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Differential Modulation of Long-Term Depression by Acute
Stress in the Rat Dorsal and Ventral Hippocampus

Nicola Maggio and Menahem Segal

Department of Neurobiology, The Weizmann Institute, 76100 Rehovot, Israel

The ventral hippocampus (VH) was recently shown to express lower-magnitude long-term potentiation (LTP) than the dorsal hippocam-
pus (DH). An exposure to acute stress reversed this difference, and VH slices from stressed rats expressed larger LTP than controls,
whereas LTP in the DH was suppressed by stress. We have now used long-term depression (LTD)-generating trains of stimulation to
examine whether this differential LTP reflects a genuine difference in synaptic modifiability between the two sectors of the hippocampus.
Surprisingly, slices of DH and VH express similar magnitudes of LTD. However, while prior stress enhanced LTD in the DH, it actually
converted LTD to slow-onset, robust LTP in the VH. These two effects of stress on LTD were blocked by glucocorticosterone receptor (GR)
and mineralocorticosterone receptor (MR) antagonists, respectively. Acute exposure of slices to a GR agonist dexamethasone facilitated
LTD in slices of both DH and VH, while activation of MRs by aldosterone converted LTD to LTP in both regions. Thus, differential
activation of the two species of corticosterone receptors determines the ability of the two sectors of the hippocampus to undergo plastic

changes in response to LTD-inducing stimulation.

Introduction

Recent findings propose that a functional differentiation exists along
the septotemporal axis of the hippocampus, such that cognitive
functions, traditionally assigned to this structure, are, in fact, associ-
ated mainly with its dorsal sector (Colombo et al., 1998; Moser and
Moser, 1998; Strange et al., 1999; Pothuizen et al., 2004). In contrast,
the ventral hippocampus (VH) has been associated with regulation
of anxiety and is assumed to exert its effects mainly through connec-
tions with the amygdala and hypothalamus (Kjelstrup et al., 2002;
Bannerman et al., 2003, 2004; Degroot and Treit, 2004; Trivedi and
Coover, 2004). A major difference between the dorsal hippocampus
(DH) and VH is in the ability to evoke long-term potentiation (LTP)
of reactivity to afferent stimulation (Papatheodoropoulos and Ko-
stopoulos, 2000; Maruki et al., 2001; Colgin et al., 2004; Maggio and
Segal, 2007a). Specifically, LTP in VH is significantly lower than that
elicited in the DH.

We found that following exposure to acute swim stress, the
activation of mineralocorticosterone receptors (MRs) produced
an enhancement of LTP in VH, while in DH, LTP was impaired
by activation of glucocorticosterone receptors (GRs) (Maggio
and Segal, 2007b). These studies suggest that MRs and GRs as-
sume opposite roles in regulation of synaptic plasticity following
an acute exposure to stressors.

Using hippocampal slices, we explored whether the reduced
LTP in the VH reflects a genuine reduction in overall ability to
express plasticity, and thus will also be reflected in a reduced
ability to express long-term depression (LTD), or reflects a dif-

Received April 22, 2009; revised May 21, 2009; accepted May 22, 2009.

This work was supported by a grant from the German Research Foundation (DIP, 1-1922).

Correspondence  should be addressed to Nicola Maggio at the above address. E-mail:
nicola.maggio@weizmann.ac.il.

DOI:10.1523/JNEUR0SCI.1901-09.2009
Copyright © 2009 Society for Neuroscience  0270-6474/09/298633-06%15.00/0

ferent modification threshold, such that the VH will express a
larger LTD for the same stimulation frequency (Bear et al., 1987).
Subsequently, we examined whether stress has any effect on LTD
generation in the two sectors of the hippocampus.

Materials and Methods

Animals. Experiments were conducted according to institutional rules
and regulations. Young adult 10- to 12-week-old male Wistar rats were
used. The acute swim stress protocol consisted of exposing a naive rat to
aforced swim 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. Stress exposure was always commenced at 9:00 A.M., when the plasma
corticosterone levels are low (Finn et al., 2003, Krugers et al., 2005).

Drugs. The MR antagonist spironolactone (Sigma) and the GR antag-
onist RU38486 (mifepristone) were dissolved in 1,2-propandiole (20
mg/10 ml) and were injected subcutaneously (20 mg/kg) (Smriga et al.,
1998) 1 h before the forced swim.

The behavior of a subset of animals (# = 4 in each group) in the water
tank was measured to determine whether the drugs had any effect on
immobility. Surprisingly, while the control, GR-blocked, and GR/MR-
blocked rats spent approximately the same time being immobile, the
MR-blocked rats spent significantly more time being immobile in the water
tank (supplemental Fig. 1, available at www.jneurosci.org as supplemental
material). The relevance of this observation will be discussed below.

Slice procedures. Slice procedures were as detailed previously (Maggio
and Segal, 2007b). Briefly, the rat was rapidly decapitated, the hippocam-
pus was removed, and 350 wm slices were prepared using a Mcllwain
tissue slicer. Slices were collected from the 2 mm dorsal and ventral poles
of the hippocampus. Slices were perfused with artificial CSF (containing,
in mwm, 124 NaCl, 2 KCl, 26 NaHCO,, 1.24 KH,PO,, 2.5 CaCl,, 2 MgSO,,,
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 CAl. Stimulation was delivered through two sets of
bipolar nichrome electrodes placed on both sides of stratum radiatum,
equidistant from the recording electrode. LTD was induced by applying
900 stimuli at 1 Hz [as in the study by Dudek and Bear (1992)] with
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baseline values recorded at a frequency 0f 0.016
Hz at a stimulation intensity producing 50% of
maximal EPSPs. Values for each slice were av-
eraged across a 5 min interval, and the results of
at least seven slices of each treatment were av-
eraged. EPSP slope changes following the LTD
induction protocol were calculated with respect
to baseline. There were no systematic differ-
ences in the magnitudes of the baseline re-
sponses in the different conditions.

Results
LTP is lower in CA1 of the VH than in
DH, but LTD is similar in both sectors
As shown previously (Maggio and Segal,
2007b), baseline input—output relations
were the same in the DH and VH, but slices
from the VH were unable to produce as large
LTP as its DH counterpart (Fig. 1 A). At 40
min after a tetanic stimulation, the level of
potentiation reached 174 = 4.7% of baseline
level in DH, whereas in slices of the VH, this
potentiation reached 129% = 5.9 of baseline
levels (n = 7 slices in each group, p < 0.01).
In a separate set of slices, a low-
frequency stimulation [1 Hz, 900 pulses,
or two successive trains of 600 pulses at 1
Hz each (as in supplemental Fig. 2, avail-
able at www.jneurosci.org as supplemental
material)] produced a similar LTD, in the
two sectors of the hippocampus, amount-
ing to 85 = 7% of baseline level in the DH
slices, and 81 = 6.9% ( p = 0.89) of base-
line level in VH slices. These results indi-
cate that LTD is not a simple reflection of
LTP with respect to the DH/VH disparity.

Acute swim stress alters LTP and LTD in
both DH and VH

Following an acute stress, the two sectors of
the hippocampus reacted in an opposite
manner: LTP in the DH was reduced to
147 * 5.7% of baseline, while VH LTP was
now enhanced to 187 = 5.7% (p < 0.001
compared with control unstressed values)
(Fig. 1B), as seen previously (Maggio and
Segal, 2007b). Even more striking, LTD in
DH was enhanced, amounting to 49.4 =
6.5% of baseline level ( p < 0.01 compared
with control, unstressed condition) (Fig.
1B), whereas LTD was reversed into a slow-
onset LTP in the VH, amounting to 125 *+
7% above baseline at 40 min after the expo-
sure to the LTD-generating protocol (p <
0.001 compared with control, unstressed con-
dition). The effect of the stress on LTD was
even more striking when the LTD-generating
protocol consisted of two consecutive trains of
600 pulses at 1 Hz (supplemental Fig. 2A,B,

available at www.jneurosci.org as supplemental material).

Pharmacology of stress-induced LTD changes
We then examined whether this striking difference in behavior of
DH and VH slices in response to stress is mediated by activation
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Figure 1. Asimilar LTD in the DH and VH is affected in an opposite manner by stress. 4, LTP is larger in the DH than in the VH,
butLTDis the same in both regions. In separate groups of slices, LTD and LTP were generated in hoth slice types. As seen previously
(Maggio and Segal, 2007), LTP was larger in DH than in VH, but the two regions produced similar LTD (7 slices in each condition,
sample traces above the grouped data illustrate records taken at the indicated time points). B, Stress affects differently LTP and
LTD in the DH and VH; while LTP is reduced, and LTD is enhanced in the DH, LTP in the VH is enhanced, but LTD is converted to
slow-onset LTP (bottom right). Please note that the control groups in both the DHand VH are the same as in A. Sampleillustrations
are at the indicated time points marked on the grouped data, which are averages of seven slices each.

of different corticosterone receptors. Since we found in a previ-
ous study (Maggio and Segal 2007b) that the different antagonists
are more effective when applied before the exposure to stress than
during the recording, we injected rats with one or two of the MR
and GR antagonists, spironolactone and RU, respectively, and
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the DH amounted to 52.3 = 3% of base-
line level in the presence of the MR antag-
onist, which is not much different from the
effect of stress alone (see above and Fig. 3).
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produced the same level of LTD as in the
nonstressed condition (DH, 83.3 *= 4.2%,
VH, 81.6 = 6% of baseline, not different
from nonstressed condition) (Figs. 2E, F, 3).

Acute effects of corticosterone agonists
on LTD in DH and VH slices

Slices of DH and VH were recorded with
two stimulating electrodes placed on both
sides of the recording electrode in stratum
radiatum of CA1 region (as in Maggio and
Segal, 2007b). Before induction of LTD us-
ing the 900 pulse, 1 Hz protocol, responses
of the slices was approximately the same
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Figure2.

was now similar to drug-injected but unstressed rats (E, F).

examined the changes in reactivity to LTD-generating stimula-
tion paradigm. Grouped data of the time course of the experi-
ments are presented in Figure 2, and the summary of the statisti-
cal analysis of the data taken at a standard 5 min interval starting
40 min after the LTD train, in Figure 3. Quite surprisingly, while
MR and GR antagonism did not affect LTD on their own in either
the DH (MR, 81.5 = 8%, and GR, 79.2 = 7%) or the VH (MR,
86 = 7,and GR, 79 * 7% of baseline levels) (Fig. 2A-D), they did
modify the ability to express LTD following stress quite substan-
tially, and in opposite directions. Thus, following stress, LTD in
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Blockade of MR, GR, or both eliminates stress-induced LTD differences between DH and VH. Comparisons were made
between slices (7 each) taken from animals that were injected with the receptor antagonist before being stressed and controls
that were injected with the antagonists but not stressed. Blockade of MRs (i.e., activation of only GRs) during stress produced
enhanced LTD in both DH and VH (A, B), whereas blockade of GRs (i.e., activation of only MRs) converted LTD into LTP in both the
DHand VHin the slices taken from the stressed rats (€, D). Blockade of both GRs and MRs blocked the effects of stress on LTD, which

for the two stimulating electrodes in both
the DH and VH. Furthermore, LTD in-
duction in one pathway did not affect the
response to the other pathway (Fig. 4).
Following establishment of LTD in one
pathway, the slices were perfused continu-
ously for at least 1 h with either dexameth-
asone, to activate GRs, or aldosterone, to
activate MRs. In both the DH and VH (Fig.
4, top), perfusion of either agonist did not
change the baseline response to the stimulation in the two path-
ways studied. However, the activation of GRs caused a significant
enhancement of a newly formed LTD, measured 30 min after the
induction interval. In the DH, LTD amounted to 53 *= 4% of
baseline in presence of dexamethasone, compared with 75 *+ 5%
in the control pathway ( p < 0.01). In the VH, the presence of
dexamethasone enhanced LTD from 76 = 5% to 53 = 5% of
baseline (n = 7 slices each, p < 0.01).

Conversely, the presence of the MR agonist aldosterone (Fig.
4, bottom) in DH slices reversed LTD from 76 % 5% of baseline
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Figure 3.  Summary of changes in EPSP slopes for all of the different groups. Control and
swim stress conditions are compared with animals injected with antagonists for MR, GR, or both
inthe DH (top) and the VH (bottom). Results are based on a 5 min average taken at 40 min after
a1Hz,900-pulse train of stimuli that produced LTD in the control condition, which was the same
for both DH and VH. Two-way ANOVA on the averaged data in DH revealed a significant differ-
ence among the overall groups with respect to the pharmacological treatment (F = 11.67,p <
0.0001) and not with respect to the behavioral treatment (stress/control) the animals under-
went (F = 1.17, p = 0.28). However, post hoc t test analysis run between control and stressed
animals of the different pharmacological treatments group revealed a significant difference
among stress/control, MR block/MR block plus stress, and GR block/GR block plus stress. In VH,
two-way ANOVA analysis revealed a significant difference among the overall groups with re-
spect to the pharmacological treatment (F = 12.28, p < 0.0001) and the behavioral treatment
(stress/control) (F = 14.02, p < 0.001). Post hoct test analysis revealed a significant difference
among stress/control, MR block/MR block plus stress, and GR block/GR block plus stress. Aster-
isks denote p < 0.001.

to 125 &= 4%, resulting in a genuine LTP of reactivity to the
stimulation in the particular pathway studied ( p < 0.001). Like-
wise, in VH slices, LTD in the control pathway, amounting to
73 £ 5% of baseline, was converted in the presence of aldosterone
to a response that was 153 = 6% of baseline values ( p < 0.0001).
Interestingly, the potentiation of the response to afferent stimu-
lation by the presence of aldosterone was larger in the VH than in
the DH, indicating that other factors may be involved in the
plasticity of responses to the altered pattern of stimulation in the
VH (see also Maggio and Segal, 2009).

Discussion

In the present study, we were able to replicate our earlier results
(Maggio and Segal 2007a,b) showing that the VH CA1 expresses
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a smaller LTP than that produced in the DH. This deficit is not
likely to be caused by specific synaptic properties in this region,
since the basal synaptic transmission, expressed in the input—
output relations, was similar in the different sectors (Maggio and
Segal, 2007b). Surprisingly, both sectors of the hippocampus ex-
pressed similar magnitudes of LTD, indicating that the difference
in LTP in control conditions is not likely to reflect a difference in
modification threshold (Bear et al., 1987), but a genuine selective
difference in LTP-generating mechanism.

The differential effect of stress on LTD in the DH and VH is
striking indeed; starting from the same level of LTD in control
conditions, stress enhanced LTD in the DH, while it converted
LTD into slow-onset LTP in the VH. The effects of stress in the
DH are blocked by GR antagonists, and in the VH by MR antag-
onists. These results have interesting mechanistic and functional
implications in that they indicate that stress enhances LTP and
suppresses LTD in VH, while it suppresses LTP and enhances
LTD in DH. Together with our recent observations on the effects
of stress and corticosterone on intrinsic properties of CA1 pyra-
midal neurons (Maggio and Segal, 2009), these steroid effects on
LTP/LTD can be taken to indicate that stress affects neuronal
excitability in the two regions of the hippocampus in an opposite
manner, i.e., to increase excitability in the VH and reduce it in the
DH. Regulation of excitability can be achieved by controlling
intrinsic ionic conductances in the affected neurons or by con-
trolling excitatory or inhibitory synaptic drive to these neurons.
Earlier work has demonstrated that activation of steroid recep-
tors can affect calcium conductances in hippocampal neurons,
which will enhance the efficacy of synaptic input and may allow a
larger LTP (Chameau et al., 2007; Maggio and Segal, 2007b; Joéls,
2008). In addition, steroid hormones enhance miniature excita-
tory synaptic currents (Karst and Joéls, 2005), which may also
contribute to the enhanced synaptic excitability. Finally, our re-
cent observations illustrate that corticosterone acting at an MR
suppresses inhibitory synaptic currents, whereas at a GR it en-
hances inhibitory synaptic currents. In line with these observa-
tions, we now found that stress, in presence of blocked GRs
causes enhancement of LTP and suppression of LTD in both the
DH and VH, and conversely, in presence of blocked MRs, stress
causes enhancement of LTD in VH. These data are taken to indi-
cate that the difference between DH and VH is in the relative
contribution of GRs and MRs to the excitability of hippocampal
neurons, as expressed in their reactivity to patterned stimulation.
Indeed, recent observations indicate that there is a marked differ-
ence between DH and VH in the distribution of GRs and MRs
(Robertson et al., 2005). Consequently, activation of GRs is more
effective in the DH than in the VH, and blockade of these recep-
tors in the DH produces a response to the LTD-inducing 1 Hz
stimulation akin to that produced in VH slices.

Our data also indicate that contrary to a previously proposed
role of a sustained activation of the high-affinity MRs by ambient
corticosterone (Joéls, 2006), ambient corticosterone did not have
an effect on reactivity of the hippocampus to LTD-generating
stimulation in our testing conditions, as the injection of either
MR or GR antagonists had no effect on basal reactivity to the
afferent stimulation, or on LTD in either DH and VH.

Corticosterone has two types of responses: a genomic and a
nongenomic (de Kloet et al., 1996; Smythe et al., 1997; Yamada et
al., 2003; Karst et al., 2005; Karst and Joéls, 2005). The first one
requires protein synthesis and is activated by a low-affinity GR,
hence is thought to be a slow response. The second one is medi-
ated by a membrane-bound, high-affinity MR, and is considered
to be a faster response. In our experiments, both antagonists were
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vating selective corticosterone receptors,
stress regulates the connectivity of the two
hippocampal sectors with the rest of the
brain. The functional implications of these
suggestions need further exploration.
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