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Abstract

Chronic stress induces dendritic retraction in the hippocampal CA3 subregion, but the mechanisms
responsible for this retraction and its impact on neural circuitry are not well understood. To
determine the role of NMDA (N-methyl-D-aspartic acid) receptor (NMDAR)-mediated signaling
in this process, we compared the effects of chronic immaobilization stress (CIS) on hippocampal
dendritic morphology, hypothalamic-pituitary-adrenal (HPA) axis activation, and anxiety-related
and hippocampus-dependent behaviors, in transgenic male mice in which the NMDAR had been
selectively deleted in CA3 pyramidal cells and in non-mutant littermates. We found that CIS
exposure for 10 consecutive days in non-mutant mice effectively induces HPA axis activation and
dendritic retraction of CA3 short-shaft pyramidal neurons, but not CA3 long-shaft pyramidal
neurons, suggesting a differential cellular stress response in this region. Dendritic reorganization
of short-shaft neurons occurred throughout the longitudinal axis of the hippocampus and, in
particular, in the ventral pole of this structure. We also observed a robust retraction of dendrites in
dorsal CA1 pyramidal neurons in the non-mutant C57BL/6 mouse strain. Strikingly, chronic
stress-induced dendritic retraction was not evident in any of the neurons in either CA3 or CAl in
the mutant mice that had a functional lack of NMDARSs restricted to CA3 pyramidal neurons.
Interestingly, the prevention of dendritic retraction in the mutant mice had a minimal effect on
HPA axis activation and behavioral alterations that were induced by chronic stress. These data
support a role for NMDAR-dependent glutamatergic signaling in CA3 in the cell-type specific
induction of dendritic retraction in two hippocampal subregions following chronic stress.
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Introduction

Chronic stress leads to the development of a number of neural changes that may precipitate
the onset of psychiatric disorders. It is therefore important to identify the causal mechanisms
that mediate the stress response in order to develop effective clinical intervention strategies.
One neural region that may contribute to shaping the brain’s response to chronic stress is the
hippocampus, due to the profound structural changes observed in this region and the direct
and indirect anatomical connections to the hypothalamic-pituitary axis (HPA). Although not
uniquely so, the CA3 subregion of the hippocampus is extremely vulnerable to the effects of
long-term stress, as evidenced by a robust stress-induced decrease in complexity and
retraction of dendrites (Woolley et al., 1990, Watanabe et al., 1992h).

Regarding the cellular and molecular mechanisms underlying structural remodeling in the
hippocampus, the role of adrenal steroids appears to be most crucial (McEwen, 1999). In
1990, McEwen and colleagues made the seminal observation that repeated corticosterone
administration induces retraction of apical dendrites in the CA3 subregion of the
hippocampus in adult male rats (Woolley et al., 1990). Subsequently, attenuated
corticosterone secretion by the steroid synthesis blocker cyanoketone was shown to prevent
stress-induced CA3 dendritic retraction (Magarifios and McEwen, 1995). Other key
neurochemical systems responsible for structural remodeling in the hippocampus may
include glutamate release and NMDA (N-methyl-D-aspartic acid) receptors (NMDARS),
calcium channels, the serotonin system, GABA receptors, and opioids (McEwen, 1999). For
instance, phenytoin, an antiepileptic that interferes with glutamate release and its action,
prevents stress-induced CA3 dendritic retraction (Watanabe et al., 1992a, Magarifios et al.,
1996). These data are consistent with reports showing enhanced glutamate release in
response to restraint or immobilization stress (Gilad et al., 1990, Lowy et al., 1993).
Increased glutamate appears to act on NMDARSs, but not AMPA receptors, to trigger stress-
related morphological changes since the competitive NMDAR antagonist CGP43487, but
not the AMPA (a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate) receptor antagonist
NBQX (2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione), blocks stress-
induced dendritic remodeling in CA3c (Magarifios and McEwen, 1995). In light of the
potential excitotoxic action of NMDARSs in response to excess glutamate release (Tapia,
1996), a possible mechanism of CA3 dendritic retraction could be due to glutamatergic
excitotoxicity. In particular, McEwen suggests that glutamate release from mossy fiber
terminals plays a key role in the remodeling of the CA3 region (McEwen, 2007). Indeed,
chronic stress results in the depletion of synaptic vesicles from mossy fiber terminals,
suggesting that an increase in glutamate release from mossy fibers (Magarifios et al., 1997).
However, this idea cannot fully explain the involvement of NMDARs in CA3 dendritic
remodeling, because NMDARSs are almost absent in the stratum lucidum terminal zone in
CAZ3, the predominant site of mossy fiber projections (Watanabe et al., 1998). Although an
earlier study showed that a competitive NMDAR antagonist CGP43487 was effective in
preventing CA3 dendritic remodeling (Magarifios and McEwen, 1995) the use of systemic
injections failed to provide any information on region or synapse specificity in terms of the
mechanisms underlying this cellular response to chronic stress.

Based on anatomical evidence showing comparatively high expression levels of
postsynaptic NMDARSs, two obvious candidate synapses for mediating a glutamatergic
influence on stress-induced changes in morphology are the commissural/associational fiber
synapse and the stratum lacunosum-moleculare synapse in CA3 pyramidal neurons. To
assess the role of NMDARs at these CA3 synapses, we utilized a transgenic line of mice in
which the NR1 subunit (Grinl) of this receptor is ablated in CA3 (CA3-NR1-KO mice,
hereafter referred to as mutant) after adolescence (Nakazawa et al., 2002). NR1 is a requisite
subunit of the operational NMDAR and therefore selective ablation is functionally
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equivalent to eliminating the receptor itself. One of the distinct advantages of this genetic
model is that functional elimination of the NMDAR extends throughout the dorsal-ventral
axis of the hippocampus. We assessed hippocampal dendritic morphology following CIS for
10 days, adopting a protocol that had been shown to be sufficient to induce CA3 dendritic
retraction in rats and show an NMDA-dependent dendritic atrophy in hippocampal neurons.
Using a different cohort of animals, we further conducted tests of hippocampus-dependent
behavior and report a dissociation between structural and behavioral modifications
following chronic stress.

Experimental Procedures

Animals

Transgenic mice with selective post-adolescent ablation of the NR1 (Grinl) subunit of the
NMDAR in CA3 pyramidal neurons were generated as previously described (Fig. 1A-B)
(CA3-NR1 knockout mice or simply mutant) (Nakazawa et al., 2002). Male mice between
18 and 24 weeks of age were used for all experiments and their homozygously floxed-NR1
male littermates served as controls (Control). Three separate cohorts of mice were used in
the experiments described. In each cohort, mice of each genotype (mutant and non-mutant)
were randomly assigned to either a stress or non-stress group. Mice that underwent chronic
stress were housed in divided cages (2 mice per cage). Non-stressed mice were group-
housed (2—4 mice per cage). All mice were housed in a temperature and humidity-controlled
vivarium on a 12 h light-dark cycle and given ad libitum access to food and water. All
experiments were carried out in accordance with the Guide for the Care and Use of
Laboratory Animals, and were approved by the NIMH Animal Care and Use Committee.

In situ hybridization

Fresh-frozen parasagittal sections (14 um-thick) were hybridized with 33P-labeled cRNA
probe derived from an Avrll-Sphl antisense DNA fragment of rat NR1 cDNA containing
from exon 13 to exon 16, as previously described (Nakazawa et al., 2002).

Stress induction

Stressed mice were immobilized for 2 h per day for 10 consecutive days in rodent restraint
bags (Vyas et al., 2002) (Braintree Scientific, Inc., Braintree, MA). Non-stressed mice
remained in their home cages undisturbed except to be weighed. Mice were weighed on
Days 1 and 11 of the experiment. Blood samples were obtained through tail nicks on Days 1
and 10 both before and after the stress session. All samples were collected between 10-2 pm
to control for circadian variation in hormonal levels. Samples were centrifuged at 5,000 rpm
for 5 min to extract plasma which was then stored at —80 °C for subsequent analysis with a
corticosterone ELISA kit (Assay Designs Inc., Ann Arbor, MI). At the time of perfusion,
adrenal glands were bilaterally dissected and the mean wet weight per animal was obtained.

Histology and dendritic analysis

Brains were prepared for analysis by following a modified Golgi-Cox protocol (Glaser and
Van der Loos, 1981). Briefly, mice were intracardially perfused with a 0.8 % NaClI/EGTA
solution 24 h after the last day of stress exposure (Day 11 for non-stressed controls). Saline-
perfused brains were immersed in Golgi solution for 11 days, dehydrated, immersed in 4%
then 8% celloidin for 5 days each, embedded in 8% celloidin overnight and cut at 150 um.

Neurons were selected from three brain regions — dorsal CA1, dorsal CA3, and ventral CA3.
For purposes of analyzing differences between poles of the longitudinal axis, neurons in the
CA3 region were classified as dorsal or ventral if the neuron was located in the dorsal 40%
or ventral 40% of the hippocampus as illustrated in Fig. 3A. In CA3, long-shaft and short-
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shaft neurons were analyzed separately and identified according to morphological features
as previously described (Fitch et al., 1989). Long-shaft neurons have longer primary
dendritic shafts, relatively less branching, less extensive radial arborization of dendrites, and
a smaller number of thorny excrescences (Figs. 3B-D). In total, neurons were classified into
5 groups: CA1, CA3 Short-shaft Dorsal, CA3 Long-shaft Dorsal, CA3 Short-shaft Ventral,
and CA3 Long-shaft Ventral. A minimum of 4 and maximum of 6 pyramidal neurons from
each group were selected for analysis from each animal. Data were averaged to derive a
single mean value for each neuronal type in each animal. A total of 5 animals were used for
each experimental group. Only relatively isolated neurons with completely stained and intact
dendritic arbors from the middle third of the section were selected for analysis. Neurons
were drawn at 400-600X and morphology was quantified in three dimensions using a
computer-based neuron tracing system (Neurolucida, MBF Bioscience, Inc., Williston, VT)..

For statistical analysis, individual analyses of apical and basal dendritic features were
averaged to obtain a mean measurement per animal. This animal mean was used to obtain a
group mean for each neuronal type. For CA3, three-way ANOVAs were used to evaluate
means across region (Dorsal vs. Ventral), treatment (Stress vs. Non-stress), and genotype
(Mutant vs. Control) for dendritic branch length and number. Two-way ANOVAs were used
to evaluate CA1 morphological data. When appropriate, significant F tests were further
evaluated with Bonferroni post hoc comparisons. An a level of .05 was considered
significant. Data are presented as mean +SEM.

Elevated plus maze

Open field

The elevated plus maze (Mikes Machine Co., Attleboro, MA) consisted of two open arms
(30 x 5 cm) with 3mm high ledges and two closed arms (30 x 5 cm) with16 cm-high opaque
walls and a central square (5 x 5 cm). Mice were allowed to explore the maze for 5 min
while movement parameters (e.g. animal location, speed, distance traveled, etc.) were
detected through an automated video tracking software system (ANY-maze; Stoelting Co.,
Wood Dale, IL).

Mice were placed in a novel open field (54 x 80 cm) for 30 min to measure exploratory
behavior and locomotion. Automatic tracking of animals’ behavior was performed with a
video-integrated behavioral testing software application (ANY-maze).

Spatial short-term memory in Y maze

Mice were trained in a spatial short-term memory version of the Y-maze task. The maze
consists of three equidistant arms (40 cm). During a 10-min habituation trial, mice were
placed at the end of a start arm (pseudo-randomly selected and counterbalanced between
animals) and allowed to freely explore 2 arms of the maze. The third arm, the “novel” arm,
was inaccessible due to an opaque barrier. After a 5-min intertrial interval, mice were
returned to the maze and placed in the same start arm as in the previous trial but had free
access to all 3 arms. Preference for the novel vs. familiar arm was calculated as a ratio based
on time spent in each arm. Data were collected with the aid of video tracking software
(ANY-maze).

Fear conditioning

Fear conditioning training and testing were conducted as described previously (Cravens et
al., 2006). Briefly, mice were placed in a conditioning chamber consisting of distinct visual
cues and a grid floor to deliver scrambled footshocks. Training consisted of 2 footshocks
(0.8 mA, 2 s) with an interstimulus interval of 1 min preceded by and coterminating with a
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30 s tone (80 dB, 8 kHz). Twenty-four h later, the context-specificity of the conditioned fear
memory, as measured by behavioral freezing, was assessed. First, the mice were returned to
the chamber used during training for 6 min in the absence of any tone or shock stimuli.
Three h later, the animals were placed in a novel context in which the training tone was
presented after 3 min. Differences in freezing levels during the first 3 min in the two testing
environments reflected the level of contextually modulated fear memory.

NR1 subunit selectively ablated from CA3 pyramidal neurons in mutant mice

We first confirmed that NR1 deletion is selectively targeted to CA3 pyramidal neurons in
mutants at 22 weeks of age when all the experiments were conducted using in situ
hybridization. (Fig. LA-B).

Immobilization stress induces changes in plasma corticosterone level, body and adrenal

weights

CIS induces

To verify that our protocol elicited a robust stress response in mice at 18-24 weeks old, we
measured weight changes of whole body and adrenal gland and plasma corticosterone levels
before and after chronic stress. Stressed animals lost weight over the course of the CIS
treatment regardless of genotype (treatment: F(1,27) = 57.0; p<.001; genotype: F(1,27) =.
64, p>.05) (Fig. 2A) but mean weight of mutant and control mice did not differ in either
treatment condition at the end of the ten day experimental period (Nonstress condition:
Mutant = 34.6 £ 0.3 g; Control = 31.9 + 2.3 g; Stress condition: Mutant =28.0 £ 1.2 g;
Control = 27.7 £ 1.0 g). Adrenal weight was significantly increased in the Stress compared
to Non-stress groups regardless of genotype (treatment: F(1,27) = 44.61; p<.001; genotype:
F(1,27) = .0.47; p>.05) (Fig. 2B). There was a significant increase in blood plasma
corticosterone levels following stress induction on Day 1 as revealed by a significant main
effect of time of blood collection with respect to stress induction [Pre (before stress) vs. Post
(after stress), (F(1,56) = 52.99; p<.001]. Furthermore, on Day 10 both genotypes still
showed a substantial post-stress increase in corticosterone levels compared to pre-stress
measurements (p=.05 for Mutant, p<.05 for Control, Fig. 2C). These results suggested that
our CIS paradigm activates the HPA axis as evidenced by the physiological induction of
chronic stress effects. Interestingly, deletion of CA3 NMDARs had no impact on these
measures, which is consistent with a report showing HPA activity does not necessarily
depend on hippocampal activity (Tuvnes et al., 2003).

NMDAR-dependent retraction of pyramidal cell dendrites in dorsal CA3,

ventral CA3 and CA1

CA3 pyramidal neurons fall into two major categories largely based on the morphology of
apical dendrites (Fitch et al., 1989). Short-shaft neurons are characterized by relatively
compact apical shafts, a large number of thorny excrescences, and densely branched apical
and basilar trees. Long-shaft neurons are characterized by a comparatively elongated
primary apical shaft, a small number of thorny excrescences and relatively less dendritic
branching in both the apical and basilar trees (Figs. 3B and 3D). To determine whether
stress-induced remodeling of dendrites requires functional NMDARSs, we first analyzed the
morphology of apical and basal dendrites of short-shaft and long-shaft pyramidal neurons
from two regions spanning the longitudinal axis of CA3 (Fig. 3A; Table 1). We confirmed in
control mice that a significant reduction in dendritic material was observed in the apical
dendrites of short-shaft pyramidal neurons in both dorsal and ventral regions of CA3 (Fig.
4). One-way ANOVAs on the data from dorsal CA3 region revealed a significant decrease
in branch length (F(1,10) = 12.3; p<.01) (Fig. 4A). In the ventral CA3 region, not only
branch length but also branch number of the short-shaft neurons were substantially
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decreased in the stressed control group (length: F(1,10) = 11.3; p<.01; branch number:
F(1,10) = 14.6; p<.01) (Fig. 4B). These results suggest a comparatively enhanced impact of
chronic stress on the ventral CA3 region compared to the dorsal CA3 region. In contrast,
mutant mice did not exhibit any significant reduction in either apical branch length or
number of short-shaft neurons in either dorsal or ventral CA3 (Fig. 4: Dorsal branch length,
F(1,10)=.15, p=.7; branch number F(1,10) = .95, p=.35; Ventral: branch length, F(1,10) =.
42, p = .52, branch number F(1,10) =1.22, p = .29). These results clearly suggest that
NMDAR function is necessary for stress-induced dendritic retraction of short-shaft neurons
in area CA3.

Interestingly, the stress-induced atrophy of CA3 long-shaft neurons was much less
pronounced than that of short-shaft neurons. Two-way ANOVAs of apical branch length or
branch number in long-shaft neurons did not reveal any significant impact of CIS in either
control or mutant mice (Fig. 5). However, we found a significant difference in apical branch
number of dorsal neurons, although not length, when we compared mutant and non-mutant
mice in the non-stress condition (one way ANOVA; dorsal branch number (F(1,10) = 5.4,
p<.05). It is not clear whether this difference reflects a stress-independent compensation in
the mutant animals wherein the long-shaft neurons undergo morphological changes in
response to the lack of NMDARs or whether the chronic mild stress of laboratory housing
induces long-shaft neuron-specific retraction of dendrites which would suggest that these
neurons are more, not less, sensitive to stress.

Strikingly, we observed significant alterations in the apical dendrites of CA1 pyramidal
neurons in Control mice following CIS (Fig. 6), which was totally absent in the CA3-NR1-
KO mutant mice. Two-way ANOVA revealed a significant interaction between genotype
and treatment in total length (F(1,20) = 11.5; p<.01) and branch number (F(1,20) = 18.4; p<.
001) of apical dendrites. Post-hoc tests identified a significant difference between the stress
control group and all other groups (stress mutant, non-stress control and non-stress mutant;
p<.05). Lack of CA1 remodeling in the mutant mice indicated that CA1 dendritic retraction
is regulated by NMDARs in the upstream CA3 region, suggesting the feedforward effect of
CA3 dendritic remodeling on the CA1 subregion of the hippocampus.

Stress-induced dendritic remodeling in the hippocampus is independent of stress-induced
anxiety and hyperlocomotion

To determine the effect of stress-induced hippocampal dendritic remodeling on behavior, we
subjected the mutant and control mice to several tests beginning one day after the cessation
of CIS application. Chronically stressed mice, regardless of genotype, showed a decrease in
the amount of time spent in the open arms of the elevated plus maze (Fig. 7A), suggesting
anxiety-like behavior. Two way ANOVA revealed a significant main effect of treatment
(F(1,53)=13.8; p<.001) but no difference between genotypes or interaction between
treatment and genotype. In addition, overall distance traveled during the 5 min test was
significantly higher in the stress vs. non-stress groups (main effect of treatment = (F(1,53) =
8.5; p<01), suggesting hyperlocomotion after CIS regardless of the genotypes. Similarly, we
observed a stress-induced hyperlocomotion in the open field test (Fig. 7B). Two way
ANOVA on the total distance measure revealed a significant main effect of stress treatment
(F(1,30)=32.2, p<.001) but no difference between genotypes or interaction between
treatment and genotype.

Chronic stress enhances detection of spatial novelty independently of morphological
change to the hippocampus

To determine stress-induced changes in short-term spatial memory, we exposed mutant and
control mice to a Y maze task before and after CIS induction. A long-standing debate
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continues as to whether stress-induced CA3 dendritic retraction is detrimental or
compensatory in the net effect on hippocampal function (See Discussion). In this study, we
attempted to identify the role of CA3 dendritic retraction in the spatial memory. If retraction
is compensatory, mutants would show impaired performance in hippocampal dependent
behavior following CIS. To test this hypothesis, we used a spatial short term memory task
with a short test interval of 5 min because non-mutant mice would be expected to show
intact performance and memory formation despite being exposed to CIS (Bellani et al.,
2006). Two way ANOVA revealed a statistically significant increase in spatial memory
performance for both genotypes as indicated by a main effect of time of testing (pre-stress
vs. post-stress; F(1,27) = 4.46, p<.05) (Fig. 8A). These data indicate that spatial short-term
memory is enhanced following CIS treatment in the control mice as expected, but the
mutants are capable of performing at the same level despite the lack of stress-induced
dendritic remodeling. An important caveat is that the mutant mice may be performing close
to ceiling level prior to stress induction which could obscure any further stress-related
enhancement.

Expression of contextual fear discrimination is not affected by CIS

Finally, to evaluate the effect of dendritic remodeling in another hippocampal dependent
learning task, we subjected the mice to a contextual discrimination fear conditioning
protocol. Performance of this task was normal in the naive mutants (Cravens et al., 2006).
Mutant mice showed a slower rate of acquisition in fear conditioning compared to the CIS-
treated controls following CIS, as evidenced by significantly less freezing during the final
minute of the training session (Fig. 8B). Repeated measures ANOVA revealed a significant
main effect of trial minute (F(1,40) = 21.3; p<.0001) and a significant interaction between
genotype and trial minute (F(1,40) = 2.9; p<.05). However, both mutant and control mice
subjected to chronic stress prior to fear conditioning were able to distinguish between the
training and a novel context when tested for conditioned freezing responses 24 h later (Fig.
8B). Two-way ANOVA showed a significant main effect for context (F(1,20) = 5.6; p<.05)
but no significant differences between genotypes or in the interaction between genotype and
context. These results suggest that hippocampal dendritic remodeling as a consequence of
CA3 NMDAR deletion has little impact on the stress-induced behavioral outcome.

Discussion

Our results provide the first analysis, to our knowledge, of stress-induced morphological
changes throughout the entire longitudinal axis of CA3. We observed that CIS was sufficient
to reduce complexity and induce retraction of short-shaft apical dendrites in both dorsal and
ventral CA3 regions of non-mutant mice. Many laboratories have reported structural
changes in dorsal CA3 as a neural consequence of chronic stress (Watanabe et al., 1992b,
Magarifios et al., 1996, McEwen and Magarifios, 1997, Lambert et al., 1998, Vyas et al.,
2002, McLaughlin et al., 2009), but we have also now demonstrated robust dendritic
remodeling in the ventral CA3 region. Although dendritic retraction occurred throughout the
CA3 region, subtypes of pyramidal neurons were not affected equally. Specifically, we
found that apical dendrites of CA3 long-shaft neurons in the non-mutant mice were more
resilient to the effects of chronic stress. We predict that this resilience is due to differences
in the input to long-shaft and short-shaft neurons with the preponderance of mossy fiber
synapses impinging on the proximal dendrites of short-shaft neurons (Fig. 9). However, it is
conceivable that non-mutant long-shaft neurons are actually more vulnerable to stress,
including the chronic mild stressors arising from laboratory breeding and housing, since
there is evidence of less apical branching in hon-mutant than mutant mice even without the
induction of CIS (Fig. 5B). Although this difference in baseline measures of dendritic
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branching could be plausibly be explained by morphological consequences of the
conditional knockout of the NMDARs.

Despite this tendency toward more branching and longer dendrites in long-shaft neurons
prior to stress, mutant mice were not subject to dendritic retraction in either type of CA3
neuron in which the NMDAR had been functionally ablated. This result demonstrates a cell-
autonomous dependence on NMDAR-mediated processes in the induction of atrophy in this
stress-sensitive region of the brain. To examine potential non-cell autonomous effects in
downstream regions, we analyzed dendritic characteristics in the CA1 region and found a
significant reduction in apical branch number and length in stressed, non-mutant mice.
Again, mutant mice failed to show CIS-induced dendritic retraction in this region of the
hippocampus, suggesting that NMDARSs in CA3 are critical for stress-induced
morphological effects in CAL. Surprisingly, we observed no demonstrable impact of the
mutants’ resistance to dendritic retraction on several behavioral tasks following CIS,
suggesting some degree of dissociation between behavioral and cellular consequences of
chronic stress.

Potential mechanisms of NMDAR-dependent dendritic retraction in area CA3 and CAl

Putative mechanisms underlying stress-induced CA3 atrophy include glucocorticoid-
triggered signaling cascades and activity-dependent glutamate release (Conrad et al., 1996,
Smith, 1996, McEwen et al., 2002). With respect to the data presented here, it is unlikely
that glucocorticoid receptors are downregulated in NMDAR-deleted CA3 pyramidal cells
since activation of NMDARs appears to decrease glucocorticoid mRNA in the hippocampus
(Tritos et al., 1999). On the other hand, phenytoin, an anti-epileptic agent that is known to
interfere with glutamate release (Skerritt and Johnston, 1983), prevents stress-induced CA3
dendritic retraction (Watanabe et al., 1992a, Magarifios et al., 1996), suggesting that chronic
stress-induced glutamate release is essential for CA3 dendritic remodeling. Our genetic
manipulation, which results in functional elimination of CA3 NMDARs, likely decreases
activity in this region. Indeed, in vivo unit recording from the CA3 region of the same
mutants used in this study reveals a dramatic reduction in CA3 pyramidal cell firing (Jinde
et al., 2009). This reduction in CA3 firing frequency may result in diminished glutamate
release within the CA3 recurrent network and may be the critical factor in the prevention of
CA3 dendritic retraction in the mutants (Fig. 9). Accordingly, we predict that stress-induced
over-stimulation of CA3 NMDA receptors is responsible for eliciting hippocampal dendritic
retraction. NMDARSs at the commissural/associational fiber synapses may play a preferential
role in CA3 dendritic remodeling because these synapses comprise approximately 75% of
CA3 synapses and are the basis of the extensive recurrent network (MacVicar and Dudek,
1980). However we cannot exclude the contribution of secondary factors or mechanisms
which are also known to be NMDAR-dependent, such as brain-derived neurotrophic factor
and serotonin (Vaidya et al., 1999, Joca et al., 2007).

Additional evidence in support of this model is derived from the differential effect on short-
shaft and long-shaft neurons in non-mutant mice. This result reflects the cellular and
physiological heterogeneity of the CA3 region, which is rarely discussed in terms of the
contributions of this subregion to hippocampal processing. Indeed, aside from the initial
report that categorized CA3 neurons based on morphology (Fitch et al., 1989), very little is
known about the differences between these subtypes in terms of electrophysiological
response properties or signaling efficacy. There is a modest positional effect such that short-
shaft neurons are predominantly found in the superficial half of the pyramidal layer and
conversely, long-shaft neurons are mostly found in the lower half of the layer. But the
dominant discriminating feature is the length and arborization pattern of the apical dendrites.
Long-shaft neurons have minimally extensive branching in the orthogonal plane. Short-shaft
neurons are stouter with dendritic arbors extending in a more concentric manner. However,
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another readily observable feature of short-shaft neurons is the abundance of thorny
excrescences, which are the signature of glutamatergic mossy fiber input from dentate
granule neurons. If dendritic remodeling is due to excessive glutamatergic release in affected
neurons, then short-shaft neurons would be more susceptible to the excitatory input arriving
from mossy fiber afferents. Our model illustrates how invariant input from the dentate gyrus
can lead to a cell-selective impact on CA3 pyramidal neurons (Fig. 9).

NMDAR in CA3 pyramidal neurons regulate CA1 dendritic morphology

We found a selective reduction in dendrite length and branch number in CA1 pyramidal
neurons of stressed non-mutant mice, which is consistent with previous reports (Lambert et
al., 1998, McEwen, 2001). Notably, stress-induced atrophy in the mutant mice was totally
absent in CAL. This lack of dendritic retraction in CA1 pyramidal neurons could be
explained by the same mechanism we propose for CA3 as described above, i.e. diminished
glutamate release in the Schaeffer collateral projections from CA3 pyramidal neurons to
CAL neurons in mutant mice (Fig. 9). Supporting this idea, in vivo unit recording from the
CAL region of the same mutant mice revealed a reduction of feed-forward inhibition from
CA3 pyramidal cells to CA1 interneurons. Nonetheless, overall mean firing rates of CA1
pyramidal neurons are normal, suggesting a concomitant decrease in excitatory inputs from
CA3 to CA1 pyramidal neurons in the mutants (Jinde et al., 2009). This may explain the
lack of CIS-induced dendritic retraction of the mutant CA1 pyramidal neurons. Interestingly,
the same mutant mice used in the present study are much more vulnerable to kainic acid-
induced excitotoxicity in area CA1 (Jinde et al., 2009). Thus, it appears that although
glutamate release is necessary for eliciting dendritic retraction, the retraction may not be the
detrimental consequence of an excitotoxic effect. For instance, ibotenic acid-induced
excitotoxic damage is enhanced in the CA3 region in rats given 21 days of chronic restraint
stress compared with unstressed rats (Conrad et al., 2004), which only demonstrates that
stress may increase the vulnerability to neuronal insult. The functional significance of the
dendritic remodeling in terms of absolute impact on hippocampal processing has remained
elusive. The data of our mutant mice showing a clear dissociation between increased
vulnerability to excitotoxicity and dendritic remodeling in CA1 suggest that the dendritic
retraction is fundamentally compensatory, rather than detrimental, in terms of maintaining a
homeostatic balance in the local hippocampal circuitry.

Morphological impacts of stress on ventral vs dorsal CA3

We hypothesized that there may be heterogeneity in stress-induced changes in the
hippocampus because neurons projecting to stress-responsive regions such as the amygdala,
prefrontal cortex, and hypothalamus arise almost exclusively from the ventral hippocampus
(Swanson, 1981, Cenquizca and Swanson, 2006, Ishikawa and Nakamura, 2006, Ulrich-Lai
and Herman, 2009). It is therefore plausible that hippocampal-mediated influences on the
HPA axis might preferentially arise from changes in the ventral region. During our analyses
of Golgi-impregnated neurons in both the dorsal and ventral hippocampus, we did observe a
dramatic region-dependent difference in the cellular morphology of CA3 neurons that was
independent of whether the animals had been subjected to chronic stress, a finding that has
not been previously reported. Naive pyramidal neurons in ventral CA3 had reduced dendritic
complexity and less extensive processes. While the present study did not address the
functional implications of this morphological heterogeneity along the longitudinal axis, it
does suggest that this may be a relevant dimension to explore in future investigations of the
mechanisms underlying intrahippocampal processing. We did find a relatively more
pronounced reduction in overall dendritic material in the ventral region of CA3 indicating
that this region shows a similar vulnerability to the effects of chronic stress.
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Dissociation between behavioral and cellular consequences of chronic stress

Cogpnitive deficits associated with chronic stress are well-documented and hypothesized to
result, at least in part, from compromised integrity of the hippocampus (McLaughlin et al.,
2009). However, the literature is mixed regarding chronic glucocorticoid actions on
hippocampal learning and memory. Based on this conflicting evidence, an alternative
hypothesis has also been recognized suggesting that the atrophy observed in the dendrites of
hippocampal neurons may be a compensatory response to protect the hippocampus from
further damage (Ohl and Fuchs, 1999, McEwen, 2001, Bartolomucci et al., 2002, de
Quervain et al., 2009). In this view, a reduction in dendritic length may actually preserve
function and confer behavioral resistance to stress by minimizing the more severe risk of
neurodegeneration. As discussed above, the present morphology study together with our
recent study (Jinde et al., 2009) suggested a compensatory role of CA3 dendritic retraction
in modulating hippocampal function. If CA3 dendritic remodeling is primarily
compensatory, then mutant mice would be predicted to be more severely affected by
exposure to chronic stress. Thus, we opted to test this hypothesis using versions of two tasks
that have been shown to be sensitive to chronic stress manipulation (Conrad et al., 1996,
Kim and Diamond, 2002).

Unexpectedly, our behavioral results suggest that dendritic remodeling of hippocampal
neurons has only a marginal effect on stress-induced behavioral phenotypes.
Hyperlocomotion, anxiety-like behavior, spatial memory enhancement and contextual
discrimination were all indistinguishable between the mutant and non-mutant groups
exposed to chronic stress. Taken together with our results from the morphological analysis
showing that a CA3-specific NMDAR deletion prevents stress-induced atrophy, we reveal a
dissociation between behavioral and cellular consequences of chronic stress. It is puzzling
why both mutants and controls displayed similar stress-induced behavioral outcomes.
However, we only tested a subset of behaviors that are expected to rely upon the
hippocampus or be affected by stress. It is entirely possible that challenging the mice with
more complex tasks would reveal selective behavioral deficits in the non-mutant mice. In
particular, the extensive training required in incrementally learned tasks, such as the Morris
water maze, would allow for a more detailed analysis of acquisition rates over time. In
addition, the capacity for behavioral flexibility could be tested, which was not explicitly
examined in the one-trial learning protocols used in this study. Although manipulations of
the CA3 region can affect performance in rapid acquisition tasks, the differential effects on
morphology we observe in CA1 could be predicted to have an impact on more general forms
of hippocampal processing involving a broader range of behavioral challenges. Appetitive
tasks that rely on motivated behavior or instrumental tasks that require the animal to make a
response could also reveal novel deficits in the control mice, although it would be difficult
to interpret these data due to nonspecific physiological effects of stress that might obscure
an impairment in the hippocampal contribution to learning. It is also possible that extending
the exposure time to the stressor would eventually lead to a phenotypic divergence between
the mutant and non-mutant animals in learned behavior. Nonetheless, it is clear that there is
not a simple correspondence between hippocampal cellular morphology in this exceptionally
vulnerable region and stress-related changes in physiological status or behavioral
performance in the hippocampal-dependent tasks that we assessed. Given that other
corticolimbic structures such as basolateral amygdala and prefrontal cortex show stress-
induced changes (e.g., Vyas et al., 2002; Cook & Wellman, 2004) and contribute to many
hippocampal-dependent behaviors, perhaps changes in these structures contributed to the
stress-induced alterations in the behaviors we assessed. The dissociation we report between
cellular structure and systems-level function may raise important questions about the link
between this neural hallmark of chronic stress and its regulation of intra- and extra-
hippocampal deficits.
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Research Highlights
1. Chronic stress induces dendritic retraction of CA3 and CA1 pyramidal cells

2. Stress-induced dendritic remodeling was not evident in CA3 long-shaft
pyramidal neurons

3. Structural changes were absent in stressed CA3-NMDA receptor KO mutant
mice

4. Stimulation of CA3 NMDA receptors may elicit dendritic remodeling in the
hippocampus
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Fig. 1.

In situ hybridization of the NR1 subunit mMRNA of the NMDA receptors in 22 week old
male mice. Parasagittal brain sections with enlarged inserts of the hippocampus in control
(A) and mutant (B) mice. Arrowheads indicate scattered hybridization signals that are likely
derived from CA3 interneurons. Scale bar, 100 um; scale bar in inset, 25 pum.
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Fig. 2. Physiological effects of chronic immobilization stress (CIS)

(A) Significant weight loss over the 10 day treatment period was observed in the Stress
groups of both genotypes. (B) Adrenal hypertrophy was also observed in Stress Control and
Stress Mutant mice. All stress effects were significant in both CA3-NR1-KO and control
mice. No significant differences were observed in any physiological indicator of chronic
stress between genotypes. (C) Plasma corticosterone levels increased after CIS on both Day
1 and Day 10. *P<.05; mean £SEM.
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Fig. 3.

CIS induces atrophy of apical dendrites in short-shaft CA3 pyramidal neurons. (A) Neurons
were sampled from the dorsal (black shading) and ventral (gray shading) poles of the
hippocampus. (B) Picture of Golgi-Cox stained short-shaft (single arrowhead) and long-
shaft (double arrowhead) CA3 pyramidal neurons. Arrowheads indicate relative difference
in length of primary dendritic shaft. Image captured at 20x resolution and enlarged to see
detail. (C-D) Representative reconstructions of short-shaft (C) and long-shaft (D) from the
dorsal and ventral regions in Non-stressed (top row) and Stressed (bottom row) mice. Within
each panel, representative tracings from Mutant mice are shown on the left and tracings
from Control mice are shown on the right.
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Fig. 4.

Overall dendritic length (A) of neurons in both dorsal and ventral regions of Stress Control
mice (n=5) was significantly reduced. Branch number (B) was significantly decreased only
in the ventral region of Stress Control mice. Neither parameter was significantly altered in

pyramidal neurons of Stress Mutant mice (n=5) in any region of the hippocampus. *P<.05;
mean +SEM.
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Long-shaft apical dendrites in CA3 are resistant to chronic stress. CIS did not induce a
significant reduction in either overall dendritic length (A) or branch number (B) in either
region of the hippocampus regardless of genotype. Two-way ANOVA revealed a main
effect of genotype regardless of treatment but analysis of genotypic differences in the Non-
stress groups showed a significant baseline difference between Control (n=5) and Mutant
(n=5) only in dorsal branch number (bottom graph). *P<.05; mean +SEM.
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Fig. 6.

Genetic ablation of NR1 in CA3 pyramidal neurons modulates stress response in CAl. Both
total length (A) and branch number (B) of apical dendrites were significantly decreased in
CAL1 pyramidal neurons in Control mice (n=5) subjected to CIS. Mutant mice (n=5) showed
no significant stress-induced retraction. *P<.05; mean £SEM.
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Fig. 7.

CIS-induced hyperlocomotion and anxiety. (A) Chronically stressed mice spent less time in
open arms (top row) of the elevated plus maze but were more active overall as reflected in
the total distance traveled (bottom row). (B) During 30 min of open field exploration,
chronic stress did not affect center stay time in either genotype (top row). Both mutant and
control mice subjected to CIS showed higher overall activity levels during the test (bottom
row). *P<.05; mean £SEM.
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Mutant

Behavioral effects of chronic stress did differ between genotypes. In the Y-maze (A), spatial
working memory was enhanced in the non-mutants as shown by a relative increase in
exploration of the novel arm during the post-stress test. During contextual fear conditioning
(B), stressed Mutant mice showed a significantly decreased level of conditioned freezing
during the last minute of the training session (top row), suggesting impaired acquisition but
contextual discrimination 24 h later was intact in both Control and Mutant groups (bottom

row). *P<.05; mean £SEM.
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Fig. 9.

Simplified model depicting how CA3 NMDARs may mediate stress-induced restructuring in
both CA3 and CAL1 subregions of the hippocampus. Recurrent connections within CA3 are
targeted to more distal dendritic regions that are the site of the most dense distribution of
NMDARs. A decrease in CA3 activity resulting from NMDAR ablation would have a
feedforward effect in reducing the excitatory drive to CA1 pyramidal neurons. Although
mossy fiber excitatory input remains the same in the mutant and non-mutant mice (Control),
the cumulative excitatory input is the determinant of the cellular susceptibility to stress. A
reduction in net excitatory drive from either a decrease in recurrent activity (as in our mutant
mice) or from fewer thorny excrescences (as in the long-shaft neurons) results in a
protective effect against morphological changes. LS; long-shaft neuron, SS; short-shaft
neuron.
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Table 1

Summary data of branch lengths and numbers

CAl

Experimental group

Apical dendritic length

Apical branch points

Basal dendritic length

Basal branch points

Control nonstress
Control stress
Mutant nonstress

Mutant stress

1035.57 +51.64
775.18 + 22.26*
995.55 * 26.89
1081.51 +80.83

31.62£1.95
22.90 + 1.26*
25.30£0.70
31.68 £ 2.55

770.30 £ 54.61
825.09 + 105.44
828.14 + 105.96
843.59 + 60.12

24.55+0.98
27.73+1.97
26.94 + 1.67
27.30 +1.55

CAZ3 Short shaft

Experimental group

Apical dendritic length

Apical branch points

Basal dendritic length

Basal branch points

Dorsal:

Control nonstress
Control stress
Mutant nonstress
Mutant stress
Ventral:

Control nonstress
Control stress
Mutant nonstress

Mutant stress

1086.91 + 72.08
776.19 £ 51.26*
1123.85 + 108.68
1175.84 +72.90

794.71 + 87.17
492.52 £ 21.76*
877.57 £ 59.50
826.78 + 50.42

27.64+1.03
22.83+2.67
31.20+231
27.24+2.04

23.70+1.12
17.40 +1.12*
26.64+1.72
24.73+2.65

898.95 + 132.95
967.02 £72.93
1068.98 + 117.79
1145.53 + 140.16

800.10 + 70.06
656.83 + 94.29
769.19 £ 61.45
867.25 + 76.67

25.38 +2.59
26.99+1.74
29.01 +2.67
30.89 + 2.66

22.61+1.34
21.85+2.00
23.08 +£0.97
23.13+1.26

CA3 Long shaft

Experimental group

Apical dendritic length

Apical branch points

Dorsal:

Control nonstress
Control stress
Mutant nonstress
Mutant stress
Ventral:

Control nonstress
Control stress
Mutant nonstress

Mutant stress

770.21 £ 90.75
634.96 + 69.11
869.29 + 41.57
935.22 + 83.13

486.33 + 43.80
379.14 + 58.09
559.74 + 60.50
632.62 + 50.75

18.62 +1.67
15.88 +1.33
23.17 +0.75
22.25+2.10

15.05 +1.42
11.79 +1.08
16.35+1.63
15.90 +0.52

Page 23

Summary data of branch length and number for each experimental group (n=>5) analyzed (control non-stress, control stress, mutant non-stress,
mutant stress). Data are further subdivided by anatomical location (CA3 Dorsal, CA3 Ventral, and CA1) and within CA3, by neuronal subtype

(Short-shaft, Long-shaft). For control mice, values that denote a significant decrease following CIS are marked with an asterisk (p<.05).
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