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Brief Communications

Chronic Stress Induces a Selective Decrease in AMPA
Receptor-Mediated Synaptic Excitation at Hippocampal
Temporoammonic-CA1 Synapses
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Chronic stress promotes depression, but how it disrupts cognition and mood remains unknown. Chronic stress causes atrophy of
pyramidal cell dendrites in the hippocampus and cortex in human and animal models, and a depressive-like behavioral state. We now test
the hypothesis that excitatory temporoammonic (TA) synapses in the distal dendrites of CA1 pyramidal cells in rats are altered by chronic
unpredictable stress (CUS) and restored by chronic antidepressant treatment, in conjunction with the behavioral consequences of CUS.
We observed a decrease in AMPAR-mediated excitation at TA-CA1 synapses, but not Schaffer collateral-CA1 synapses, after CUS, with a
corresponding layer-specific decrease in GluA1l expression. Both changes were reversed by chronic fluoxetine. CUS also disrupted
long-term memory consolidation in the Morris water maze, a function of TA-CA1 synapses. The decreases in TA-CA1 AMPAR-mediated
excitation and performance in the consolidation test were correlated positively with decreases in sucrose preference, a measure of
anhedonia. We conclude that chronic stress selectively decreases AMPAR number and function at specific synapses and suggest that this
underlies various depressive endophenotypes. Our findings provide evidence that glutamatergic dysfunction is an underlying cause of
depression and that current first-line antidepressant drugs act by restoring excitatory synaptic strength. Our findings suggest novel

therapeutic targets for this debilitating disease.

Introduction

Major depression affects ~7% of the world population. Despite
its prevalence and socioeconomic burden, there is no known di-
rect cause or cure. Depression results from an interaction be-
tween genetic predisposition and environmental factors, such as
chronic stress.

A depressive-like behavioral state is induced in rodents by
chronic unpredictable stress (CUS; Willner et al., 1987). This
model demonstrates construct and face validity, because stress
correlates with human depression and CUS animals exhibit signs
similar to those of depressed patients, including anhedonia and
decreased social interaction (Willner et al., 1987; Berton and Nes-
tler, 2006). CUS also exhibits predictive validity, because these
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signs are reversed by antidepressants (ADs) when administered
chronically (Bondi et al., 2008).

McEwen and others have established that chronic stress re-
sults in physical changes in rodent brains. In the hippocampus,
chronic stress causes loss of distal apical dendritic branches in
CA3 pyramidal cells and decreases in the size and number of
dendritic spines (Watanabe et al., 1992; Magarifios and McEwen,
1995; McEwen, 1999; Sousa et al., 2000; Vyas et al., 2002), but its
effects on CA1 cells are less well characterized. Although stress-
induced impairment of excitatory synapses has been described in
the medial prefrontal cortex (Yuen et al., 2012) and nucleus ac-
cumbens (Lim et al., 2012), the evidence of changes in excitation
in hippocampus is ambiguous. In area CA3, chronic stress en-
hances synaptic currents mediated by NMDA-type glutamate re-
ceptors (NMDARs), but has no effect on AMPA-type receptors
(AMPARs; Kole et al., 2002). In contrast, chronic stress has no
effect on basal synaptic strength at Schaffer collateral (SC) syn-
apses in area CAl, but does impair LTP (Alfarez et al., 2003).
Finally, chronic social stress results in decreases in mRNA for
GluA1 AMPAR subunits in CA1 (Schmidt et al., 2010). The func-
tional consequences of stress-induced dendritic atrophy are thus
unclear.

We have shown that serotonin potentiates glutamatergic
transmission at temporoammonic-CAl (TA-CAl), but not SC-
CAl, synapses. This potentiation is quantitatively and qualita-
tively altered after CUS (Cai et al., 2013). We suggested that
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chronic stress induces changes in excitatory synapses and that
dysfunction of excitatory synaptic transmission contributes to
the genesis of depression. We now test this hypothesis using
TA-CA1 synapses as a model.

Materials and Methods

CUS. Male Sprague Dawley rats (3—4 weeks old at start; Harlan Labora-
tories) were randomly divided into control and CUS groups. CUS ani-
mals were treated with a 7 d cycle of stressors (Cai et al., 2013), repeated
over 67 weeks.

AD treatment. Animals were given fluoxetine (80 mg/ml) via their
drinking water during the last 3—4 weeks of CUS. All animals were
housed singly and water was changed every 3 d. Control animals received
water only.

Sucrose preference test. Rats were presented with two bottles containing
tap water or water containing 1% sucrose. Animals were first trained with
both bottles while group-housed. For subsequent tests, including during
the baseline period, animals were individually housed. Only animals
displaying an initial sucrose preference >65% were used for further
experiments.

Novelty-suppressed feeding. Novelty-suppressed feeding tests were per-
formed in a brightly lit arena in a dimly lit room (Santarelli et al., 2003).
Food pellets were placed on white paper in the center of the box. Rats
were food-deprived for 24 h. A maximum time allowance was set at 600 s.
Animals were then returned to their home cage and allowed to feed for 5
min. Food pellets were weighed before and after the 5 min to calculate
food consumption.

Acute slice electrophysiology. Standard methods were used to prepare
400-um-thick transverse hippocampal slices. Dissection and recording
saline contained the following: 124 mm NaCl, 3 mm KCI, 1.25 mm
NaH,PO,, 1.5 mm MgCl,, 2.5 mm CaCl,, 26 mm NaHCO;, and 10 mm
glucose, bubbled with 95% O,/5% CO,. Slices were then transferred to a
submersion-type recording chamber and perfused at 20-22°C. Picro-
toxin (100 um) and CGP52432 (2 um) were included to block GABA ,
and GABAj receptors, and the dentate gyrus and CA3 region were
removed.

Because TA-CALl synapses are electrotonically remote from CA1 cell
somata, we used extracellular recording of local field EPSPs (fEPSPs).
Recording pipettes contained saline (3—5 M{)) and were placed in
stratum lacunosum-moleculare (SLM) to record TA-CA1 responses
and/or stratum radiatum (SR) to record SC-CALI responses. fEPSPs
were amplified 1000X, filtered at 3 kHz, and digitized at 10 kHz.
Concentric bipolar tungsten electrodes were placed >500 um from
the stimulating electrodes in SLM for TA afferents or SR for SC affer-
ents. Stimuli (100 ws) were delivered at 0.05 Hz. In most experiments,
the stimulus intensity was set at 150% of threshold intensity, resulting
in a fEPSP of 0.1-0.2 mV.

For AMPA/NMDA ratios, Mg”—free saline was used to produce a
robust NMDAR-mediated component of the fEPSP. Three consecutive
responses were averaged and fEPSP slope was calculated over a 1-3 ms
window. For AMPAR-mediated responses, the window was fixed in the
initial rising phase of the response, 2—5 ms after its initiation. For NMDA
responses, DNQX (50 um) was applied for 15 min and the slope was
calculated over a 3—5 ms window in the rising phase of the response, 5-10
ms after its initiation.

Western blotting. SLM or SR tissue punches (1 mm diameter) were
dissected from area CAl in hippocampal slices and pooled (3—4). Mem-
branes were probed with antibodies against GluA1 (0.5 ug/ml; Millipore
Bioscience Research Reagents), GluN1 (1:1000; Millipore), PSD-95 (1:
1000; Millipore), or B-actin (1:2000; Cell Signaling Technology). Levels
of proteins are expressed as the ratio of intensity normalized to B-actin
intensity.

Memory consolidation. Rats were trained as described previously (Re-
mondes and Schuman, 2004; Cai et al., 2013). Animals received 10 blocks
of training (four trials/block) over 6 d. The platform remained in a fixed
location throughout, relative to spatial cues surrounding the tank.
Twenty-four hours following the 10th block of training, animals com-
pleted a probe trial and were returned to the animal facility for 28 d or
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subjected to CUS. Long-term consolidation was then tested with a probe
trial 28 d after completing the 10th block of training.

Statistics. Data are presented as mean = SEM. Experiments were
performed and analyzed with the experimenter blinded to the prior
treatment.

Results

Selective attenuation of AMPAR-mediated responses at
TA-CA1 synapses after CUS

We first compared fEPSPs in SLM in area CAl in response to
stimulation of TA afferents in acute slices from control rats, rats
subjected to 6—7 weeks of CUS, and rats treated with fluoxetine
during the last 3 weeks of CUS. Sucrose preference test (SPTs)
were performed in all animals. For these experiments, only CUS
rats with sucrose preferences <65% and control and fluoxetine-
treated animals with >65% sucrose preference were compared.

We observed no difference in the paired-pulse ratio of TA-
CA1 fEPSPs in slices from control and CUS animals (control:
1.51 £ 0.1, n = 19; CUS: 1.44 = 0.1; n = 14; p > 0.5, t test),
suggesting that presynaptic release probability at TA nerve termi-
nals was not affected by CUS, in agreement with previous reports
(Koleetal.,2002; Yuen etal., 2012). AMPAR-mediated responses
were considerably diminished in slices from CUS rats, compared
with controls, using two independent methods to control for the
intensity of stimulation and the health of the slices (fiber volley
amplitude and NMDAR-mediated responses). We first normal-
ized the AMPAR responses to the amplitude of fiber volley over a
range of stimulation intensities. The slope of this relationship was
then determined for each slice. The mean slope was significantly
(p < 0.05, Mann—Whitney U test) lower in CUS slices (n = 10
slices), compared with control slices (n = 8; Fig. 1a,b). Similarly,
when we normalized responses by comparing the slopes of the
AMPAR-mediated and NMDAR-mediated components at a
stimulation intensity producing fiber volleys of ~0.15 mV before
and after application of DNQX, the AMPA/NMDA ratio was
significantly (p < 0.01, Mann—Whitney U test) lower in CUS
slices compared with controls (Fig. 1¢). This difference did not
result from a difference in NMDAR-mediated responses be-
cause the relationship between NMDAR-mediated responses
and fiber volley amplitude was not significantly different in
any group (Fig. 1b).

Chronic stress-induced changes in behaviors can be reversed
by 3 weeks of fluoxetine administration (Muscat et al., 1992; Cai
et al., 2013). Consistent with the recovery of normal behavior,
AMPA/fiber volley (Fig. 1b) and AMPA/NMDA (Fig. 1c) ratios
were not significantly different in slices from control rats and
slices from rats subjected to CUS and then administered fluox-
etine (n = 8,8 slices).

The decrease in basal synaptic strength at TA-CA1 synapses of
rats subjected to CUS was not accompanied by a relative increase
in LTP. We found no substantial difference in either the magni-
tude or the time course of LTP at TA-CAL1 synapses in slices from
CUS rats compared with control rats in response to strong high-
frequency stimulation trains (Fig. 1d).

To determine whether the decrease in AMPAR-mediated ex-
citation was due to changes in receptor number or function, we
harvested SLM tissue in slices from controls, rats subjected to
CUS, and rats subjected to CUS and then treated with fluoxetine.
Consistent with the electrophysiology, GluA1 protein was signif-
icantly decreased in SLM in CUS tissue compared with control
tissue and fluoxetine-treated CUS tissue (n = 6,6,4 slices; Fig. 2a),
whereas GluA2 and GIuN1 expression were unaffected (Fig. 2b).
Consistent with atrophy of dendritic spines, we observed signif-
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Figure1.  Chronicstressimpairs AMPAR-mediated synaptic excitation at TA-CA1 synapses. , fEPSPs recorded in SLM in response to stimuli delivered at a graded series of intensitiesin Mg 2 -free
saline. Each line represents a series of responses from one slice from control (black) or CUS (gray) rats. Sets of data from representative slices shown above. b, Mean of the slopes of straight line fits
to the datain ain control rats (n = 6), CUSrats (n = 6), and CUS rats administered fluoxetine (n = 8)in Mg 2*_free saline before (left) and after (right) addition of DNQX. ¢, Mean of the slope of
the AMPAR-mediated and NMDAR-mediated components taken from each slice at a stimulation intensity that produced a fiber volley of ~0.15 mV. d, TA-CA1fEPSP slope is plotted before and after
induction of LTP in slices from control (black, n = 8 slices) and CUS animals (gray, n = 11 slices). *p << 0.05, **p << 0.01.
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Figure2. Chronicstress decreases Glu1 expression selectively. a, GluA1 expression, normalized to B-actin levels. Samples taken from SLM in slices from control rats (n = 6), CUSrats (n = 6), and
CUS rats administered fluoxetine (n = 4). b, PSD-95 (n = 5 control, 6 CUS), but not GluA2 or GIuN1 (n = 8,8,9) expression, was decreased in SLM in CUS tissue compared with controls. ¢, GluA1
expression was decreased selectively in SLM (n = 7,6) in CUS tissue compared with controls, but notin SR (n = 5,5). *p << 0.05, Mann—Whitney U test.

icant decreases in expression of the postsynaptic protein PSD95  ences between SC-CA1 AMPA/NMDA ratios in control and

in SLM in CUS tissue compared with controls (Fig. 2b). CUS animals (Fig. 3a) and no differences in GluA1 expression
The decrease in AMPAR-mediated excitation was specific to  in SR (Fig. 2¢).
TA-CALl synapses. We compared ratios in the same slices, deliv- There was a strong correlation between synaptic strength and

ering alternating stimuli, and observed no significant differ-  chronic stress-induced changes in behavior. Rats subjected to
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Decreases in AMPAR-mediated excitation are specific to TA-CAT synapses and correlated with affective state. a, Mean AMPA/NMDA ratios for SC-CA1 and TA-CA1 fEPSPs in slices from

control and CUS rats (synapse— group interaction, f; ) = 7.525, p = 0.025). There was no difference between control and CUS at SC-CAT synapses, whereas the ratio for TA-CAT responses was
significantly different for both CUS SC-CA1 and control TA-CAT responses. b, Sucrose preference before and after 3 weeks in control and CUS rats. The difference was significant for CUS (2 X 2
repeated-measures ANOVA group—time interaction, ; ,,, = 23.33, p = 0.0001; CUS at 3 weeks, *p << 0.05 vs all other groups, Bonferroni test). ¢, AMPA/NMDAR ratios for TA-CAT and SC-CA1
responses in each slice studied are plotted against the sucrose preference of the rat from which the slices were taken. TA-CAT responses were correlated with sucrose preference (R? = 0.36,p =

0.025), whereas SC-CA1 responses were not (R?= 0.003,p = 0.43).

CUS exhibited a significantly lower sucrose preference than naive
rats (Fig. 3b), and this behavioral measure had a significant pos-
itive correlation with TA-CA1 AMPA/NMDA ratios (p = 0.025;
Fig. 3¢). Conversely, there was no significant correlation between
SPT performance and AMPA/NMDA ratios of SC-CA1 synapses
(p = 0.43; Fig. 3¢).

We conclude that chronic stress-induced changes in behavior
are strongly correlated with decreases in AMPAR-mediated syn-
aptic excitation at TA-CAL1 synapses, but not SC-CA1 synapses,
as the result of changes in AMPAR expression and that restoring
normal behavior with chronic selective serotonin reuptake
inhibitor (SSRI) administration is accompanied by a recovery
of AMPAR function and expression.

CUS leads to a TA-CA1 synapse-specific cognitive deficit

Does the impairment of excitatory synaptic transmission at TA-
CA1 synapses have behavioral consequences? Previous work has
shown that TA-CA1 synapses are required for long-term consol-
idation of spatial memory (Remondes and Schuman, 2004). We
therefore asked whether subjecting animals to CUS after training
them in a spatially cued version of the Morris water maze task
would have any effect on memory consolidation. Naive rats were
trained to learn the location of the platform successfully, and
exhibited a preference for the target quadrant in a probe test 24 h
after the last training trial (Fig. 4a). Rats were then randomly
divided into CUS and control groups. Rats subjected to 3 weeks of
CUS displayed a lower sucrose preference than did the unstressed
controls, consistent with the induction of a depressive-like affec-
tive state. Twenty-eight days after training, the unstressed control
rats performed as well in a probe trial as they did 24 h after the end
of training, indicating that they had consolidated the memory of
the platform location. Rats subjected to CUS, in contrast, showed
a significantly lower preference for the target quadrant compared
with 24 h post-training and compared with unstressed control
rats (Fig. 4a), indicating that they failed to consolidate the mem-
ory of the platform location. This failure of consolidation thus
mimicked the effect of TA-CA1 synapse ablation (Remondes and
Schuman, 2004). There was no difference in swim speed, indicat-
ing that the CUS procedures did not produce motor deficits that
affected their performance of the task (Fig. 4b). The performance
of individual animals in the consolidation trial in the water maze
was correlated positively with their individual SPT results (r,,, =
0.50, p = 0.07) and correlated negatively with the novelty-

suppressed feeding test at the end of the experiment (r, =
—0.74, p = 0.002; Fig. 4c).

Discussion

Stress is a significant risk factor for major depression, and is
known to alter the dendritic architecture of neurons, including
hippocampal pyramidal cells (Magarifios and McEwen, 1995)
but the functional consequences of these anatomical changes re-
main poorly understood. We report here that 3 weeks of CUS led
to a decrease in the strength of excitatory synaptic transmission at
TA synapses in the distal apical dendrites of CA1 cells. The de-
crease was specific to TA-CAL1 synapses and was not detected at
SC synapses in proximal dendrites.

The effects of chronic stress were limited to downregulation of
AMPA-type glutamate receptors, without affecting NMDARs at
the same synapses. The AMPAR-mediated component of the
fEPSP was decreased by ~50%. The functional changes in synap-
tic transmission could be fully accounted for by the ~50% de-
crease in GluA1 expression in SLM, but not SR. Consistent with
our electrophysiological results, we observed no detectable
changes in GluA2 or GluN1 expression after CUS. Our results
contrast with those of Kole et al. (2002), who reported that 3
weeks of chronic restraint stress increased NMDAR-mediated
responses in CA3 cells.

Long-term depression decreases the AMPAR-mediated com-
ponent of the SC-CA1 EPSP, yet this decrease does not change the
subsequent maximal synaptic strength that is reached after in-
duction of LTP (Dudek and Bear, 1993). In contrast, the stress-
induced decrease in AMPAR-mediated excitation was not
accompanied by an increase in the relative magnitude of LTP at
TA-CAL1 synapses, indicating that the absolute value of post-
potentiated synaptic strength is lower in CUS animals, along with
the lower initial synaptic strength. Neither the biochemical ma-
chinery involved in the initiation and maintenance of LTP nor
the relative size of the pool of AMPARSs that can be rapidly recruited
for membrane insertion appears perturbed following chronic stress.
We suggest that activity-dependent synaptic plasticity remains capa-
ble of adjusting synaptic strength up or down at synapses after
chronic stress. However, the range of potential synaptic strengths is
scaled downward, thereby impairing the ability of TA inputs to trig-
ger action potential output from area CAl.

Yuen et al. (2012) reported stress-induced decreases in synap-
tic excitation in pyramidal cells in the medial prefrontal cortex
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probe trial performed 24 h after the last training trial, and a consolidation probe trial performed 28 d after the memory trial in control (black, n = 7) and CUS (gray, n = 6) rats. There was a significant
effectoftime (F 3 33, = 23.96,p < 0.001) and asignificantinteraction (F 5 55) = 3.07, p = 0.042). Post hoc paired t tests revealed no difference between the memory and consolidation probe times
in quadrant for control animals (¢ .5, = 0.2, p = 0.85), but asignificant difference for CUS animals (t,s) = 3.4, *p = 0.014). b, There was no difference in swim speeds during the consolidation trial
between control and CUS rats. ¢, The time in target quadrant in the consolidation trial for all animals was correlated with their sucrose preference (left, r,;,) = 0.5, p = 0.072) and latency to feed

in the novelty-suppressed feeding test (right, r,,,, = —0.74, p = 0.002).

(mPFC) mediated by degradation of GluA1l subunits. There are
differences between these findings and ours, however. First, Yuen
et al. (2012) found that both AMPARs and NMDARs were
equally diminished in mPFC. They also observed no change in
GluA1l function or expression in the hippocampus with 7 d of
chronic restraint stress, a time at which GluA1 and GluN1 were
decreased in mPFC, suggesting that TA-CA1 synapses may be
more resistant to the effects of chronic stress. Nevertheless, the
commonalities of our study and that of Yuen et al. (2012) rein-
forces our suggestion that excitatory synapse dysfunction is an
important contributing factor in stress-related neuropsychiatric
disorders.

The decrease in synaptic efficacy at TA-CA1 synapses after
chronic stress had deleterious behavioral consequences. Using
long-term consolidation of spatially cued memory in the Morris
water maze, a task that requires intact TA-CA1 synaptic transmis-
sion (Remondes and Schuman, 2004 ), we found that 3 weeks of
CUS fully prevented memory consolidation. We suggest that not
merely intact transmission and functional LTP, but a normal
range of synaptic strength is required for TA-CA1 synapses to
carry out their role in consolidation. If these synapses are weak-
ened or effectively eliminated by chronic stress, then they appear
incapable of subserving this function. Impaired spatial memory
has also been described in depressed humans (Gould et al., 2007).

Results of individual animals in the consolidation trial were
well correlated with the behavior of the animals in SPT and
novelty-suppressed feeding tests, further highlighting the com-
plex functional consequences of stress-induced synaptic weaken-

ing. There was also a correlation between the magnitude of the
decrease in the AMPA/NMDA ratio at TA-CA1 synapses in indi-
vidual hippocampal slices with the behavior of the animals in the
SPT. Although animals maintain a high sucrose preference in this
test even after bilateral hippocampal lesions, the correlation we
observed in these two disparate behaviors suggests that other
populations of synapses respond to chronic stress similarly to
TA-CALl synapses, such as synapses in the mPFC (Yuen et al,,
2012) and D1-expressing medium spiny neurons in the nucleus
accumbens (Lim et al., 2012).

We have previously discovered that antidepressants exert an
immediate potentiating action on excitatory synaptic transmis-
sion that is selective for TA-CA1, but not SC-CALI, synapses (Cai
etal,, 2013). This action is thus directly opposite to the effects of
chronic stress. We now report that chronic AD administration in
stressed animals also exerts a normalizing action on GluAl ex-
pression and AMPAR-mediated excitation, suggesting that ADs
exert long-term control of excitatory synaptic transmission.

The potentiating action of ADs at excitatory synapses was
shown in our previous study to be necessary for the ability of
these ADs to restore normal behaviors after chronic stress (Cai et
al., 2013). The present results support our suggestion that nor-
malization of synaptic excitation is a critical requirement of the
therapeutic action of ADs. In this regard, it is noteworthy that
ketamine exerts a rapid and lasting therapeutic response in de-
pressed patients and a rapid strengthening of excitatory synaptic
transmission through changes in AMPARs and expression of a
variety of synaptic gene products (Berman et al., 2000; Maeng et
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al., 2008). Our observations offer a potential explanation for why
ADs must be administered to depressed patients for weeks to
months before their symptoms are alleviated. Perhaps the in-
creased expression of GluA1 subunits is required in order for the
acute potentiating actions of ADs to be able to exert lasting im-
provements in cognition and mood. Indeed, others have shown
that chronic AD treatment increases AMPAR expression with a
time course similar to therapeutic efficacy (Martinez-Turrillas et
al., 2002).

Our data support an emerging excitatory synapse hypothesis
of depression in which chronic stress decreases AMPAR function
in specific subsets of synapses throughout the brain, of which
TA-CALl synapses represent a useful archetype. Depending on the
anatomical location of the affected synapses, such glutamatergic
dysfunction may account for the diverse symptoms of depres-
sion. Although serotonergic agents, such as SSRIs, are capable of
producing therapeutic actions in depressed patients, we suggest
that this fact does not necessarily indicate that a primary defi-
ciency in serotonin synthesis or release is the cause of depression.
Rather, AD-induced elevations in serotonin may exert beneficial
actions indirectly as a result of increases in the strength of weak-
ened excitatory synapses. Indeed, we found that chronic SSRI
treatment rescued AMPAR dysfunction in chronically stressed
animals. This suggestion is further supported by work showing
that SSRIs can increase AMPAR phosphorylation and surface
expression (Martinez-Turrillas et al., 2002; Svenningsson et al.,
2002). In sum, these data provide a rationale for the exploration
of new nonmonoaminergic therapeutic agents, including more
compounds that directly and indirectly target the strength of ex-
citatory synapses, such as AMPAkines and compounds that pro-
mote network excitability.
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