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We have recently reported in male rats that medial prefrontal
cortex (mPFC) neurons that project to the basolateral nucleus of the
amygdala (BLA) are resilient to stress-induced dendritic remodel-
ing. The present study investigated whether this also occurs in
female rats. This pathway was identified using the retrograde
tracer Fast Blue injected into the BLA of ovariectomized female rats
with estrogen replacement (OVX 1 E) and without (OVX 1 veh).
Animals were exposed for 10 days either to 2-h immobilization
stress or to home cage rest, after which layer III mPFC neurons that
were either retrogradely labeled by Fast Blue or unlabeled were
filled with Lucifer Yellow and analyzed for apical dendritic length
and spine density. No dendritic remodeling occurred in unlabeled
neurons from OVX 1 veh or OVX 1 E animals. In BLA-projecting
neurons, however, stress had no effect on length in OVX 1 veh
animals, but stressed OVX 1 E females showed greater dendritic
length than controls at intermediate branches. Stress also caused
an increase in spine density in all neurons in OVX 1 veh animals
and a spine density increase in BLA-projecting neurons in OVX 1 E
females. Estrogen also increased spine density on BLA-projecting
neurons in unstressed animals. These data demonstrate both
independent effects of estrogen on pyramidal cell morphology and
effects that are interactive with stress, with the BLA-projecting
neurons being sensitive to both kinds of effects.

Keywords: connectivity, dendritic arborization, medial prefrontal cortex,
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Introduction

It is well documented that women are twice as likely as men to

develop both major depressive disorder (MDD) and posttrau-

matic stress disorder (PTSD) (Weissman et al. 1996), a phenom-

enon that cannot be accounted for by cultural and social factors

alone. This gender discrepancy arises after puberty, persists

through the childbearing years, and disappears after menopause

(Bebbington et al. 2003), suggesting that circulating estrogen

may play a role in rendering women more vulnerable to stress-

related disorders. These disorders are often brought on or

worsened by exposure to a stressful event, and sex differences in

the biochemical, cellular, and behavioral effects of stress in

animal models have been demonstrated (Shors et al. 2001;

Mitsushima et al. 2003; Shansky et al. 2004), offering compelling

evidence that ovarian hormones can interact with stress systems

to produce a unique, often enhanced, response in females.

The symptoms of MDD and PTSD suggest a dysfunction of the

connection between the medial prefrontal cortex (mPFC) and

the amygdala (Baxter et al. 1989; Drevets et al. 1997), which

together form a network that governs learning, memory, and

behavior based on emotionally salient information (reviewed in

Arnsten 1998 and Maren and Quirk 2004). The amygdala is

known to regulate the processing of,memory of, and response to

negative stimuli (Hendler et al. 2003; Wright et al. 2003), while

the mPFC integrates information from multiple brain areas to

regulate behavior, thought, and affect (Arnsten 1998). Accord-

ingly, MDD and PTSD are often characterized by an overactive

amygdala (reviewed in Drevets 2003) and a decrease in mPFC

activity (Liberzon and Phan 2003; Pizzagalli et al. 2004). This

intriguing relationship has prompted speculations that a de-

regulation of the amygdala by the mPFC promotes rumination

and the recurring negative thoughts that are commonly observed

in patients afflicted by these disorders.

Postmortem studies have revealed morphological abnor-

malities in both the mPFC (Rajkowska et al. 2001) and the

amygdala of suicide patients (Frodl et al. 2003), and morpho-

logical effects of stress on these brain regions have been

reported in animal models. Specifically, chronic stress has been

shown to induce dendritic retraction in the anterior cingulate

(ACg), prelimbic (Radley et al. 2004), and infralimbic (IL;

Shansky et al., 2009) regions of the mPFC but an expansion of

the dendritic arbor in the amygdala (Vyas et al. 2003). We have

recently reported, however, that in male rats, IL neurons that

project to the basolateral nucleus of the amygdala (BLA) are

particularly resilient against the morphological effects of stress

(Shansky et al. 2009), suggesting that stress-related remodeling

in the brain may be circuit specific.

To date, neither the circuit-specific effects nor the general

morphological effects of stress have been studied in the mPFC of

female rats. Moreover, the effects of estrogen on dendritic

morphology in this region have yet to be comprehensively

explored. Recent work suggests, however, that estrogen can

modulate spine density in the dorsolateral prefrontal cortex

(PFC) of macaque monkeys (Hao et al. 2007) as well as in the rat

hippocampus (Woolley et al. 1990) and mPFC (Shors et al. 2001;

Luine et al. 2006). The current study sought to add to this

literature by extending the scope of analysis to the level of the

circuit. Specifically, it was hypothesized that ovariectomized

(OVX) female rats with estrogen treatment would demonstrate

a heightened sensitivity to stress-related dendritic remodeling in

mPFC neurons that project to the BLA.We report here that stress

causes an unexpected increase in dendritic arborization and

spinedensity in this subsetof neurons in estrogen-treated females

only, indicating that estrogen and stress can interact at the level of

this circuit to produce a unique response to stress in females.

Methods

Subjects
Adult female Sprague Dawley rats (n = 46), weighing 200--250 g, were

used in this study. Animals were housed at the Rockefeller University

Laboratory Research Center in a normal 14:10-h light:dark cycle. All
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procedures were conducted during the light phase in accordance with

the National Institutes of Health’s Guide for the Care and Use of

Laboratory Animals and were approved by the Institutional Animal Care

and Use Committees of Rockefeller University and Mount Sinai School

of Medicine.

Ovariectomy Surgery
Female rats were anesthetized with a ketamine (90 mg/kg) and xylazine

(4 mg/kg) cocktail and laid on their abdomen on a heating pad covered

with sterile bench coat. A dorsal incision was made into the dermal layer

using surgical scissors. Through this incision, 2 incisions were made into

the right and left sides of the cavity. The ovary-containing fat sacs were

pulled through these incisions, and the ovaries were tied and resected

using surgical scissors. The fat sacs were then returned to the cavity.

Half of the animals were implanted subcutaneously under the nape of

the neck with a 1-cm silastic capsule of 10% 17b-estradiol and 90%

cholesterol to obtain high but physiological estrogen (E) levels,

mimicking those during proestrus (McGinnis et al. 1981; Adams et al.

2001) (OVX + E), while the remaining animals received a placebo

capsule containing cholesterol (OVX + veh). The wound was then closed

using VetBond surgical glue (3M, St. Paul, MN). All animals received an

intramuscular Buprenex injection following surgery and were monitored

for healthy eating, drinking, and grooming habits. Animals were allowed

to rest for 1 week before stereotaxic surgery was undertaken.

Retrograde Labeling
Stereotaxic surgery for retrograde tracer injection was done identically

to that described previously (Shansky et al. 2009). Animals were

anesthetized using ketamine (90 mg/kg) and xylazine (4 mg/kg). Each

animal was secured in a Kopf stereotaxic apparatus (David Kopf

Instruments, Tujunga, CA), the skull exposed, and bilateral holes drilled

above the BLA (AP –3 mm, ML ± 5.0 mm, and DV –8.0 mm). A solution

of the retrograde tracer Fast Blue (Sigma Aldrich, St Louis, MO;

5%, 200 nL) was deposited through pressure injection using a 1-lL
Hamilton microsyringe (Hamilton Co, Reno, NV) held by a stereotaxic

attachment. The injection was done at a speed of approximately 20 nL

per minute, and the apparatus was left undisturbed for 10 min before

syringe removal to allow for diffusion. The incision was sealed using

VetBond, and all animals were given an intramuscular Buprenex

injection following surgery and monitored for healthy behavior for

several days after surgery. Animals were allowed to recover for 7 days

before beginning the stress regimen.

Stress Exposure and Euthanasia
The rats in each ‘‘stress’’ group were placed in plastic rodent immobili-

zation bags for 2 h/day for 10 days, as described in Vyas et al. (2002), and

then returned to their homecages,while control animals remained in their

home cages in a separate room. This regimen has been shown to produce

dendritic remodeling in the hippocampus and amygdala comparable to 21

days of chronic restraint stress (Vyas et al. 2002). Twenty-four hours after

cessation of the final stressor, animals were deeply anesthetized with 30%

chloral hydrate and perfused transcardially with 1% paraformaldehyde

phosphate buffer (pH 7.4), followed by 4% paraformaldehyde and 0.125%

glutaraldehyde in phosphate buffer.

Tissue Preparation, Cell Loading, Reconstruction, and Analysis
After perfusion, the brains were removed and the IL region of the mPFC

was dissected (2.0--3.5 mm rostral from bregma), postfixed, and serial

250-lm-thick sections were collected using a Vibratome (Leica, Vienna,

Austria). Sections were mounted on nitrocellulose filter paper and sub-

merged in phosphate buffer. To evaluate accuracy of retrograde tracer

injections, 50-lm-thick coronal sections were collected from the injec-

tion area. These sections were mounted, coverslipped, and examined

using a light microscope with a ultraviolet (UV) filter. Figure 1 shows

representative injection site and Fast Blue diffusion; brains in which the

injection did not successfully reach the BLA were removed from the

study.

In order to remainconsistentwithpriorwork (Radleyet al. 2004, 2008)

and as a way to compare the effects of stress in the IL-BLA pathway to its

effects in other IL neurons, both labeled and unlabeled cells in each brain

were loaded with Lucifer Yellow. It is of course impossible to know that

every mPFC neuron that projects to the BLA was labeled, and thus, the

unlabeled cells may include a few BLA-projecting neurons. However, as

the IL-BLA pathway only constitutes approximately 10% of all neurons in

the IL (Takagishi and Chiba 1991), it is unlikely that BLA-projecting

neurons make up even a moderately substantial proportion of the

unlabeled neuron population included in the study.

After neurons that did not meet the criteria for inclusion in the

analysis (see below) were removed, each group included 5--8 animals

and a range of 2--8 neurons per animal were analyzed (see Table 1 for

cells per animal per group). As in previous studies (Radley et al. 2004,

2005, 2008), the hemisphere from which each neuron was taken was

not noted.

Fast Blue--labeled neurons were identified using epifluorescence with

a UV filter. Both Fast Blue--labeled neurons and unlabeled neurons were

loaded with iontophoretic injections of 5% Lucifer Yellow (Molecular

Probes, Eugene,OR) using aDCcurrent of 1--6 nA for 5--10min until distal

processes are filled with dye and no further loading can be observed.

Sections were then mounted and coverslipped under PermaFluor

(Thermo Fisher Scientific, Fremont, CA). Neurons were traced and 3-

dimensionally reconstructed at 3400 using a Zeiss Axiophot 2

microscope equipped with a motorized stage, video camera system,

andNeurolucidamorphometry software (MBFBioscience,Williston,VT).

Criteria for a neuron to be included in analysis were as follows: 1) It must

be within layer III of the IL region; 2) the dendritic tree must be

completely filled; 3) it must have intact primary and secondary branches;

and 4) it must have intact tertiary branches. Three-dimensional Sholl

analyses (Sholl 1953) were prepared for each neuron with Neuro-

Explorer software (MBFBiosciences). Resultswere expressed in terms of

total apical dendritic length, total branch number on the apical dendrite,

and apical dendritic length per radial distance from the soma in 30-lm
increments (Radley et al. 2004).

The method for sampling apical dendritic branches for spine density

(i.e., spines per micrometer dendritic length) was performed as

described previously (Radley et al. 2006). The selection of a particular

branch for optical imaging had to satisfy the following criteria: 1) The

entire segment had to fall within a depth of 50 lm owing to the

working distance of the lens; 2) it had to be either parallel or at acute

angles to the coronal surface of the section; and 3) it did not show

overlap with other branches that would obscure visualization of spines.

Segments were selected with a systematic random design at 50, 100,

150, and 200 lm from the soma for digital reconstruction. In total,

approximately 600 reconstructed dendritic segments were analyzed

(approximately 8 segments per neuron). Dendritic segment and spine

reconstructions were performed using a Zeiss 410 confocal laser

scanning microscope using a 488 nm excitation wavelength at

a magnification of 3100 and a zoom of 5. After gain and offset settings

were optimized, segments were digitally reconstructed at 0.1-lm
increments throughout the entire z-axis of the branch. The digitized

optical stacks were then deconvolved with AutoDeblur (v. 8.0.2; Media

Cybernetics, Bethesda, MD) and analyzed for spine number and length

using NeuronStudio software (Radley et al. 2008; Rodriguez et al. 2008),

after which they were manually verified. Values for each branch

segment were expressed as spine number per micrometer. The average

dendritic segment was approximately 30 lm in length.

Statistical Analysis
The values shown in Figures 2, 3, 5 and 6 representmeans ± SEM for each

group. For each measure, values for each animal were averaged and then

formal analyses were done by animal to ensure that each animal con-

tributed equally to the results. Analyses for effects of stress and estrogen

on weight gain, branch points, and dendritic length were performed

separately for each cell group (unlabeled or BLA projecting) using 2-way

analysis of variance (ANOVA) with variables of stress and estrogen. A

mixed model for repeated measures ANOVA with Bonferroni post hoc

test was used to test the effect of stress on dendritic length across

the apical dendritic trees (Sholl analysis). Spine density analysis was

done using a mixed model F-test using randomly selected data points

(up to 12 observations per animal) to balance samples from each animal.

N represents the number of animals for all analyses (see summary in

Table 1). The statistical significance level was set at a = 0.05.
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Results

Weight Gain

A 2-way ANOVA revealed significant effects of both estrogen

and stress on percent weight gain (OVX + veh control vs. stress:

21.2 ± 1.96% vs. 13.6 ± 1.46%; OVX + E control vs. stress: 8.33 ±
1.69% vs. 2.08 ± 0.93%. Effect of estrogen: F1,23 = 67.28, P <

0.0001; effect of stress: F1,23 = 21.56, P = 0.0001; Fig. 2).

Dendritic Parameters: ‘‘Unlabeled’’ Neurons

Mean branch points, overall apical dendritic length, and Sholl

analyses are shown for OVX + veh and OVX + E groups in Figure

3A--C and D--F, respectively. Two-way ANOVAs revealed no

significant effects of stress or estrogen on unlabeled neurons’

branch points or on total apical dendritic length, nor were there

any estrogen--stress interactions. Bonferroni post hoc tests did

not reveal any localized effects of stress at any distance from the

soma in either group. N = 8, 7 and 8, 7 for OVX + veh control,

stress, and OVX + E control, stress, respectively.

Dendritic Parameters: BLA-Projecting Neurons

Images of representative Neurons and Neurolucida tracings of

BLA-projecting IL neurons from the OVX + E control and stress

groups are shown in Figure 4A and B, respectively. Mean branch

points, overall apical dendritic length, and Sholl analyses are

shown for OVX + veh and OVX + E groups in Figure 5C and F,

respectively. Two-way ANOVAs of total branch points did not

reveal a significant interaction of estrogen and stress, but

Bonferroni post hoc tests showed a significant stress-related

increase in branch points in OVX + E group only (control vs.

stress: 15.4 ± 0.58 vs. 18.1 ± 0.93, P < 0.02). Two-way ANOVAs of

total apical dendritic length did not reveal a significant in-

teraction of estrogen and stress. However, post hoc tests

revealed a near-significant effect of stress in OVX + E group

only (control vs. stress: 1697.0 ± 52.9 vs. 1921.5 ± 105.0, P =
0.06), with stress causing a 13% increase in overall apical

dendritic length in this group. Sholl analysis revealed no

localized effects of stress for OVX + veh group, but OVX + E

group showed a significant stress 3 distance interaction (F1,11 =
1.935, P = 0.04), with Bonferroni post hoc tests revealing

significant effects of stress at 120 and 150 lm from the soma

Figure 1. Retrograde tracer injection sites. Representative serial sections showing sites of retrograde tracer injection into the BLA are shown in (A--C). Schematic sections
showing maximal diffusion of tracer are shown in (D--F).

Table 1
Summary of number of neurons used in each experiment per experimental group

Treatment OVX þ veh
control

OVX þ veh
stress

OVX þ E
control

OVX þ E
stress

Unlabelled
Number of animals 8 7 8 7
Number of neurons 37

(5,3,4,2,5,5,6,7)
36
(4,5,3,5,7,5,7)

30
(5,3,2,2,3,8,4,6)

37
(7,5,4,6,7,4,4)

BLA projecting
Number of animals 7 5 7 6
Number of neurons 27

(2,3,3,5,3,6,5)
25
(3,6,6,4,6)

33
(3,6,5,3,6,6,4)

29
(3,8,5,4,5,4)

Note: Numbers in parentheses represent the number of cells included from each animal in a group.
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(control vs. stress: 283.9 ± 14.8 lm vs. 351.4 ± 16.8 lm, P < 0.05;

220.7 ± 7.5 lm vs. 284.2 ± 34.4 lm, P < 0.05). N = 7, 5, 7, and 6

for OVX + veh control, stress, and OVX + E control, stress,

respectively.

Spine Density

Representative deconvolved images of dendrite segments from

OVX + veh control and stress groups are shown in Figure 6A

and B, respectively. In unlabeled neurons, a mixed model F-test

revealed an overall interaction of stress and estrogen on spine

density (OVX + veh control vs. stress: 1.29 ± 0.13 vs. 1.84 ± 0.13

spines per micrometer, OVX + E control vs. stress: 1.48 ± 0.15

vs. 1.41 ± 0.19 spines per micrometer; F1,9 = 7.18; P < 0.03),

with stress causing a 42% increase in spine density in OVX +
veh group (post hoc test, P < 0.01) but no change in OVX +
E group (Fig. 5C).

In BLA-projecting neurons (Fig. 5C), F-test revealed signif-

icant effects of both estrogen and stress on spine density but no

interaction (OVX + veh control vs. stress: 1.31 ± 0.16 vs. 2.20 ±
0.15 spines per micrometer, OVX + E control vs. stress: 1.71 ±
0.16 vs. 2.19 ± –0.08 spines per micrometer. Effect of estrogen,

F1,8 = 5.52, P < 0.05; effect of stress, F1,8 = 10.56, P = 0.01). Post

hoc tests revealed significant effects of stress in both OVX +
veh (69% increase in spine density, P < 0.001) and OVX + E

(29% increase in spine density, P < 0.05) groups as well as

a significant effect of estrogen in control animals (31% increase

in spine density, P < 0.05).

In control animals, no differences were seen between BLA-

projecting and unlabeled neurons in any of the parameters

(F1,64 = 0.005, P = 0.942), suggesting that there are no underlying

baseline morphological differences between these 2 neuron

populations. A summary of all findings combined with recent

findings in male rats (Shansky et al. 2009) is shown in Table 2.

The neurons used in the spine analysis represent a subset of

the total neurons used for the dendritic arbor analyses, and

thus, there is a smaller number (3--4 animals per group).

However, the results are in many cases highly significant.
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Figure 3. Unlabeled neurons in female IL show no stress-induced remodeling. In OVX þ veh animals, neither mean branch point number (A), total dendritic length (B) nor Sholl
Analysis comparisons (C) were different between control and stress groups (P [ 0.05 for all comparisons). Furthermore, no stress-related changes were seen in OVX þ E
animals in these measures (D--F). Data are displayed as mean dendritic length ± SEM. N 5 8, 7, 8, and 7 for OVX þ veh control, stress, and OVX þ E control, stress,
respectively.
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Figure 2. Stress reduces weight gain. Stressed animals gained less weight than
their controls. Estrogen-treated animals also gained less weight than OVX þ veh
animals. Data are displayed as mean percent weight gain ± SEM. *P \ 0.05
compared to same-group control; **P \ 0.01 compared to same-group control;
yP\ 0.0001 compared to OVX þ veh control. N 5 8, 7, 8, and 7 for OVX þ veh
control, stress, and OVX þ E control, stress, respectively.
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Discussion

The current studies reveal several novel findings. Most notably,

this is the first report of morphological effects of stress in the IL

of female rats. We have recently reported that in male rats,

unlabeled IL neurons show robust dendritic retraction with

stress (Shansky et al. 2009), while BLA-projecting IL neurons

are unaffected by stress. In contrast, both OVX + veh and

OVX + E females showed no remodeling in unlabeled neurons,

suggesting that overall, there may be a fundamental sex-

determined resistance to stress-related dendritic changes. In

BLA-projecting neurons, however, OVX + veh animals again

showed no stress-related dendritic retraction, but OVX + E

animals showed stress-induced dendritic ‘‘growth.’’ Thus,

although estrogen alone did not affect dendritic arborization,

estrogen in combination with stress led to a significant change

in branching. These results suggest that although most IL

neurons may be protected from stress-related remodeling in

females, estrogen may render the IL-BLA pathway particularly

sensitive to stress (for comparison with males, see Table 2).

These studies also confirm previous findings that estrogen

treatment can restore mPFC dendritic spine loss observed after

OVX (Luine et al. 2006). In the present studies, this was found

to be the case only in BLA-projecting neurons. Although

control estrogen-treated unlabeled neurons had, on average,

16% greater spine density than OVX + veh controls, this

difference was not significant. However, in both neuron sets, it

was found that stress could restore spine density in OVX + veh

animals to the same levels as with estrogen treatment. Finally,

OVX + E animals were again observed to have a circuit-specific

response to stress: that is, spine density in BLA-projecting

neurons (but not unlabeled neurons) ‘‘increased’’ with stress.

This neuronal population then not only has a more complex

dendritic arbor but also more spines on these dendrites,

suggesting a robust increase in spines per neuron.

Together, these data indicate that stress affects brain

morphology with remarkable specificity, causing remodeling
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Figure 5. BLA-projecting IL neurons in ovariectomized animals show stress-induced remodeling in estrogen-treated females only. In OVX þ veh animals, neither mean branch
point number (A), total dendritic length (B) nor Sholl Analysis comparisons (C) were different between control and stress groups (P[ 0.05 for all comparisons). In OVX þ E
animals, while stress had a significant effect on branch point number (D), apical dendrites did not show an overall stress-induced increase in dendritic length (E). However,
significant changes were observed at intermediate branches (F). *P\ 0.05. Data are displayed as mean dendritic length ± SEM. N 5 7, 5, 7, and 6 for OVX þ veh control,
stress, and OVX þ E control, stress, respectively.

Figure 4. Visualization and analysis of neurons. Representative Lucifer Yellow-filled
BLA-projecting neurons and corresponding Neurolucida tracings from OVX þ E
stressed (A and B) and control (C and D) animals. Scale bar 5 50 lm.
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in some, but not all, neurons and interacting with ovarian

hormones to produce a distinct morphological profile in the IL

of females. Moreover, that estrogen effects were seen only in

BLA-projecting neurons suggests that the neurons in this

pathway are particularly sensitive to estrogen’s actions.

Although how these effects might contribute to the de-

velopment of behavioral pathology remains to be determined,

the presence of sex differences in these processes is a pro-

voking addition to stress literature in males and females.

Estrogen, Stress, and Neuronal Morphology

As described above, estrogen is a potent modulator of

structural changes in neurons. It has been demonstrated in

both nonhuman primates and rodents that estrogen treatment

in OVX animals increases spine and synapse density in the CA1

region of the hippocampus (Adams et al. 2001; Hao et al. 2003;

reviewed in Woolley 1998), an effect that has also been

demonstrated in the monkey dorsolateral PFC (Tang et al. 2004;

Hao et al. 2007). Further support is derived from evidence that

hippocampal spine density is highest during proestrus and then

drops substantially during estrus (Woolley et al. 1990; reviewed

in McEwen 2002). Although the estrus cycle has been reported

to have no effect on spine density or dendritic arborization in

the ACg, both parameters were significantly higher in young

male rats than in female rats (Markham and Juraska 2002),

suggesting overall sex differences and hence possible organi-

zational effects of estrogen during development.

Estrogen--stress interactions have been explored experimen-

tally onmany levels,with varying, and at times conflicting, results.

Behavioral results appear to be task specific. For example,

animals with high estrogen levels (either during proestrus or

OVX + E) have been shown to be particularly sensitive to acute

stress-induced impairments in working memory (Shansky et al.

2004) and eyeblink conditioning (Wood and Shors 1998) but

resistant to the effects of stress on hippocampus-dependent

tasks like the Y-maze and radial arm maze (Bowman et al. 2002;

Conrad et al. 2004). From a morphological standpoint, females

have been shown to be protected from the CA3 apical dendritic

remodeling seen inmales after exposure to chronic stress (Galea

et al. 1997), consistent with the observed lack of effect on spatial

memory in females.

We have recently observed that while male rats exhibit

dendritic retraction in the IL with exposure to stress, the BLA-

projecting neurons in this region are resilient against this

effect, suggesting that this pathway is protected from at least

one of the consequences of repeated stress (Shansky et al.

2009). Our estrogen-treated females showed the exact

opposite pattern, appearing resistant to stress-induced den-

dritic changes in general but sensitive to the effects of stress in

BLA-projecting neurons. Thus, there are sex differences in the

effects of stress in the mPFC as in the hippocampus, although

the direction of these differences varies depending on brain

region. These diverging effects of stress in males and females

may hold important implications for the nature of sex differ-

ences in stress-related mental illnesses, but the functional

consequences of these morphological changes have yet to be

thoroughly investigated.

The current observation of stress-induced increase in

dendritic arbor and spine density in estrogen-treated BLA-

projecting IL neurons is the first report of IL dendritic

expansion with stress, and the implications of such an effect

are unclear. Conventional thinking would seem to dictate that

retraction and spine loss be regarded as maladaptive responses;

insofar as stress-induced neuronal atrophy in hippocampus or

mPFC (in male rats) is accompanied by a corresponding

impaired functioning of each area (Luine et al. 1994; Conrad

2006; Cerqueira et al. 2007). An increase in branching could

thus be envisioned as an adaptive mechanism, in that greater

arborization might enhance connectivity and function. How-

ever, this is not necessarily the case, nor is it consistent with

reports from the human population that stress-related disor-

ders are more prevalent in women than in men (Weissman

et al. 1996). Hypertrophy may render neurons vulnerable to

overstimulation and thus to dysfunction or death. Since excess

catecholamine activity in the mPFC can cause working memory

impairments (Arnsten 1997), females’ sensitivity to stress may

Table 2
Summary of morphological effects of stress effects in IL neurons in males and OVX þ veh and

OVX þ E animals

Unlabeled neurons BLA-projecting neurons

Males OVX þ veh OVX þ E Males OVX þ veh OVX þ E

Dendrites Retraction No change No change No change No change Expansion
Spine density No change Increase No change No change Increase Increase

Note: In both unlabeled and BLA-projecting neurons, the morphological effects of stress differ

between males and females, suggesting both sex- and hormone-regulated responses to stress

Figure 6. Effects of estrogen and stress on spine density. Representative deconvolved images of dendrite segments from unlabeled neurons from OVX þ veh animals in control
(A) and stress (B) conditions. Stress caused an increase in spine density in OVX þ veh animals regardless of neuron set and an increase in spine density in BLA-projecting
neurons from OVX þ E rats. In addition, estrogen treatment increased spine density in BLA-projecting neurons of control animals (C). *P\0.05 compared to same-group control;
**P\ 0.01 compared to same-group control; ***P\ 0.001 compared to same-group control; yP\ 0.05 compared to OVX þ veh control animals. Data are displayed as mean
spine density ± SEM. N 5 3 for all groups except N 5 4 for unlabeled OVX þ veh, control, and stress groups.
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be in part due to a stress-induced increase in receptivity to

catecholamine stimulation. This possibility will be investigated

in future studies.

Functional Implications of Circuit-Specific Stress Effects

The mPFC--amygdala connections are well defined (McDonald

et al. 1996) and have been shown in physiological studies to be

functionally significant, most often reported in the context of

fear conditioning (Garcia et al. 1999; Rosenkranz et al. 2003).

While the amygdala is crucial in mediating the acquisition and

expression of conditioned fear, as well as the acquisition of

extinction (Kapp et al. 1979; Iwata et al. 1986; Rogan et al.

1997), the mPFC—and particularly the IL—has been shown in

both lesion and physiology studies to be necessary for the

‘‘retrieval’’ of extinction (Morgan et al. 1993; Milad and Quirk

2002; Lebron et al. 2004), consistent with its role in

suppressing inappropriate responses. Additional support is

drawn from reports that mPFC stimulation results in reduced

amygdala response to a conditioned stimulus (Quirk et al. 2003;

Rosenkranz et al. 2003).

To date, these physiological studies have not been per-

formed in female rats, and the limited work that has been done

with female rats in fear conditioning paradigms is inconsistent

in their findings. Sex differences have been reported in the

acquisition (Maren et al. 1994) and extinction (Gupta et al.

2001) of contextual fear, but the role of estrogen in mediating

these differences is unclear. It has recently been observed that

estrogen-treated females are impaired at extinguishing a pre-

viously conditioned fear response (Toufexis et al. 2007), an

effect that has also been reported in cycling women (Milad

et al. 2006). Whether this modulation of emotional learning

also occurs with respect to retrieval of extinguished fear

remains to be thoroughly tested. Such investigations will make

an important contribution to the understanding of estrogen’s

modulation of this pathway and thus its potential for mediating

sex differences in the development of stress-related disorders.
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