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Summary Memory impairment is the most commonly reported cognitive symptom associated
with major depressive disorder. Decreased hippocampal volume and neurogenesis in depression
link hippocampal dysfunction with deficits in memory. Stress decreases hippocampal dendritic
spine density and long-term potentiation (LTP) at glutamate synapses, a cellular correlate of
learning and memory. However, elevated plasma levels of 17b estradiol (E2) during proestrus
increase hippocampal structure and function, directly opposing the negative consequences of
stress. In women, significant fluctuations in ovarian hormones likely increase vulnerability of
hippocampal circuits to stress, potentially contributing to the greater incidence of depression
compared to men. Using the learned helplessness model of depression and ovariectomized female
rats, we investigated whether acquisition of helplessness and hippocampal synaptic dysfunction is
differentially impacted by the presence or absence of plasma E2. We find that inescapable shock
induces a greater incidence of helplessness in vehicle- versus E2-treated OVX rats. In the vehicle-
treated group, LTP was absent at CA3-CA1 synapses in slices only from helpless rats, and CA1 spine
density was decreased compared to resilient rats. In contrast, significant LTP was observed in
slices from E2-treated helpless rats; importantly, spine density was not different between E2-
treated helpless and resilient rats, dissociating spine density from the LTP magnitude. We also
find that E2 replacement can reverse previously established helpless behavior. Thus, our results
show that E2 replacement in OVX rats increases resilience and improves hippocampal plasticity,
suggesting that E2 therapy may increase resilience to stress and preserve hippocampal function in
women experiencing large fluctuations in plasma estrogen levels.
# 2014 Elsevier Ltd. All rights reserved.

* Corresponding author. Tel.: +1 205 934 3523; fax: +1 205 975 9028.
E-mail addresses: tbredemann@uab.edu (T.M. Bredemann), mcmahon@uab.edu (L.L. McMahon).

1 Tel.: +1 205 934 3524; fax: +1 205 975 9028.

Available online at www.sciencedirect.com

ScienceDirect

j our na l h omepa g e: www.e l se v ie r.c om/l oca te/ psyne ue n

0306-4530/$ — see front matter # 2014 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.psyneuen.2014.01.004

http://crossmark.crossref.org/dialog/?doi=10.1016/j.psyneuen.2014.01.004&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.psyneuen.2014.01.004&domain=pdf
http://dx.doi.org/10.1016/j.psyneuen.2014.01.004
mailto:tbredemann@uab.edu
mailto:mcmahon@uab.edu
http://www.sciencedirect.com/science/journal/03064530
http://dx.doi.org/10.1016/j.psyneuen.2014.01.004


78 T.M. Bredemann, L.L. McMahon
1. Introduction

Major depressive disorder (MDD) is a complex psychiatric
disorder where biological factors and adverse life events
contribute to development of the illness. Women are twice
as likely as men to develop depression (Kessler, 2003), and
cyclical changes in ovarian estrogen (17b estradiol, E2) in
women are believed to be a contributing factor (Shors and
Leuner, 2003; Cohen et al., 2005). In fact, women have an
increased risk of experiencing a depressive episode when E2
levels are low or fluctuating such as during puberty, post-
partum, peri-menopause, and post-menopause (Rubinow
et al., 1986; Rubinow and Schmidt, 1987; Schmidt and Rubi-
now, 2009; Perez-Lopez et al., 2013; Weber et al., 2013).
Additionally, the risk of depression is increased in women
undergoing prophylactic oophorectomy for cancer preven-
tion and benign disease (Rocca et al., 2008; Parker, 2010;
Chen et al., 2013). Precisely how alterations in circulating E2
participate in or contribute to depression are not known.

Stress-induced alterations in synaptic efficacy in hippo-
campus, amygdala, and prefrontal cortex likely contribute to
depression symptoms (Duman et al., 2000; Kim et al., 2005;
Baller et al., 2013). Memory impairment is the most noted
stress-induced cognitive abnormality, which is likely due in
part to deficits in hippocampal synaptic function caused by
increased glucocorticoids (Rabin et al., 1990; Pavlides et al.,
1993; McEwen and Magarinos, 1997). In fact, MDD is often
accompanied by decreased hippocampal volume and neuro-
genesis (Vythilingam et al., 2002; Malberg and Duman, 2003;
Campbell et al., 2004; Gass and Henn, 2009). In rodents,
stress and elevated glucocorticoids decrease long-term
potentiation (LTP) and increase long-term depression (LTD)
at hippocampal synapses, decrease dendritic spine density,
and induce hippocampal learning deficits, alterations which
increase risk of depression-like behavior (Foy et al., 1987;
McEwen and Magarinos, 1997; Joels et al., 2004; Holderbach
et al., 2007). In contrast, proestrous levels of E2 increase CA1
dendritic spine density, LTP magnitude, and hippocampal-
dependent learning and memory (Smith and McMahon, 2005,
2006; Frye et al., 2007; Vedder et al., 2013), effects that
could oppose the detrimental consequences of stress and
glucocorticoids on hippocampal structure and function.
Therefore, low plasma E2 in women could leave hippocampal
circuits vulnerable to the harmful effects of chronically
elevated glucocorticoids that occur during stress and in
depression.

The ability to reproduce ‘‘depression-like’’ symptomatol-
ogy in rodents has helped pinpoint specific genes, receptors,
and biomarkers involved in depression (Nestler et al., 2002;
Vollmayr et al., 2007). The learned helplessness paradigm has
the advantage over other depression models in that, in
addition to animals displaying a sense of ‘‘giving up’’ similar
to humans with depression, they fail to learn behavioral
contingencies, thus modeling some cognitive deficits asso-
ciated with depression (Miller and Seligman, 1975; Seligman
and Beagley, 1975; Jackson and Minor, 1988). Thus, following
exposure to inescapable shock, rats that are unable to learn
to escape shock are considered ‘‘helpless’’ and have learning
deficits, while those that learn to escape, despite exposure
to the same stressor, are considered ‘‘resilient’’. The learned
helplessness model therefore is useful in assessing cognitive
dysfunction in depression. Indeed, adult male rats exposed to
inescapable foot shock using a protocol similar to that which
induces learned helplessness, experience deficits in hippo-
campal LTP recorded in vivo (Ryan et al., 2010), although this
study did not separately evaluate rats that acquired help-
lessness from those that did not. Because not all rats experi-
encing inescapable shock become helpless, thoroughly
evaluating possible deficits in both helpless and resilient
phenotypes is necessary to separate the deleterious conse-
quences of acute stress from depression-like symptoms.

E2 has anxiolytic and antidepressant effects in open field,
inhibitory avoidance, forced swim, and sucrose preference
assays (Rachman et al., 1998; Estrada-Camarena et al., 2003;
Walf and Frye, 2007; Romano-Torres and Fernandez-Guasti,
2010). However, very few studies have investigated the
potential benefits of E2 in the learned helplessness model,
and unfortunately the reported results are inconsistent (Jen-
kins et al., 2001; Dalla et al., 2008; Hajszan et al., 2010). In
addition, the learned helplessness literature has only focused
on animals that have acquired helplessness with a complete
lack of information on hippocampal synaptic function in
animals behaviorally resilient to the effects of inescapable
stress.

Here we used the learned helplessness model of depression
to test the hypothesis that hippocampal structure and function
is differently affected in adult OVX rats acquiring helplessness
versus resilience, and that proestrous plasma E2 levels
decrease acquisition of helplessness and improve hippo-
campal synaptic function. Our findings suggest the possibility
that E2 replacement may be a therapeutic strategy to increase
resilience and reduce the cognitive deficits in women who are
susceptible to stress and hormonal fluctuations.

2. Materials and methods

2.1. Animals

Sprague-Dawley rats (6—10 weeks old; Charles River) were
housed 2 per cage with access to water and standard chow ad
libitum for 7—10 days prior to behavioral assessments. All
animal procedures were approved by the Institutional Animal
Care and Use Committee of the University of Alabama at
Birmingham, in accordance with NIH guidelines. Please see
Supplemental Information for additional methodological
details.

2.2. Ovariectomy and estrogen treatment

Female rats were OVXed at 6—8 weeks as previously
described (Smith and McMahon, 2005). Our previously pub-
lished work confirms the effects of E2 on hippocampal spine
density and synaptic plasticity at 14 days, 9 or 15 months
post-OVX (Smith and McMahon, 2005; Smith et al., 2010). In
the present study, at 14 days post-OVX, rats received 2
subcutaneous injections (24 h interval) of 17-b estradiol
(E2, Sigma—Aldrich) at 10 mg/250 g in 100 ml cottonseed
oil. Vehicle-treated rats received cottonseed oil alone. This
injection protocol produces proestrous-like levels of plasma
E2 (80—120 pg/ml) 24 h after the 2nd injection (Woolley and
McEwen, 1993). Estrogenic response was confirmed by mea-
suring uterine weights at the time of sacrifice (Hall et al.,
1992; Smith and McMahon, 2005). Uterine weights in all
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E2-treated rats were significantly increased compared to
vehicle-treated animals (0.20 � 0.09 vs. 0.10 � 0.05 g;
p < 0.0001).

2.3. Induction of learned helplessness

All behavior experiments were conducted between 9 am and
12 noon. On Days 1 and 2 (Fig. 1A and B), rats were exposed to
60 inescapable foot shocks at 0.65 mA (25—35 s duration, 15—
35 s intervals) in a dark solitary cage (Fig. 1A, 1200W �
1000D � 1200H, Coulbourn Instruments H10-11R-TC). On Day
3, rats were tested for helpless behavior using 30 escape
Figure 1 Learned helplessness protocol and experimental timeline
conducted in a dark, solitary cage and on Day 3, rats experienced esca
and Methods’’). (C) Graph shows average escape latency for each bin
not exposed to inescapable shock. (D) Experimental timeline for all 

OVX + VH, vehicle injection (INJ); OVX + E2, estradiol injection; LTP
untreated OVX rats that met criteria for helplessness were divided in
testing. (E and F) Left bar charts show percentage of helpless rats in
untreated OVX control groups (& helpless, n = 58 56.3%; & resilient 

latency during the 30 trials of escape testing between helpless and re
graphs show average escape latency in helpless and resilient rats fo
(panel E) and untreated OVX rats (panel F).
trials in a novel shuttle cage (2000W � 1000D � 1200H; H10-11R-
SC) to reduce the possible effects of context dependent fear
memory associated with the solitary cage used for inescap-
able shock. For each escape trial, shock onset was accom-
panied by a light cue that signaled door opening to permit
escape into the adjacent darkened compartment. If the rat
crossed through the door, shock was terminated; otherwise
the trial ended after 30 s had elapsed. Motion detection
lasers were used to record latency for each trial during which
an escape was made. If the rat did not escape during the first
20 s of shock, this was counted as a ‘‘failed’’ trial. Behavioral
criterion for helplessness was met if the rat failed more than
. (A and B) On Days 1 and 2, inescapable shock (IES, 0.65 mA) was
pe testing to determine helplessness or resilience (see ‘‘Materials
 of 5 trials during escape testing in untreated OVX rats that were
treatment groups: IES, inescapable shock; Test, escape testing;
/Golgi, sacrifice for LTP recordings or Golgi staining. Reversal:
to two separate groups for VH or E2 injections before 2nd escape

 male (& helpless, n = 16; 55.2%; & resilient n = 13, 44.8%) and
n = 45, 43.7%). There was a significant difference in mean escape
silient rats in both groups (middle bar charts, *p < 0.0001). Right
r each bin of 5 consecutive trials during escape testing in male
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5 of the last 10 trials during escape testing, while those that
did not meet this criterion were considered ‘‘resilient’’
(Fig. 1B) (Vollmayr and Henn, 2001). This protocol was
validated using a cohort of male rats and untreated OVX
female rats (Fig. 1E and F). A control group of untreated OVX
rats were exposed to the solitary cage for 30 min on Days 1
and 2 in the absence of inescapable shock and underwent
escape testing on Day 3 (Fig. 1C; no inescapable shock). All
rats in this group successfully learned to escape and none
reached criteria for helplessness.

To examine the role of E2 in acquisition of learned help-
lessness, OVX rats were treated with subcutaneous injections
of either vehicle or E2 immediately following inescapable
shock on Days 1 and 2 (Fig. 1D; OVX + VH, OVX + E2). This
injection protocol allowed for escape testing to be per-
formed 24 h following the 2nd E2 injection when hippocam-
pal spine density, synaptic function, and learning and
memory are increased (Smith and McMahon, 2005, 2006;
Vedder et al., 2013). To determine whether E2 treatment
reverses previously established helplessness, a subset of
untreated OVX rats that met criterion for helplessness during
escape testing on Day 3 (Fig. 1D; reversal) were treated with
vehicle or E2 on Days 4 and 5, and on Day 6, were tested for
helplessness with a 2nd round of escape testing.

2.4. Electrophysiology and spine density

Twenty-four hours following behavioral assessment (Day 4),
rats were selected for either electrophysiology or spine
density analysis. For electrophysiology, rats were deeply
anesthetized with isoflurane (VetOne) in oxygen prior to
decapitation and brain removal. Hippocampal slices were
prepared and LTP measured as previously described (Smith
and McMahon, 2005, 2006). Extracellular excitatory postsy-
naptic potentials (fEPSPs) were stimulated (0.1 Hz, 100 ms
duration) using a bipolar tungsten electrode placed in CA1
stratum radiatum to stimulate Schaffer collaterals. Baseline
responses were recorded for 20 min before high frequency
stimulation (HFS; 100 Hz, 50 s duration) was used to induce
LTP. HFS was delivered 4 times with 20 s intervals at 1.5 times
baseline stimulation and fEPSPs were recorded for at least
40 min post-tetanus. To investigate the effects of E2 replace-
ment slices where prepared from vehicle or E2-treated rats
24 h after escape testing (Day 4, Fig. 1D). Raw baseline fEPSP
slopes were compared between experimental groups to
ensure that differences observed in the LTP magnitude
between experimental groups are not a consequence of
differences in strength of the initial baseline transmission.

For spine density analysis, Golgi-Cox staining was per-
formed using FD Rapid GolgiStain kit according to manufac-
turer’s directions (FD Neurotechnologies, Inc., Ellicott City,
MD). CA1 pyramidal cells were selected for analysis if the
apical dendritic arbor was intact and tertiary dendrites in
stratum radiatum were distinguishable and could be tracked
back to an identified secondary dendrite. Spine density
analysis was performed on tertiary dendrites because pre-
vious analysis of the effects of E2 was performed on tertiary
branches (Gould et al., 1990; Smith and McMahon, 2005).
Experimenter was blinded to the identity of the treatment
group during analysis. Brightfield, confocal images were
acquired at 63� (1.4 na) using a Nikon Eclipse TE-2000U
inverted high resolution digital microscope. A 10 mm segment
was outlined using MetaMorph Bioimaging software (Univer-
sal Imagining Corporation, Molecular Devices). Deconvolved,
Z stacked images (30 focal planes, 10 mm intervals) were
used to ensure spines above and below the segment could be
included and only protrusions with a clearly discernible spine
head and neck were counted (Shors et al., 2001; Smith and
McMahon, 2005). Spines on 4 segments from 2 different
tertiary branches on 2 different neurons were averaged
together to represent mean density for each animal.

2.5. Statistics

Statistical analysis was performed using Origin 8.5 (Origi-
nLab). All data are reported as mean � standard error with
significance set at p < 0.05. Percentage of helpless versus
resilient rats within each treatment group was compared
using the Chi-square test for categorical variables. Significant
difference in mean escape latency between helpless and
resilient rats within a given treatment group was evaluated
with a two sample, independent Student’s t-test. To deter-
mine if significant LTP was expressed, a one-sample depen-
dent Student t-test was used. Comparison of the LTP
magnitude, spine density, paired-pulse facilitation ratio,
and steady-state depolarization between helpless and resi-
lient rats within in a given treatment group was achieved
using a two sample, independent Student’s t-test.

3. Results

3.1. Inescapable shock induces learned
helplessness in males and OVX female rats

To confirm that our shock protocol induces helplessness, a
cohort of males (Fig. 1E) and untreated OVX female rats
(Fig. 1F) were exposed to inescapable shock on Days 1 and 2
and escape testing on Day 3 (Fig. 1A, B, and D). Using this
protocol, inescapable shock induced helplessness in 55.2% of
males and in 56.3% of OVX females. Chi square analysis
indicates no significant difference between the 2 behavioral
phenotypes in either the male or OVX female groups
( p > 0.05). As expected, the mean escape latency during
the 30 trials for helpless rats was significantly increased
compared to rats reaching criteria for resilience (males:
29.9 � 0.1 s vs. 8.0 � 2.0 s; untreated OVX: 29.0 � 0.2 s
vs. 8.6 � 6.0 s, p < 0.0001). In fact, this significant differ-
ence in escape latencies between helpless and resilient rats
was immediately apparent within the first bin of 5 trials
during escape testing, suggesting that molecular changes
dictating these behavioral phenotypes had occurred as a
consequence of the 2 sessions of IES (helpless males
29.6 � 0.4 s vs. resilient males 15.2 � 2.5 s p < 0.0001; help-
less untreated OVX females 28.1 � 0.7 versus resilient
untreated OVX females 16.6 � 1.6 s, p < 0.0001). Further-
more, escape latencies of resilient males or untreated OVX
females continued to decrease during each successive block
of 5 averaged trials (Fig. 1E and F, right graphs), demonstrat-
ing learning during escape testing in a novel environment,
despite prior exposure to inescapable shock. Thus, helpless
rats show an inability to learn behavioral contingencies in a
novel environmental context while resilient rats successfully
learn to escape. Importantly, rats not exposed to inescapable



Figure 2 LTP is absent and spine density is decreased only in
vehicle-treated OVX rats reaching criteria for helplessness. (A)
Left bar chart shows percentage of helpless (&, 50.8%, n = 44)
and resilient (&, 49.2%, n = 41) rats, with no difference in
numbers between phenotypes. Middle bar chart shows mean
escape latency during the 30 trials of escape testing. Right graph
shows average escape latency in helpless and resilient rats where
each bin is an average of 5 consecutive trials across the 30 trials.
(B) Summary plot shows a lack of significant LTP in slices from
vehicle-treated helpless rats (*, n = 7 slices/5 rats) in contrast
to significant LTP in rats meeting criteria for resilience (*, n = 14
slices/9 rats). Inset shows representative fEPSP waveforms at
baseline (a) and 40 min post tetanus (b) in helpless and resilient
animals. Right bar chart shows average LTP magnitude from each
recording included in the data sets. (C) Left, representative
images of a tertiary CA1 dendrite from a helpless (&) and
resilient (&) rat. Right, bar chart shows CA1 pyramidal cell
dendritic spine density is decreased in vehicle-treated helpless
versus resilient rats. Spines were counted from 10 mm sections
above and below the plane of focus. N = 8 sections/4 rats per
group; images show deconvolved, stacked images of all focal
planes collapsed into maximum 3D projection. Scale bar repre-
sents 2 mm. LTP and spine analysis was performed 24 h following
escape testing. Asterisk indicates significance at p < 0.001 for
2A, 2B, and p < 0.05 for 2C. Error bars represent SEM.
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shock learn to escape and never meet criteria for helpless-
ness (Fig. 1C, 3.3 � 3.5 s).

3.2. LTP is absent and spine density is decreased
only in vehicle-treated OVX rats meeting criteria
for helplessness

Stress decreases hippocampal synaptic function and learning,
and increases the risk of depression-like behavior in rodents
(Foy et al., 1987; McEwen and Magarinos, 1997; Joels et al.,
2004; Frye et al., 2007; Holderbach et al., 2007; McLaughlin
et al., 2008). Because only rats that acquire helplessness
have deficits in escape behavior, we predicted that helpless
rats would have deficits in LTP and decreased dendritic spine
density compared to resilient rats, despite similar exposure
to the stress of inescapable shock. To test this hypothesis, a
cohort of vehicle-treated OVX rats was exposed to inescap-
able shock and escape testing as above (see Fig. 1D). On Day
4, acute slices were prepared from a subset of the helpless
and resilient rats to measure LTP at CA3-CA1 synapses, and in
a separate subset, dendritic spine density was analyzed using
Golgi impregnation. In this cohort, 50.8% reached criteria for
helplessness and 49.2% were resilient, with no significant
difference in numbers of helpless versus resilient rats
(Fig. 2A, p > 0.05). The mean escape latency was signifi-
cantly longer in helpless versus resilient rats (29.0 � 0.2 s vs.
8.2 � 0.9; p < 0.001). Furthermore, this significant differ-
ence was apparent during the first 5 trials of escape testing
(helpless 25.8 � 1.7 s vs. resilient 15.7 � 1.8 s; p < 0.0001),
suggesting that these behavioral phenotypes were acquired
during the 2 sessions of inescapable shock and are not a
consequence of the amount of shock experienced by rats
reaching criteria for helplessness during escape testing.

As predicted, in slices from vehicle-treated helpless rats,
LTP was completely absent (Fig. 2B, 107 � 1% of baseline fEPSP
slope; p > 0.05), while high frequency stimulation (HFS)
induced significant potentiation in vehicle-treated resilient
rats (Fig. 2B, 120 � 1% of baseline fEPSP slope, p < 0.001;
between phenotypes, p < 0.001). The percent potentiation
for each experiment included in the averaged LTP plot is shown
in the bar graph in Fig. 2B. Thus, CA3-CA1 synapses in OVX
resilient rats are capable of expressing LTP, despite exposure to
the same inescapable shock that renders synapses in vehicle-
treatedhelplessratsunabletoexpresspotentiation.Ofnote, in
a separate cohort of vehicle-treated control OVX rats not
exposed to behavior, the LTP magnitude is identical to that
measured in resilient rats (see Supplemental Figure 1A,
120 � 1% of baseline fEPSP slope). Furthermore, CA1 dendritic
spine density was significantly decreased in helpless versus
resilient rats (Fig. 2C, 14.3 � 3.6 spines/10 mm vs. 24.6 �
3.7 spines/10 mm, p < 0.05), and both groups have fewer
spines than vehicle-treated control OVX rats not exposed to
behavior (Supplemental Figure 1B; 39.5 � 4.4 spines/10 mm),
suggesting that shock decreases spine density and this effect is
greater in those rats reaching criteria for helplessness.

3.3. E2 replacement increases resilience and
helpless rats have significant LTP with no deficit
in spine density

The beneficial effects of E2 replacement in OVX rats
on hippocampal LTP, spine density (see Supplemental



Figure 3 E2 replacement increases behavioral resilience. (A)
Left bar chart shows percentage of helpless (&, 22.8%, n = 16)
and resilient rats (&, 77.2%, n = 54) with significantly more
resilient than helpless animals. Middle bar chart shows mean
escape latency during the 30 trials of escape testing. Right graph
shows average escape latency in helpless and resilient rats where
each bin is an average of 5 consecutive trials across the 30 trials.
(B) Summary plot shows significant LTP in E2-treated helpless
OVX rats (*, n = 5 slices/4 rats), however, the magnitude is
significantly less than in E2-treated resilient OVX rats (*, n = 12
slices/10 rats). Inset shows representative fEPSP waveforms at
baseline (a) and 40 min post tetanus (b) in helpless and resilient
animals. Right bar chart shows average LTP magnitude from each
recording included in the data sets. (C) Left, representative
images of a tertiary CA1 dendrite from a helpless (&) and
resilient (&) rat. Right, bar chart shows no significant difference
in dendritic spine density between E2-treated helpless and
resilient rats. Spines were counted from 10 mm sections above
and below the plane of focus. N = 8 sections/4 rats per group;
images show deconvolved, stacked images of all focal planes
collapsed into maximum 3D projection. Scale bar represents
2 mm. LTP and spine analysis was performed 24 h following
escape testing. Asterisk indicates significance at p < 0.001
except potentiation from baseline in helpless rats where
p < 0.05. Error bars represent SEM.
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Figure 1), and learning are in opposition to the effects of
stress and glucocorticoids (Foy et al., 1987; Woolley and
McEwen, 1993; McEwen and Magarinos, 1997; Joels et al.,
2004; Smith and McMahon, 2005; Frye et al., 2007; Holder-
bach et al., 2007; Harburger et al., 2009; Vedder et al.,
2013). Therefore we predicted that E2 replacement should
protect against the detrimental effects of inescapable shock,
thereby increasing resilience and facilitating learning during
escape testing. To test this, OVX rats were treated with E2 on
Days 1 and 2 of inescapable shock, tested for helpless versus
resilient behavior on Day 3, and on Day 4, LTP and spine
density were measured in separate subsets of helpless and
resilient rats (see Fig. 1D).

In contrast to the untreated and vehicle-treated OVX
cohorts where the numbers of helpless and resilient rats
were equal, in the E2-treated group, there were significantly
more rats reaching criteria for resilience, such that 77.2%
were resilient and only 22.8% demonstrated helplessness
(Fig. 3A, p < 0.001; mean escape latencies in helpless vs.
resilient: 26.8 � 0.8 s vs. 9.7 � 0.9; p < 0.001). In contrast to
the vehicle-treated group, the mean escape latency during
the first 5 trials is not different between E2-treated helpless
and resilient rats (helpless 18.5 � 3.2 s vs. resilient
16.5 � 1.8 s; p = 0.66), suggesting that E2 is beneficial even
in rats ultimately reaching criteria for helplessness during
escape testing.

Furthermore, in slices from E2-treated helpless rats, HFS
induced significant LTP (Fig. 3B, 114 � 2% of baseline fEPSP
slope; p < 0.001), in contrast to the lack of LTP in vehicle-
treated helpless rats (Fig. 2B). However, the LTP magnitude
in the E2-treated helpless rats was significantly less than that
in E2-treated resilient rats as expected (Fig. 3B, 127 � 2% of
baseline fEPSP slope; p < 0.05; p < 0.001 between pheno-
types). Importantly, the LTP magnitude in E2-treated resili-
ent rats is comparable to that measured at CA3-CA1 synapses
in slices from a separate cohort of control E2-treated rats not
exposed to behavior (Supplement Figure 1A; 135 � 2% of
baseline fEPSP slope). Despite the significant difference in
LTP magnitude between E2-treated helpless and resilient
rats, there was no difference in dendritic spine density
between the 2 phenotypes (Fig. 3C, 26.5 � 4.1 spines/
10 mm vs. 31.4 � 2.1 spines/10 mm; p > 0.05), although both
groups have fewer spines than E2-treated control OVX rats
not exposed to behavior (Supplemental Figure 1C;
58.5 � 6.1 spines/10 mm), again demonstrating that shock
decreases spine density.

3.4. Differences in LTP magnitude are not due to
alterations in paired-pulse facilitation ratio or
steady-state depolarization during tetanus

We next investigated whether the deficit in LTP in helpless
rats is due to decreased presynaptic release probability or
decreased tetanus-induced depolarization needed to release
the voltage-dependent Mg2+ block from NMDARs required for
LTP induction. However, no significant differences in the
paired-pulse ratio, an indirect measure of release probability
(Dobrunz and Stevens, 1997), were found in helpless versus
resilient rats in either vehicle (Fig. 4A1, 1.36 � 0.08 vs.
1.43 � 0.05; p > 0.05) or E2-treated (Fig. 4B1, 1.50 � 0.05
vs. 1.42 � 0.04; p > 0.05) OVX rats. Furthermore, there were
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Figure 4 No change in the paired-pulse facilitation ratio or steady-state depolarization in helpless versus resilient rats. (A1) No
significant difference in the paired pulse facilitation ratio between vehicle-treated resilient (&, n = 14 slices/9 rats) and helpless (&,
n = 7 slices/5 rats) OVX rats. (A2) Left bar chart shows no significant difference in average steady state depolarization (arbitrary units)
between helpless and resilient rats during the 4th round of tetanus in vehicle-treated rats. Right, representative waveforms from a
helpless and a resilient rat. (B1) No significant difference in the paired-pulse facilitation ratio between E2-treated resilient (&, n = 12
slices/10 rats) and helpless (&, n = 5 slices/4 rats) OVX rats. (B2) Left bar chart shows no significant difference in steady-state
depolarization during the 4th round of tetanus in E2-treated rats. Right, representative waveforms from a helpless and a resilient rat.
Bar charts show averaged data from all recordings used in LTP data sets in Fig. 4. Error bars represent SEM.
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no differences in steady state depolarization during the 4th
round of tetanus between helpless and resilient rats in either
the vehicle (Fig. 4A2, 56.8 � 4.4 vs. 71.6 � 10.3; p > 0.05) or
E2-treated (Fig. 4B2, 45.7 � 9.9 vs. 66.2 � 13.1; p > 0.05)
groups. Thus, the difference in LTP between helpless and
resilient rats is not due to alterations in presynaptic gluta-
mate release or the magnitude of depolarization during
tetanus.

3.5. Helpless behavior is reversed by E2
replacement in OVX rats

Finally, we sought to determine whether E2 replacement can
reverse previously established helpless behavior. For these
experiments, a subset of untreated OVX rats that met criteria
for helplessness during escape testing on Day 3 were treated
with either vehicle or E2 on Days 4 and 5, then exposed to a
2nd round of escape testing on Day 6 to determine if help-
lessness can be reversed (Fig. 5A). All helpless vehicle-trea-
ted rats (17 of 17 rats) continued to meet criteria for
helplessness and mean escape latency during escape testing
was 28.9 � 0.5 s (Fig. 5B), demonstrating that a 2nd exposure
to the escape testing environment is not sufficient to facil-
itate learning and reverse helplessness.

Conversely, when helpless rats were treated with E2, only
62.5% were helpless while the other 37.5% (6 of 16 rats) were
resilient (Fig. 5C). Furthermore, mean escape latency in the
newly resilient rats was significantly decreased compared to
their original escape latency (Fig. 5C, 12.12 � 2.3 s vs.
29.1 � 0.4 s; p < 0.001). Thus E2 replacement is capable
of reversing helplessness and increasing learning during a
2nd round of escape testing in over one-third of the cohort.

4. Discussion

Here we report that E2 replacement at near proestrous levels
in adult OVX female rats significantly increases resilience to
inescapable shock in the learned helplessness model of
depression. Learned helplessness is acquired in about half
of all males, untreated OVX, and vehicle-treated OVX rats
experiencing inescapable shock, while only about one-fifth of
E2-treated rats become helpless. Furthermore, we find that
subsequent E2 replacement can reverse previously estab-
lished helplessness in over one-third of OVX rats displaying
the helpless phenotype.



Figure 5 E2 replacement can reverse previously established helpless behavior. (A) Experimental paradigm. (B and C) Left bar chart
shows the percentage of helpless rats that remain helpless following a 2nd round of escape testing on Day 6. Middle bar chart shows the
average escape latency from all 30 trials during escape testing on Day 6. Right graph shows escape latency where each bin is an average
of 5 consecutive trials across the 30 trials. All vehicle-treated rats (n = 17 of 17) remained helpless while only 62.5% of E2-treated rats
were helpless and 37.5% were resilient (6 of 16 rats). In the E2-treated group, mean escape latency significantly decreased during the
2nd round of escape testing on Day 6 due to some rats becoming resilient and learning to escape shock. Asterisk indicates p < 0.001.
Error bars represent SEM.

84 T.M. Bredemann, L.L. McMahon
A major strength of our study is that we determined which
rats met criteria for helplessness versus resilience before
investigating synaptic function and dendritic spine density in
hippocampal area CA1. This is in contrast to other previously
published reports where there was no attempt to distinguish
between rats that acquired helplessness from those that did
not before any further analysis was performed (Hajszan
et al., 2010; Ryan et al., 2010). Importantly, the differences
in the amount of shock experienced by rats reaching criteria
for helplessness versus resilience during escape testing are
not causing the behavioral phenotype. Rather, the significant
difference in escape latency between helpless and resilient
rats (with the exception of the E2-treated group) revealed
during the first 5 of 30 trials strongly indicates that the
molecular changes dictating behavior occur during the two
exposures to inescapable shock and are not a consequence of
the shock experienced during escape testing. However, we
cannot completely rule out that the increased amount of
shock during escape testing on Day 3 experienced by rats
reaching criteria for helplessness might also contribute.
Because in the human population a particular stressor may
trigger a depressive episode in some individuals but not
others, separately investigating synaptic function/dysfunc-
tion in resilient versus helpless rats provides a more precise
model for mechanistic investigation of the effects of stress
that lead to cognitive deficits associated with depression.

4.1. Learned helplessness in females

Conflicting reports exist from the handful of learned help-
lessness studies using female rats. Two previous studies
reported that inescapable shock does not induce helplessness
in ovary intact female rats (Steenbergen et al., 1989; Dalla
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et al., 2008). However variations in ovarian plasma E2 during
behavior potentially masked the beneficial effects of ele-
vated plasma E2. In contrast, Jenkins and coworkers (2001)
reported that female rats are more likely to show helpless-
ness during diestrus II when E2 levels are low, and are more
resilient to inescapable shock during estrus, when E2 levels
are elevated. Differences in the timing of shock exposure in
ovary-intact female rats could account for the discrepancies
between these previous reports. Although published studies
are inconclusive, it is important to note that sensitivity to
certain types of pain may vary as plasma E2 levels vary and
could impact the outcome (Ryan and Maier, 1988; Leuner
et al., 2004; Sherman and LeResche, 2006). An important
strength of the present study is that OVX rats were treated
with an equal dose of E2 that was aimed to raise plasma E2
levels similar to those of proestrus rats. Thus, our findings,
which are consistent with those of Jenkins et al. (2001), help
to establish a beneficial role of E2 in the modulation of
aversive experiences in adult OVX female rats, which ulti-
mately decreases acquisition of helplessness and increases
resilience.

4.2. LTP in helplessness versus resilience

By separately investigating synaptic plasticity in helpless
versus resilient rats, we discovered that inescapable shock
only leads to a complete loss of LTP at CA3-CA1 synapses in
vehicle-treated helpless OVX rats. Given the several pub-
lished reports showing that acute inescapable stress inhibits
LTP (Foy et al., 1987; Shors et al., 1989; Baker and Kim,
2002), the finding that CA3-CA1 synapses in resilient rats are
capable of expressing potentiation, despite exposure to the
same inescapable shock that causes deficits or complete loss
of LTP in helpless rats, is unexpected. This critical difference
in LTP magnitude between the two behavioral phenotypes
was likely revealed only because we waited 24 h following
escape testing to measure LTP to avoid the negative effects
of acute stress that could obscure possible differences in
plasticity between helpless and resilient rats. Finally, obser-
ving significant LTP at CA3-CA1 synapses from E2-treated, but
not vehicle-treated, helpless rats suggests that E2 is bene-
ficial for hippocampal function.

4.3. Spine density in helplessness versus
resilience

Dendritic spine density is often used as an indirect measure of
synaptic function. Duman and coworkers (2000) reported
that inescapable shock leads to decreased dendritic spine
synapses on CA1 pyramidal cells of male and female rats
measured using electron microscopy, although animals were
not tested for behavioral helplessness versus resilience (Hajs-
zan et al., 2010). These authors suggested that the decrease
in spine synapses contributes to altered synaptic function
that dictates behavior. Our finding that vehicle-treated help-
less rats have significantly fewer spines and an LTP deficit
compared to resilient rats supports this interpretation. How-
ever, the dissociation we find between spine density and LTP
magnitude in E2-treated resilient versus helpless rats clearly
indicates that spine density does not predict synaptic
function. If this were the case, spine density should be
decreased in accord with the decreased LTP magnitude
observed in E2-treated helpless rats. Or alternatively, there
should be no deficit in LTP because spine density is not
different between E2-treated helpless and resilient rats. This
lack of association between spine density and LTP magnitude
in E2-treated rats is reminiscent of our previous findings that
the time course of the increase in CA1 dendritic spine density
does not mirror the time course of the increase in LTP
magnitude or enhanced novel object recognition (Smith
and McMahon, 2005; Vedder et al., 2013). It is important
to point out that our analysis was limited to spine density
rather than synapse density. However, our past and current
findings suggest that caution is needed when using alterations
in dendritic spine density to infer changes circuit function
and behavior.

4.4. The role of E2 in behavioral resilience

The cellular mechanisms stimulated by E2 replacement that
increase resilience are currently unknown. The precise role
of hippocampus in acquisition and/or expression of help-
lessness is also unknown. However, a role for hippocampus
in depression is beginning to be appreciated due to the
hippocampal atrophy that occurs in many patients with
MDD (Campbell et al., 2004; Vythilingam et al., 2004) and
because antidepressants increase hippocampal neurogenesis
and reverse depression-like behavior in rodent models (Mal-
berg and Duman, 2003; Holderbach et al., 2007; Vollmayr
et al., 2007; Gass and Henn, 2009). In addition, helpless
animals fail to learn context discrimination (Seligman and
Beagley, 1975; Jackson and Minor, 1988) suggesting that the
hippocampus is a likely target. The beneficial effect of E2 on
hippocampal neurogenesis, hippocampal plasticity, and hip-
pocampal learning suggests that the capacity of E2 to
increase resilience is due in part to its ability to enhance
hippocampal function (Smith and McMahon, 2005; Frye et al.,
2007; Luine and Frankfurt, 2013; Vedder et al., 2013).
Importantly, E2 has antidepressant effects in other preclini-
cal models (Shors and Leuner, 2003; Walf et al., 2004; Walf
and Frye, 2005; Sell et al., 2008), which is confirmed by our
finding that E2 replacement reverses helplessness in some
OVX rats. Despite the beneficial effects of E2 in hippocampus,
a small fraction (23%) of E2-treated rats still acquire help-
lessness, but it is important to note that behaviors may not
always correlate with plasma hormone levels. Thus, further
investigation is needed to determine whether other brain
regions contribute to the development of helpless behavior
and the downstream mechanisms that are activated by E2 to
induce resilience.

In future studies it will be important to determine which
estrogen receptors mediate the beneficial effects of E2
replacement and the downstream cellular mechanisms that
enhance resilience to stress. E2 increases brain derived
neurotrophic factor (BDNF) levels (Scharfman and MacLusky,
2006; Harte-Hargrove et al., 2013; Pluchino et al., 2013),
which may mediate many of the beneficial effects of estrogen
in hippocampus, as well as in the antidepressant effects of E2
(Kiss et al., 2012). Therefore, fully understanding the inter-
actions between E2 and BDNF in depression is of high impor-
tance (Duman and Monteggia, 2006; Bath et al., 2012).
Dysfunction in the cholinergic system is also implicated in
depression (Mineur et al., 2013) and E2-cholinergic interac-
tions are critical in the memory enhancing effects of
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increased plasma E2 levels (Gibbs, 2002; Gibbs et al., 2011).
Thus, future investigations into the potential role of mus-
carinic and/or nicotinic receptors in the antidepressant
effects of E2 are needed. The antidepressant effects of E2
could also be related to its ability to manipulate the sero-
tonergic system (Kiss et al., 2012). Clearly much more work in
the area of E2 and depression is necessary. However, the
results reported here add to current knowledge by demon-
strating the beneficial effects of E2 in the learned help-
lessness model using female rats and have important
implications for the use of E2 replacement therapy in the
subgroup of women who are at increased risk of developing
depression during periods of ovarian hormonal fluctuations
such as during the menopausal transition.

Because helplessness is only one of many symptoms that
may occur in depression, studies in women directly linking E2
levels with learned helplessness are not available. However,
our results are consistent with the known beneficial effects of
E2 treatment during perimenopause (Rubinow and Schmidt,
1987; Schmidt et al., 2000; Soares et al., 2001; Cohen et al.,
2005; Schmidt and Rubinow, 2009; Perez-Lopez et al., 2013).
Unfortunately, clinical studies in postmenopausal women
report conflicting results regarding the efficacy of E2 repla-
cement therapy on mood. The lack of benefit may be
explained by variability in estrogen replacement formula-
tions as well as the duration of hormone deprivation prior to
initiating treatment (Wharton et al., 2012; Craig, 2013).
Future preclinical and clinical studies are needed to resolve
these issues.
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