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Abstract
A growing body of work has documented sex differences in many behavioral, neurochemical, and
morphological responses to stress. Chronic stress alters morphology of dendrites in medial prefrontal
cortex in male rats. However, potential sex differences in stress-induced morphological changes in
medial prefrontal cortex have not been examined. Thus, in Experiment 1 we assessed dendritic
morphology in medial prefrontal cortex in male and female rats after chronic stress. Male and female
rats underwent either three hours of restraint daily for one week or were left unhandled except for
weighing. On the final day of restraint, all rats were euthanized and brains were stained using a Golgi-
Cox procedure. Pyramidal neurons in layer II-III of medial prefrontal cortex were drawn in three
dimensions, and morphology of apical and basilar arbors was quantified. In males, stress decreased
apical dendritic branch number and length, whereas in females, stress increased apical dendritic
length. In Experiment 2, we assessed whether estradiol mediates this stress-induced dendritic
hypertrophy in females by assessing the effects of restraint stress on female rats that had received
either ovariectomy with or without 17-β-estradiol replacement or sham ovariectomy. Brains were
processed and neurons reconstructed as described in Experiment 1. Both sham-operated and
ovariectomized rats with estradiol implants showed stress-induced increases in apical dendritic
material, whereas ovariectomy without estradiol replacement prevented the stress-induced increase.
Thus, the stress-induced increase in apical dendritic material in females is estradiol-dependent.

Introduction
Stress can disrupt cognitive and emotional behavior (Lupien and Lepage, 2001) and can
precipitate or exacerbate many psychological disorders, most notably depression,
schizophrenia, and posttraumatic stress disorder (Brown and Harris, 1989;Ventura et al.,
1989). Sex is an important variable influencing many of these stress-related disorders. For
example, in women, risk for depression is about double that in men (Nolen-Hoeksema and
Girgus, 1994), and women are more susceptible to stress-related disorders such as generalized
anxiety and post-traumatic stress disorders (Weissman et al., 1988;Stein et al., 2000). Thus,
understanding the basis of this sex difference is an important goal in developing appropriate
interventions for stress-related disorders (Pinn, 2005).
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Stress has profound effects on the morphology of corticolimbic structures including the
hippocampus, amygdala, and prefrontal cortex (Magariños and McEwen, 1995;Vyas et al.,
2002;Cook and Wellman, 2004). Relatively little work has examined potential sex differences
in the morphological effects of stress. However, sex differences in stress-induced changes in
hippocampal morphology have been documented in the CA3 and CA1 regions of the
hippocampus (Galea et al., 1997;McLaughlin et al., 2005), and these differences are paralleled
by differential stress effects on hippocampally mediated behaviors (Williams and Meck,
1991;Luine et al., 1994;Bowman et al., 2001;Luine, 2002;Conrad et al., 2003).

Prefrontal cortex has been implicated in many psychological disorders, including
schizophrenia, depression, and posttraumatic stress disorder (Baxter et al., 1989;Drevets et al.,
1992;Carter et al., 2001;Takahashi et al., 2004), is involved in cognitive processes that are
influenced by chronic stress (e.g., Dias et al., 1996), and is a target for the hormones involved
in the stress response (Meaney and Aitken, 1985). Stress produces profound changes in the
morphology of neurons in medial prefrontal cortex (mPFC) of male rats (e.g., Cook and
Wellman, 2004;Brown et al., 2005;Izquierdo et al., 2006). In males, chronic restraint stress
dramatically remodels apical dendrites of pyramidal neurons in mPFC, producing reductions
in apical branch number and length (Cook and Wellman, 2004). Interestingly, dendritic
morphology of mPFC appears to be exquisitely sensitive to stress: just one week of brief (10
min) daily restraint reduces mPFC apical dendritic branch number and length in male rats
(Brown et al., 2005). Furthermore, chronic stress also alters prefrontally mediated behaviors
in male rats. For instance, chronic restraint stress impairs extradimensional set-shifting (Liston
et al., 2006) and retrieval of extinction of conditioned fear (Miracle et al., 2006).

Importantly, all of the studies to date examining stress effects on the morphology of prefrontal
cortex have focused on males. Given the sex differences in stress-related psychological
disorders mentioned above, the absence of information on the impact of stress on the prefrontal
cortex of females, as well as the mechanisms underlying potential sex differences, is
problematic. A recent study demonstrated a sex difference in the effect of chronic stress on
recall of extinction of conditioned fear (Baran et al., 2009), suggesting that stress could also
have differential effects on morphology of mPFC in males versus females. Thus, to begin to
examine potential sex differences in medial prefrontal cortex stress effects, we assessed
dendritic morphology in medial prefrontal cortex in male and female rats after chronic restraint
stress.

Experiment 1
Experimental Procedures

Animals and Treatment—Male (n=12; 200-246 g, 51-59 days old at the start of the
experiment; Harlan, Indianapolis, IN) and female Sprague-Dawley rats (n=12; 177-222 g, 55
days old at the start of the experiment; Harlan, Indianapolis, IN) were same-sex group-housed
in a vivarium with ad libitum access to food and water. The room was temperature- (23-25°
C) and humidity-controlled with a 12 h light-dark cycle (lights on at 7 a.m.). All experimental
procedures were performed during the light cycle. All procedures were approved by the
Bloomington Institutional Animal Care and Use Committee and were conducted in accordance
with NIH guidelines.

Half of the rats (n=6 male and 6 female) were placed in a plastic restrainer in their home cages
3 h daily for 7 days. Previous data indicate that this manipulation is stressful, resulting in a
significant increase in plasma corticosterone (Cook and Wellman, 2004). The remainder of the
rats (n=6 male and 6 female) served as unstressed controls. All rats were weighed every other
day.
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Histology and Dendritic Analysis—Immediately after the final session of restraint stress,
animals were overdosed with urethane and then perfused with 0.9% saline. Brains were
removed and processed using Glaser and Van der Loos' modified Golgi stain (Glaser and Van
der Loos, 1981). Tissue was immersed in Golgi-Cox solution (a 1:1 solution of 5% potassium
dichromate and 5% mercuric chloride diluted 4:10 with 5% potassium chromate) for 12 days.
Brains were then dehydrated and infiltrated with a graded series of celloidins before being
embedded in 8% celloidin. Coronal sections were cut at 160 μm on a sliding microtome (AO
860; American Optical Company, Buffalo, NY). Free-floating sections were then alkalinized
in 18.7% ammonia, developed in Dektol (Kodak), fixed in Kodak Rapid Fix (prepared as per
package instructions with Solution B omitted), dehydrated through a graded series of ethanols,
cleared in xylene, mounted, and coverslipped.

Pyramidal neurons in layer II–III of the Cg1-3 area of medial prefrontal cortex (anterior
cingulate and prelimbic cortex; Fig. 2a) were drawn. Cg1-3 is readily identified by its position
on the medial wall of rostral cortex, and its location dorsal to infralimbic cortex, which is
markedly thinner than the Cg1-3 area and has fewer, less well-defined layers (Zilles and Wree,
1995). Within Cg1-3, layer II–III is readily identifiable in Golgi-stained material based on its
characteristic cytoarchitecture. Its position is immediately ventral to the relatively cell-poor
layer I (which also contains the distal dendritic tufts of layer II–III pyramids) and immediately
dorsal to layer IV; in medial prefrontal cortex, this boundary is pronounced because of the
greater cell-packing density and smaller somata of pyramidal cells in layer II–III relative to
layer IV (Cajal, 1995;Zilles and Wree, 1995).

Pyramidal neurons were defined by a distinct, single apical dendrite extending from the apex
of the soma toward the pial surface of the cortex, two or more basilar dendritic trees extending
from the base of the soma, and dendritic spines (see Fig. 2b). Neurons selected for
reconstruction did not have truncated branches and were unobscured by neighboring neurons
and glia, with dendrites that were easily discriminable by focusing through the depth of the
tissue. In 5 sections evenly spaced through the rostral-caudal extent of Cg1-3, all pyramidal
neurons meeting these criteria were identified. Using a random number generator
(www.randomizer.org), ten neurons per animal (5 from each hemisphere) were then randomly
selected from all of these identified neurons and reconstructed. This yielded a within-animal
error of approximately 10% [mean within-animal SEM for total branch length = 12.56 ± 0.58%
(males), 11.79 ± 0.39% (females)], and thus was considered to provide a representative sample.
All neurons were drawn at 600× and morphology of apical and basilar arbors was quantified
in three dimensions using a computer-based neuron tracing system (Neurolucida; MBF
Bioscience, Williston, VT) with the experimenter blind to condition.

Several aspects of dendritic morphology were examined. To assess overall changes in dendritic
morphology, the number and length of apical and basilar dendrites were analyzed using 2-way
ANOVAs (sex × stress) followed by appropriate planned comparisons. To assess differences
in the amount and location of dendritic material, a three-dimensional version of a Sholl analysis
(Sholl, 1956) was performed. A Sholl analysis estimates the amount and distribution of
dendritic material by counting the number of intersections of dendrites with an overlay of
concentric rings centered on the soma. In the present study, the total length of dendrites between
concentric spheres at 20 μm intervals was assessed. These data were compared for males and
females using 3-way repeated-measures ANOVAs (sex × stress × distance from soma)
followed by appropriate planned comparisons. For all analyses, planned comparisons consisted
of F tests done within the context of the overall ANOVA (Hays, 1994), comparing either male
versus female unstressed rats or unstressed versus stressed rats.
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Results
Weight Data—Unsurprisingly, weight gain differed significantly between males and females
[Fig. 1; main effect of sex, F(1,20) = 48.64, p<0.05]. Likewise, consistent with work
demonstrating that chronic stressors such as restraint or immobilization attenuate normal
weight gain (Martí et al., 1994;Cook and Wellman, 2004), both male and female stressed rats
showed an attenuation of weight gain [main effect of stress, F(1, 20) = 129.31, p<0.05].
However, the effects of stress varied with both sex and day [interaction of sex and stress, F
(1,20) = 27.99, p<0.05; day × sex × stress interaction, F(1,60) = 31.62, p<0.05]. Planned
comparisons indicated that on days 3, 5, and 7, both female and male stressed rats showed
significantly less weight gain compared to their respective unstressed controls [all F's(1,10) ≥
15.48, p<0.05]. By the final day of restraint, stressed male rats showed a weight gain that was
only 25% that of male controls, while the mean weight gain of stressed female rats was only
27% as much as that of female controls.

Dendritic Analyses—In all treatment groups, complete impregnation of numerous cortical
pyramidal neurons was apparent, and both Cg1-3 and layer II–III were readily identifiable. To
rule out potential artifactual differences in dendritic morphology due to differential sampling
in layer II and III, the distance from the soma to the pial surface of cortex was measured in
each neuron (range=180 μm − 582 μm). Average distance to the cortical surface was then
compared across groups using 2-way ANOVA. Average distance to the cortical surface did
not vary by sex [unstressed male rats, M = 323.13 ± 10.32 μm; unstressed female rats, M =
342.78 ± 11.26 μm; for main effect of sex, F(1, 20) = 0.68, ns]. Similarly, the average distance
to the cortical surface did not vary by stress and this did not differ between sexes [stressed
males, M = 329.04 ± 11.03 μm; stressed females, M = 334.27 ± 20.37 μm; for stress, F(1, 20)
= 0.63, ns; for the interaction, F(1, 20) = 0.37, ns]. Thus, neurons were sampled from equivalent
laminar depths across groups.

Two-way ANOVAs revealed that the effect of stress on overall apical branch number and
length varied significantly for male versus female rats [see Figs. 3 and 4; interaction of sex and
stress, F(1, 20) = 21.57 and 22.37, respectively, p <0.05; main effect of sex, F(1,20) = 0.04 and
0.41, respectively, ns]. Planned comparisons revealed a sex difference in unstressed rats, with
22% fewer apical dendritic branches in unstressed female rats relative to unstressed males [F
(1,10) = 11.21, p <0.05]. Similarly, apical dendritic length was 11% less in unstressed females
relative to unstressed males [F(1,10) = 6.90, p <0.05]. Furthermore, in males, stress
significantly reduced apical branch number [33%; F(1,10) = 20.71, p <0.05] and length [28%;
F(1,10) = 12.96, p <0.05] relative to unstressed controls. On the other hand, in female rats,
stress significantly increased apical branch length [20%; F(1,10) = 9.71, p <0.05] but not
number [F(1,10) = 2.63, ns] relative to unstressed controls.

To more closely examine stress-induced changes in the distribution of apical dendritic material,
Sholl analyses were performed (see Fig. 5). Three-way repeated-measures ANOVA revealed
the effect of stress varied between males and females [main effect of sex, F(1,20) = 0.56, ns;
main effect of stress, F(1,20) = 1.22, ns; interaction of sex and stress, F(1,20) = 22.65, p<0.05],
and that this interactive effect was uniform across the apical arbor [interaction of either sex or
stress with distance from soma, F(12,240) = 0.48 and 0.94, respectively, both ns; interaction
of sex, stress, and distance from soma, F(12,240) = 1.18, ns). Given the lack of a three-way
interaction, follow-up analyses consisted of 2-way repeated-measures ANOVAs comparing
unstressed males versus females, unstressed versus stressed males, and unstressed versus
stressed females. Analyses revealed that unstressed females had significantly less apical
dendritic material compared to unstressed males [main effect of sex, F(1,10) = 6.78, p<0.05],
and that this difference was consistent across the arbor [interaction of sex and distance from
soma, F(12, 120) = 0.54, ns]. In males, stress significantly decreased apical dendritic material
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[main effect of stress, F(1,10) = 12.96, p<0.05], and this effect was again distributed throughout
the arbor [interaction of stress and distance from soma, F(12, 120) = 1.73, ns]. Finally, in
females, consistent with alterations in overall apical branch length, stress significantly
increased apical dendritic material [main effect of stress, F(1,10) = 9.93, p<0.05], and this
effect was again relatively uniform across the arbor [interaction of stress and distance from
soma, F(12, 120) = 0.69, ns].

Overall basilar branch number and length did not significantly differ between males and
females [Fig. 4; main effect of sex, F(1,20) = 0.38 and 0.08, respectively, both ns]. Furthermore,
stress did not significantly alter overall basilar branch number and length [Fig. 4; main effect
of stress, F(1,20) = 3.45 and 2.69, respectively, both ns], and this did not vary across sexes
[interaction of sex and stress, F(1,20) = 0.18 and 0.08, respectively, both ns]. However, 3-way
repeated-measures ANOVA revealed that, although overall basilar material did not vary with
sex or stress [main effect of sex, F(1,20) = 0.06, ns; main effect of stress, F(1,20) = 2.78, ns;
interaction of sex and stress, F(1,20) = 0.06, ns], the effect of stress varied significantly across
the basilar arbor [Fig. 6; interaction of stress with distance from soma, F(6,120) = 2.20, p<0.05;
all other interactions with distance from soma, Fs(6,120) ≤ 0.62, ns). Planned comparisons
revealed that in male rats, stress resulted in a modest (6 to 15%) but significant increase in
basilar length at 30-40 and 50-60 μm from the soma [Fs(1,10) ≥ 6.82, p<0.05; all other Fs(1,10)
≤ 1.73, ns]. Although the same trend was present in female stressed rats, with increases ranging
from 14 to 25%, this difference did not reach significance at any distance from the soma [for
female unstressed versus stressed rats, all Fs(1,10) ≤ 2.61, ns].

Experiment 2
Chronic stress resulted in very different patterns of alterations in the morphology of apical
dendrites in layer II-II pyramidal neurons in prelimbic cortex of male and female rats: whereas
one week of daily restraint resulted in retraction and debranching of apical dendrites in males,
this same stressor produced hypertrophy of apical dendrites in females. Previous studies
suggest that, in females, estrogens may play a role in protecting neurons from stress-induced
morphological alterations (Tanzer and Jones, 1997;Huppenbauer et al., 2005;Hoffman et al.,
2006).

Estradiol mediates some of the sex differences in stress effects on hippocampal morphology.
For example, after acute stress, CA1 spine density is enhanced in males, but reduced in females.
These changes in spine density are correlated with levels of estradiol and testosterone (Shors
et al., 2001). In addition, estradiol mediates the sex difference in stress effects on CA3 apical
arbors: ovariectomized female rats show apical dendritic retraction in CA3 neurons after 3
weeks of daily restraint stress similar to that seen in males (McLaughlin et al., 2005). Likewise,
chronic restraint stress reduces neuronal density in area CA3 in ovariectomized rats, and this
effect is prevented with estradiol replacement (Takuma et al., 2007) Thus, estrogens may
contribute to sex differences in medial prefrontal cortex stress effects as well. In Experiment
2, we tested this hypothesis by assessing the effect of chronic restraint stress on dendritic
morphology in medial prefrontal cortex in ovariectomized rats with and without estradiol
replacement.

Experimental Procedures
Animals—Female Sprague-Dawley rats (n=36; 160-183 g, 52-61 days old at the start of the
experiment; Harlan, Indianapolis, IN) were housed as described in Experiment 1. All
procedures were approved by the Bloomington Institutional Animal Care and Use Committee
and were conducted in accordance with NIH guidelines.
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Hormonal Manipulations and Restraint Stress—Rats received either sham
ovariectomy (sham), ovariectomy plus blank implant (OVX+Blank), or ovariectomy plus
estradiol implant (OVX+E). Surgeries were performed under ketamine-acepromazine-
xylazine anesthesia 9 days prior to stress manipulations. Bilateral incisions of approximately
2 cm were made approximately 1 cm lateral to the spine and at the same anterior-posterior
position as the kidneys. The underlying muscle was cut and the ovaries were located and
excised. An empty 20 mm Silastic capsule (1.58mm i.d., 3.18mm o.d., Dow Corning) or a
capsule containing 17-β-estradiol (10% estradiol in cholesterol; Steraloids, Inc.; Newport, RI)
was implanted subcutaneously anterior to one of the incisions (see Smith et al., 1977). These
capsules generate serum levels of estradiol slightly higher than average peak estradiol levels
in intact cycling females in the proestrous phase (Sfikakis et al., 1977;Overpeck et al., 1978).
Sham surgeries were performed to control for potential dendritic changes due to the stress of
surgery alone.

As in the first experiment, one-half of the rats from each group (sham, n=6; OVX+Blank, n=6;
OVX+E, n=6) underwent 3 h of daily restraint stress for 7 days as described in Experiment 1.
The remainder of the rats in each group (sham, n=6; OVX+Blank, n=6; OVX+E, n=6) served
as unstressed controls. All rats were weighed every other day.

Histology and Dendritic Analyses—On the final day of restraint, vaginal lavages were
performed in the gonadally intact animals to characterize estrous cycle phase. Samples were
collected into Boerner well slides and exfoliate cytology examined immediately (unstained)
under light microscopy. Estrous phase was determined based on the morphology of the cells
present in the smear. Metestrous smears were characterized by the high density of leucocytes
with the occasional cornified cell; diestrous smears consist mainly of leucocytes and occasional
nucleated epithelial cells; proestrous was characterized by the high frequency of nucleated
epithelial cells; and estrous was characterized by presence of a large number of cornified cells
(Fox and Laird, 1970).

All rats were then overdosed and perfused as in Experiment 1. Uteri were removed and weighed
to verify the efficacy of the hormonal manipulations. Brains were processed for Golgi
histology, and 10 pyramidal neurons in layer II-III of area Cg1-3 were randomly selected,
reconstructed, quantified, and compared as described in Experiment 1. In addition, body weight
was compared across groups using 3-way ANOVA (hormonal status × stress × day), while
uterine weights were compared across groups using 2-way ANOVA (hormonal status × stress).
For all analyses, significant ANOVAs were followed up with planned comparisons as
described in Experiment 1.

Results
Manipulation Validation—Uterine weight correlates well with concentration of circulating
estradiol (White et al., 1978). Two-way ANOVA revealed uterine weight varied significantly
across groups [main effect of hormonal status, F(2, 30) = 23.10, p<0.05], and this effect was
not altered by stress [main effect of stress, F(1,30) = 0.04, ns; hormonal status × stress
interaction, F(2,30) = 1.25, ns]. Planned comparisons revealed that for both unstressed and
stressed rats, ovariectomy without estradiol replacement significantly decreased uterine weight
relative to both sham and OVX+E rats [see Fig. 7a; all Fs(1,10) ≥ 11.14, p<0.05), while estradiol
replacement prevented this effect (sham versus OVX+E, all Fs(1,10) ≤ 1.60, ns].

Inspection of vaginal lavages indicated that 10 out of 12 of the sham rats were in the diestrous
stage at the time of perfusion; one rat was in proestrous and one rat was in estrous. Given the
extremely limited representation of animals in different estrous phases, we did not analyze
morphology based on estrous cycle.

Garrett and Wellman Page 6

Neuroscience. Author manuscript; available in PMC 2010 August 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Body weight also varied significantly with hormonal status [Fig. 7b; main effect of stress, F
(2, 30) = 4.62, p<0.05]. Furthermore, as in Experiment 1, by the end of the stress manipulation,
the overall average weight gain of unstressed rats was significantly different from that of
stressed rats [main effect of stress, F(1, 30) = 36.21, p<0.05]. In addition, the effect of both
stress and hormonal status varied across days [interaction of hormonal status and stress, F(2,
30) = 7.58, p<0.05; interaction of hormonal status and day, F(6, 90) = 3.84, p<.05; interaction
of stress and day, F(3,90) = 20.52, p<.05; interaction of hormonal status, stress, and day, F
(6,90) = 5.30, p<.05]. As demonstrated by planned comparisons, ovariectomy significantly
increased weight relative to either sham or OVX+E rats [Fig. 7b; for unstressed OVX+Blank
rats versus either sham or OVX+E rats on each day, all Fs(1, 10) ≥ 3.87, p<0.05; for unstressed
OVX+E versus sham rats, all Fs(1,10) ≤ 3.48, ns]. For both sham and OVX+blank rats,
unstressed animals had greater weight gain than their stressed counterparts [see Fig. 7b; on
days 5 and 7, all Fs(1, 10) ≥ 7.40, p<0.05]. Although unstressed versus stressed OVX+E rats
demonstrated the same tendency, this did not reach significance at any day [all Fs(1,10) ≤ 2.21,
ns]. However, this was due to the attenuated weight gain in the unstressed OVX+E rats rather
than to a lack of stress effect: Body weights of stressed rats did not vary significantly across
hormonal conditions [all Fs(1,10) ≤ 0.42, ns].

Dendritic Analyses—As in Experiment 1, in all treatment groups, complete impregnation
of numerous cortical pyramidal neurons was apparent, and both Cg1-3 and layer II–III were
readily identifiable. Likewise, the distance from the soma to the pial surface of the cortex was
measured in each neuron (range = 192 μm - 495 μm) and compared across groups using 2-way
ANOVA. Average distance to the cortical surface did not vary by hormonal status [F(2, 30) =
0.50, ns] or stress condition [for main effect of stress, F(1, 30) = 0.01, ns; for the interaction
of treatment and stress, F(2,30) = 0.73, ns]. Thus, neurons were sampled from equivalent
laminar depths across groups.

Two-way ANOVAs revealed that the effect of stress on overall apical branch number and
length varied significantly across hormonal conditions [see Figs. 8 and 9; apical branch number:
main effect of hormonal condition, F(2,20) = 3.12, ns; main effect of stress, F(1,20) = 2.79,
ns; interaction of hormonal condition and stress, F(2,30) = 3.69, p<0.05; apical branch length:
main effect of hormonal condition, F(2,20) = 1.95, ns; main effect of stress, F(1,20) =4.40,
p<0.05; interaction of hormonal condition and stress, F(2,30) = 6.96, p<0.05]. Planned
comparisons revealed a 19% increase in apical dendritic branch number in stressed, sham rats
relative to unstressed, sham rats [F(1,10) = 6.03, p <0.05], whereas stress failed to significantly
alter apical branch number in either OVX+Blank or OVX+E rats [F(1,10) = 2.52 and 1.96,
respectively, ns]. Stress increased apical dendritic length by 26% in sham rats and 23% in OVX
+E rats [F(1,10) = 7.53 and 9.16, respectively, p <0.05], but failed to significantly alter apical
branch length in OVX+Blank rats [F(1,10) = 2.88, ns].

To more closely examine stress-induced changes in the distribution of apical dendritic material,
Sholl analyses were performed (Fig. 10). Three-way repeated-measures ANOVA revealed that
stress significantly altered the distribution of apical dendritic material, and that this effect varied
across hormonal conditions [main effect of stress, F(1,30) = 4.27, p<0.05; main effect of
hormonal condition, F(2,30) = 2.15, ns; interaction of hormonal condition and stress, F(2,30)
= 7.46, p<0.05]. This interactive effect was uniform across the apical arbor [interaction of
hormonal condition with distance from soma, F(24,360) =1.01, ns; interaction of stress with
distance from soma, F(12,360) = 0.89, ns; interaction of hormonal condition, stress, and
distance from soma, F(24,360) = 0.83, ns). Given the absence of an overall effect of hormonal
status or a three-way interaction, follow-up analyses consisted of 2-way repeated-measures
ANOVAs comparing unstressed to stressed rats within each hormonal condition. Analyses
revealed that stress increased dendritic material in both sham and OVX+E rats [main effect of
stress, F(1,10) = 7.51 and 10.87, respectively, p<0.05], and that this reduction was consistent
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across the arbor [interaction of hormonal condition and distance from soma, F(12, 120) = 0.91
and 0.69, respectively, ns]. On the other hand, in OVX+Blank rats, stress failed to significantly
alter apical dendritic material [main effect of stress, F(1,10) = 3.15, ns], and this was again
consistent throughout the arbor [interaction of stress and distance from soma, F(12, 120) =
0.92, ns].

Overall basilar branch number and length did not significantly differ with hormonal status [see
Fig. 9; main effect of hormonal status, F(2,30) = 0.63 and 1.40, respectively, both ns].
Furthermore, stress did not significantly alter overall basilar branch number and length [main
effect of stress, F(1,30) = 0.01 and 0.04, respectively, both ns], and this did not vary with
hormonal status [interaction of hormonal status and stress, F(1,20) = 0.35 and 0.96,
respectively, both ns]. However, for the Sholl analysis, 3-way repeated-measures ANOVA
revealed that, although overall basilar material did not vary with hormonal status [Fig. 11; main
effect of hormonal status, F(2,30) = 1.47, ns], the effect of hormonal status varied significantly
across the basilar arbor [interaction of hormonal status with distance from soma, F(12,180) =
1.86, p<0.05]. Furthermore, overall basilar material did not vary with stress [Fig. 11; main
effect of stress, F(1,30) =0.01, ns; interaction of hormonal status and stress, F(2,30) = 1.28,
ns], but the effect of stress varied with hormonal status at particular parts of the arbor
[interaction of hormonal status, stress, and distance from soma, F(12,180) = 2.49, p<0.05].
Planned comparisons revealed that this significant interaction was due to a stress-induced
decrease in basilar dendritic length distal to the soma in OVX+Blank rats [for 70-80 μm, 90-100
μm, and 110-120 μm from the soma, Fs(1,10) ≥ 6.62, p<0.05; all other Fs(1,10) ≤ 3.71, ns].

Discussion
In Experiment 1, we found that the morphology of layer II-III pyramidal neurons in mPFC is
sexually dimorphic: apical dendritic arbors of unstressed female rats are smaller than those of
unstressed males, with females having both fewer branches and decreased branch length. This
difference is consistent with a previous report of smaller apical dendritic arbors in layer V
pyramidal cells in anterior cingulate cortex (Markham and Juraska, 2002; Zilles & Wree's Cg1;
see Fig. 2a).

In addition to being sexually dimorphic, layer II-III pyramidal neurons in mPFC also responded
to chronic stress in a sexually dimorphic fashion. Stress decreased apical dendritic branch
number and length in males but increased these parameters in females. Although the
mechanisms for this sex difference remain to be elucidated, several possibilities exist. For
instance, sex differences in the corticosterone response to stress could be responsible. Female
rats have higher baseline levels of corticosterone than males (Galea et al., 1997), and this does
not vary across the estrous cycle (Viau and Meaney, 1991;Conrad et al., 2004a). After one hour
of restraint, naïve males have a 7-10 fold increase in plasma corticosterone levels (Watanabe
et al., 1992;Cook and Wellman, 2004), while females show only a 2-3 fold increase in
corticosterone levels (Galea et al., 1997;Bowman et al., 2001). Additionally, female rats may
habituate more quickly to restraint compared to males (Bowman et al., 2001;Luine, 2002).
However, differences in corticosterone levels alone are unlikely to account for the different
pattern of stress effects in males and females, as we have previously shown that a milder stressor
that produces only moderate elevations in corticosterone or an acute stressor both produce
apical dendritic retraction in males, albeit to a lesser extent (Brown et al., 2005; Izquierdo et
al., 2006). Furthermore, stressed males and females showed comparable attenuation of weight
gain, suggesting comparable stressfulness of the manipulation.

The stress-induced increase in apical dendritic length in females was dependent on estradiol:
females with either sham ovariectomy or ovariectomy plus estradiol replacement demonstrated
the stress-induced increase in apical dendritic length, whereas ovariectomy without estradiol
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replacement prevented the stress-induced increase in apical dendritic length. Vaginal lavages
performed at the time of euthanasia indicated that the majority (approximately 83%) of the
sham rats were in the diestrous stage at the time of perfusion. Thus, even the low levels of
circulating estradiol present during this phase are enough to support the stress-induced dendritic
hypertrophy seen in females. Importantly, ovariectomy failed to produce the male pattern of
stress effects (a marked reduction in apical branch number and length). Thus, while the stress-
induced hypertrophy in females is estradiol-dependent, removal of estradiol is not permissive
of the male pattern of stress-induced changes.

The sex difference in stress-induced dendritic changes in medial prefrontal cortex is consistent
with the sex-dependent stress effects described in other brain regions. For instance, several
studies have shown that chronic stress produces retraction of apical dendrites of pyramidal
cells in hippocampal area CA3 (Galea et al., 1997) and decreased spine density on pyramidal
cells in hippocampal area CA1 (McLaughlin et al., 2005) in male rats. The same chronic
stressor does not affect apical or basilar dendritic length of neurons in the CA3 region of the
hippocampus in females (Galea et al., 1997), and results in altered spine morphology but no
change in spine density on CA1 pyramidal cells (McLaughlin et al., 2005). Just as the preceding
studies indicate that stress effects vary across hippocampal regions in both male and female
rats, recent studies suggest both regional and hemispheric variations in the magnitude and
patterns of stress-induced dendritic alterations in mPFC subregions, and such variations may
have implications for psychopathology (Perez-Cruz et al., 2007;Czéh et al., 2008;Perez-Cruz
et al., 2009). Although beyond the scope of the present study, future studies should assess the
potential for sex-dependent differences is these regional and hemispheric variations in mPFC
stress effects on dendritic morphology.

Furthermore, Experiment 2 demonstrated that estradiol is permissive of the stress-induced
dendritic hypertrophy in mPFC of female rats, an effect that is again consistent with the
hippocampal literature. For example, the sex difference in chronic stress-induced dendritic
retraction in hippocampal area CA3 is estradiol-dependent (McLaughlin et al., 2005). In
addition, acute stress-induced reductions in spine density in area CA1 of the hippocampus in
females are correlated with circulating levels of estradiol, with acute stress occurring during
the low-E diestrus 2 phase producing greater reductions in spine density (Shors et al., 2001).
This could be seen as contrasting with the present findings, in which animals, most of which
were in diestrous at the time of euthanasia, showed stress-induced dendritic proliferation. This
difference could be due to a number of factors, including differential sensitivity to gonadal
hormones in hippocampus versus medial prefrontal cortex, differential effects of chronic versus
acute stress, or differential regulation of dendritic length versus spine morphology by gonadal
hormones. In our study, the extremely limited representation of animals in non-diestrous phases
precluded analyses of morphology across estrous phases; thus, future studies should investigate
potential differential effects of chronic stress on dendritic morphology in mPFC across the
estrous cycle.

Interestingly, unlike in hippocampus (McLaughlin et al., 2005), in mPFC, removal of gonadal
estrogens did not produce the dramatic reduction in apical dendritic length seen in stressed
males. This raises at least two possibilities: estrogens are permissive of the female pattern of
stress-induced mPFC alterations, whereas the presence of androgens (either alone or in
conjunction with estrogens) results in the male pattern of stress-induced mPFC alterations;
alternatively, the same gonadal hormone—E— mediates both effects via different mechanisms
in males and females. Assessing the effects of androgen manipulations in unstressed versus
stressed rats could discriminate between the possibilities.

Alternatively, nongonadal mechanisms may also contribute to the sex difference in mPFC
stress effects. Indeed, several neurotransmitter systems have been shown to be altered in a sex-
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dependent manner as a result of stress. For instance, while males show increased GABA release
in CA3 following stress, females have increases in norepinephrine and serotonin in CA3
(Bowman et al., 2003). Likewise, males, but not females, have decreased concentrations of
dopamine metabolites in prefrontal cortex and amygdala after chronic stress (Bowman et al.,
2003). In addition, ovariectomy potentiates the stress-induced decrease in BDNF in
hippocampus of female rats, and estradiol replacement prevents this effect (Franklin and
Perrot-Sinal, 2006). Thus, differences in alterations in the activity of any of these
neurotransmitter systems could play a role in differential effects of stress on dendritic
morphology in mPFC in males versus females, and sex differences in alterations in these
neurochemicals could be dependent in part on gonadal hormones.

Furthermore, estrogens and androgens can be neurosteroids, and as such can be synthesized
de novo from cholesterol in the hippocampus (Baulieu, 1997;Rune and Frotscher, 2005). In
Experiment 2, we removed gonadal hormones without altering potential neuronal synthesis of
estrogens. Thus, it is possible that estrogens synthesized in the brain—either in mPFC or
elsewhere—are providing a neuroprotective effect, preventing the stress-induced dendritic
retraction seen in males. However, this is unlikely, as estradiol, as a major metabolite of
testosterone, is present in males. Nonetheless, a follow-up study using a receptor antagonist
such as tamoxifen could rule out this possibility.

In addition, it is possible that the differential effect of stress seen in the present experiments
represents an alteration of the timing rather than pattern of stress-induced dendritic remodeling.
For instance, it is possible that dendrites undergo an initial retraction followed by lengthening
in response to chronic stress. Such bi- or multi-phasic plasticity has precedence. For example,
after denervation, the dendritic arbors of cortical and subcortical neurons undergo initial
regression followed by proliferation (Sumner and Watson, 1971;Standler and Bernstein,
1982;Caceres and Steward, 1983). Thus, changing the duration or intensity of restraint, or
examining dendritic morphology some time after the cessation of stress, could demonstrate a
pattern of mPFC morphological alterations in females similar to that seen here in males. In
fact, Bowman and colleagues (2001) showed that while 21 days of restraint stress impaired
performance on the radial arm maze in males, it enhanced performance in females. However,
after 28 days of stress, the enhancement in females was not present, suggesting that the duration
of stress necessary to produce impairment may be shifted in females.

Nonetheless, we have shown a sex-dependent effect of stress on dendritic morphology in
medial prefrontal cortex, and have demonstrated that this sex difference is in part dependent
on estrogens. The dendritic hypertrophy after stress that we have observed in females could
provide a potential explanation for the greater incidence of stress-related psychological
disorders in women. It has been hypothesized that the stress-induced dendritic atrophy
observed in males serves a protective function, preventing stress-induced excitotoxicity
(McEwen, 2001). The stress-induced dendritic hypertrophy in females could put them at greater
risk for excitotoxicity, providing a potential explanation for the sex difference observed in
stress-related psychological disorders. However, recent data suggest that the stress-induced
dendritic retraction in the hippocampus of males may not afford protection from excitotoxicity:
Ibotenic acid lesions produce more extensive damage in hippocampus of chronically stressed
male compared to unstressed controls, but this increased excitotoxicity is not seen in female
stressed rats (Conrad et al., 2004b;Conrad et al., 2007). Alternatively, the hypertrophy seen in
mPFC of females could result in dysfunction. For example, dendritic hypertrophy in the
infralimbic cortex in serotonin transporter knockout mice is associated with deficits in recall
of extinction, a prefrontally mediated behavior (Wellman et al., 2007). Regardless, it is
important to further understand the mechanisms of the sex difference seen in mPFC stress
effects, as the different patterns of stress-induced dendritic alterations in males and females
could ultimately suggest different treatment strategies for men and women.
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Figure 1.
Mean weight change in male (above) and female (below) rats that either were unhandled except
for weighing (Unstressed) or received 3 h of daily restraint stress for one week (Stressed).
Stressed rats gained less weight than unstressed controls. Vertical bars represent SEM values.
Asterisks (*) indicate significant differences relative to unstressed males; daggers (†) indicate
significant differences relative to unstressed females.
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Figure 2.
a. Schematic diagram of coronal sections through rat prefrontal cortex. The portions of areas
Cg1 and Cg3 (anterior cingulate and prelimbic cortex, respectively) from which neurons were
sampled is shown (shaded areas). Adapted from Paxinos & Watson (1998). Coordinates
indicate position relative to bregma. b. Digital light micrograph of Golgi-stained neuron in
layer II-III of medial prefrontal cortex. Scale bar = 50 μm.
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Figure 3.
Computer-assisted reconstructions of Golgi-stained neurons in layer II-III of medial prefrontal
cortex in unstressed (left) and restraint-stressed (right) male (top) and female (bottom) rats.
Scale bar = 50 μm. These neurons were selected because they are representative of apical
dendritic lengths near their respective group means.
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Figure 4.
Mean apical (above) and basilar (below) branch number and length for unstressed versus
stressed male and female rats. Unstressed females had shorter apical dendrites than unstressed
males. Stress reduced apical dendritic branching and length in males, but increased apical
dendritic length in females. Vertical bars represent SEM values. Asterisks (*) indicate
significant differences relative to unstressed males; daggers (†) indicate significant differences
relative to unstressed females.
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Figure 5.
a. Mean length of apical dendrites between 20-μm concentric spheres in male versus female
unstressed rats. Increased dendritic material in male relative to female rats was distributed
relatively uniformly throughout the arbor. b. Mean length of apical dendrites between 20-μm
concentric spheres in unstressed and stressed male (above) and female (below) rats. In both
male and female rats, the stress-induced changes in apical dendritic length were relatively
uniform throughout the arbor. Vertical bars represent SEM values.
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Figure 6.
a. Mean length of basilar dendrites between 20-μm concentric spheres in male versus female
unstressed rats. Basilar dendritic length was not significantly different in male and female rats.
b. Mean length of basilar dendrites between 20-μm concentric spheres in unstressed and
stressed male (above) and female (below) rats. In male rats, stress produced a small but
significant increase in basilar dendritic length proximal to the soma. In female rats, a
nonsignificant trend towards increased basilar dendritic length was present. Vertical bars
represent SEM values. Asterisks (*) indicate significant differences relative to unstressed
males.
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Figure 7.
a. Mean uterine weights for unstressed or stressed sham, ovariectomized (OVX+Blank), and
ovariectomized with estradiol replacement rats (OVX+E). Ovariectomy reduced uterine
weight, and estradiol prevented this effect. Vertical bars represent SEM values. Asterisks (*)
indicate significant differences relative to sham rats; daggers (†) indicate significant differences
relative to OVX+E rats. b. Mean weight change in unstressed or stressed sham (above),
ovariectomized (middle), and ovariectomized with estradiol replacement (below) rats. In
unstressed rats, ovariectomy increased weight gain, while estradiol replacement suppressed
weight gain. Stress decreased weight gain, and weight of stressed rats did not vary significantly
across hormonal conditions. Vertical bars represent SEM values. Asterisks (*) indicate
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significant differences relative to sham unstressed rats; pound signs (#) indicate significant
differences relative to unstressed OVX+Blank rats.
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Figure 8.
Computer-assisted reconstructions of Golgi-stained neurons in layer II-III of medial prefrontal
cortex in unstressed (left) and stressed (right) sham (top), ovariectomized (OVX+E, middle),
and ovariectomized with estradiol replacement (OVX+E, bottom) rats. Scale bar = 50 μm.
These neurons were selected because they are representative of apical dendritic lengths near
their respective group means.
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Figure 9.
Mean number and length of apical (above) and basilar (below) dendritic branches for unstressed
or stressed sham, ovariectomized (OVX+Blank), and ovariectomized with estradiol
replacement (OVX+E) rats. Ovariectomy prevented the stress-induced increase in apical
dendritic length, and estradiol replacement reversed this effect. Vertical bars represent SEM
values. Asterisks (*) indicate significant differences relative to unstressed sham rats; dagger
(†) indicates significant difference relative to unstressed OVX+E rats.
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Figure 10.
Mean length of apical dendrites between 20-μm concentric spheres in unstressed versus
stressed sham (above), ovariectomized without estradiol replacement (middle), and
ovariectomized with estradiol replacement rats (below). Stress-induced increases in dendritic
material in sham and OVX+E rats were distributed relatively uniformly throughout the arbor.
Vertical bars represent SEM values.
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Figure 11.
Mean length of basilar dendrites between 20-μm concentric spheres in unstressed versus
stressed sham (above), ovariectomized without estradiol replacement (middle), and
ovariectomized with estradiol replacement rats (below). The distribution of basilar dendritic
material did not differ significantly with stress or hormonal condition. Vertical bars represent
SEM values. Asterisks (*) indicate significant differences relative to unstressed OVX+Blank
rats.
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