containing 0 Mg 2�, 10 �M DNQX, and 10
�M glycine). After a stable NMDA-
mediated EPSP was obtained, aldosterone
was added, but it did not affect the NMDA
EPSP (EPSP slope,�0.21�0.021 compared
with �0.22 � 0.022 before the drug; p �
0.338; n � 9), indicating that NMDARs are
not likely to mediate the effect of aldosterone
on LTP in VH.

Calcium ions can permeate the mem-
brane through VGCCs. These channels in-
crease permeability to calcium when the
neuronal membrane is depolarized during
the EPSP. To test the possibility that MRs
activate VGCCs to enhance LTP, a specific
L-type VGCCs antagonist, nifedipine (10
�M), was used. Nifedipine by itself did not
affect EPSPs or the typical low-level LTP in
the VH under control conditions (Fig. 10).
However, in the presence of nifedipine, al-
dosterone could no longer potentiate
EPSP slope in response to HFS beyond the
control level (at 30 min from the onset
level respectively, 1.19 � 0.045 compared
with 1.21 � 0.043; p � 0.92; n � 9). This
experiment indicates that MRs act through
VGCCs to facilitate LTP in the VH.

Corticosteroids are known to exert
their effect on the target cell by binding to
membrane receptors, from which they are
transported into the nucleus to exert spe-
cific genomic action. Another, more re-
cently described mechanism involves a di-
rect action on membrane receptors (de
Kloet et al., 1996). Specifically, it has been
suggested that mitogen-activated protein
(MAP) kinases mediate the fast, non-

Figure 7. Blockade of MRs and GRs in slices of naive rats and in the absence of corticosterone does not change LTP properties
in DH and VH slices. Averaged EPSP slopes are plotted versus time. Representative traces at indicated times are shown on top. The
arrows indicate the times of HFS.

Figure 8. Blockade of MRs during stress blocks LTP in ventral hippocampus. A, LTP enhancement was impaired in VH of animals
treated in vivo with spironolactone before stress exposure (blue circles) compared with the group that was only exposed to stress
(red circles). B, Application of spironolactone to slices of animals previously exposed to stress does not block the enhanced LTP
(open circles) compared with the control pathway (filled squares). Averaged EPSP slope is plotted versus time. Representative
traces at indicated times are shown on top. The arrows indicate the times of HFS.
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genomic response of corticosteroids (Yang et al., 2004). To test
whether the effect of aldosterone on LTP in VH could be medi-
ated by a membrane-bound receptor, aldosterone was bath ap-
plied together with 1 �M PD98059, an extracellular signal-
regulated protein kinase (Erk) MAP kinase antagonist. Under
these conditions, aldosterone failed to enhance LTP after HFS (at
30 min from the onset level, 1.15 � 0.078 compared with 1.17 �
0.074; p � 0.9; n � 9) (Fig. 11), indicating that the effect of
aldosterone may involve activation of Erk.

Discussion
In the present study, we have shown that the VH CA1 is unable to
express as large LTP as sister slices taken from the other sectors
along the septotemporal axis of the hippocampus. This deficit is

Figure 9. NMDARs are not involved in the MR-mediated LTP in VH. A, In the presence of APV,
aldosterone induces a higher magnitude of LTP (open circles) than in the control (filled squares).
Averaged EPSP slope is plotted versus time. Representative traces at indicated times are shown
on top. The arrows indicate the times of HFS. B, Aldosterone does not change NMDA receptor
function. Hippocampal slices were placed in a perfusion chamber, and EPSPs were recorded in
stratum radiatum in response to stimulation. After stable baseline conditions were established,
the perfusion medium was changed to magnesium-free ACSF containing glycine and 10 �M

DNQX. After stable NMDA receptor-mediated EPSPs were established, 10 nM aldosterone was
added to the medium, and EPSPs were recorded. Representative traces at indicated times are
shown on top.

Figure 10. VGCCs mediate the effects of aldosterone in ventral hippocampal slices. In the
presence of nifedipine (10 �M), aldosterone no longer enhanced LTP but induced a level (open
circles) similar to control (filled squares). Averaged EPSP slope is plotted versus time. Represen-
tative traces at indicated times are shown on top. The arrows indicate the times of HFS.

Figure 11. MAP kinases may be involved in the MR-mediated LTP in ventral hippocampus.
In the presence of the Erk antagonist (PD98059), aldosterone could no longer cause an enhance-
ment of LTP (open circles) as seen in controls (filled squares). Averaged EPSP slope is plotted
versus time. The arrows indicate the time of HFS. Representative traces at indicated times are
shown on top.
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not likely to be caused by specific synaptic properties in this re-
gion, because the basal synaptic transmission, expressed in the
input– output relations, is very similar in the different sectors.
Our experiments indicate that it is the dynamic properties of the
network, expressed in the ability to undergo LTP, that are unique
to the VH. In this respect, the existence of a different local inter-
neuronal network in VH than in DH could underlie this altered
ability to express LTP, as suggested previously (Papatheodoro-
poulos and Kostopoulos, 2002), where VH exhibits a unique EEG
rhythm that is blocked by GABAA agonists. In addition, it has
been reported that there is a higher density of calbindin-positive
interneurons in VH than in DH (Freund and Buzsaki, 1996).

We have also shown that preexposure to ASS as well as to
corticosterone results in suppression of LTP in DH and its emer-
gence in the VH. The reduction of LTP magnitude after stress or
corticosterone application has already been described (Alfarez et
al., 2002; Yang et al., 2004; Krugers et al., 2005; Wiegert et al.,
2005). However, we have now demonstrated that this trend is
reversed in the VH. It has been shown both in vivo (Korz and
Frey, 2003; Avital et al., 2006) and in vitro (Krugers et al., 2005,
2006; Wiegert et al., 2005) that corticosterone can differentially
modulate LTP and synaptic transmission (Karst and Joels, 2005;
Karst et al., 2005) by activating different types of receptors. Spe-
cifically, it was shown that activation of the high-affinity MRs
facilitates LTP after stress (Korz and Frey, 2003; Avital et al.,
2006), whereas the low-affinity GRs specifically inhibit NMDA-
dependent LTP (Wiegert et al., 2005). In our study, corticoste-
rone at a fairly high dose (1 �M), which is likely to activate the
low-affinity GRs, impaired LTP in the DH, whereas in the VH, it
enhanced LTP. This was likely to be mediated by an MR-
mediated mechanism, because it was shown also with a low dose
of corticosterone, after application of aldosterone alone or corti-
costerone in presence of a GR antagonist. However, activation of
GRs did not change the basal level of LTP in the VH, indicating
that their contribution to modulation of LTP in VH is not signif-
icant. A plausible hypothesis to explain these results could be that
a different distribution of MRs and GRs exists in dorsal versus
ventral hippocampus. Specifically, more MRs are assumed to be
present in the VH, whereas the DH is likely to contain more GRs.
Accordingly, a high dose of corticosterone should activate more
easily GRs in dorsal, whereas MRs should be activated in VH at
the same concentration. This hypothesis is supported by a recent
study (Robertson et al., 2005), which reports that in a normal
animal not exposed to stress, the basal level of MRs in VH is
double that of the DH, whereas the basal level of GRs is twice as
high in DH as in VH.

We found that aldosterone facilitates LTP in VH through a
mechanism that requires activation of VGCCs. Our results con-
cur with previous reports on the effects of aldosterone on LTP in
CA1 (Pavlides et al., 1996). However, a direct link between aldo-
sterone and activation of L-type calcium channels has not been
reported so far. On the contrary, VGCC LTP, which is assumed to
be mediated by L-type channels, has been shown to be enhanced
by GRs (Krugers et al., 2005). In peripheral tissue, MRs activate
T-type rather than L-type calcium channels (Rossier et al., 2003),
which are proposed to underlie VGCC LTP. In another study
(Rey et al., 1994), it was shown that a low dose of corticosterone,
which is assumed to activate primarily MRs, caused an increase in
LTP in CA1 only if the extracellular calcium concentration is
increased from 2.5 to 3.1 mM. This effect could be mimicked by
the presence of high doses of corticosterone together with a spe-
cific GR antagonist. In our own study, nifedipine at low concen-
tration, which blocks selectively L-type channels, blocked the ef-

fects of MRs in VH. The marked difference between the
distributions of MRs and GRs in DH and VH, as well as the
likelihood that different types of MRs (Pascual-Le Tallec and
Lombes, 2005) exist in different parts of the hippocampus, leaves
this issue of a possible effect of MRs on L-type, VGCC-mediated
LTP still open for additional exploration.

It has been reported that corticosteroids have two types of
responses: a genomic and a nongenomic (de Kloet et al., 1996;
Smythe et al., 1997; Yamada et al., 2003; Karst and Joels, 2005;
Karst et al., 2005). The first one is mediated by intracellular cor-
ticosteroid receptors, requires protein synthesis, and is thought
to be a slower response. The second one is mediated by
membrane-bound receptors, does not require protein synthesis,
and is considered to be a faster response. On the one hand, in our
experiments, the MR antagonist could not block the LTP en-
hancement mediated by stress, if present only during induction
of LTP, indicating a possible involvement of a nongenomic
mechanism. On the other hand, in a different series of experi-
ments, aldosterone-promoted LTP was blocked by an Erk antag-
onist, indicating the involvement of a membrane receptor, be-
cause it has been reported that MAP kinases mediate fast
corticosterone membrane-bound receptor induced signaling
(Yang et al., 2004; Chai et al., 2005).

In conclusion, we have demonstrated that stress and cortico-
steroids differentially modulate LTP along the septotemporal axis
of the hippocampus. It has been shown that blocking MRs
(Smythe et al., 1997) lowers anxiety levels in vivo. However, we
have shown that MRs are specifically activated in the ventral hip-
pocampus after stress to enable LTP. Altogether, these experi-
ments suggest that MR modulation of synaptic transmission in
VH plays an important role in the functionality of the VH in
situations that challenge the homeostatic balance of the animal.
The unique efferents of the VH, connecting the hippocampus to
the anterior and medial parts of the hypothalamus and the ventral
striatum (Witter and Amaral, 2004), hint at the possible roles of
the altered plasticity of the VH in the ability of the animal to cope
with an acute stress.
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