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The disruptive effects of severe stress on reproductive function are well documented, but sur-
prisingly few studies exist that demonstrate milder psychosocial stressors interfere with the ovarian
cycle in females. We hypothesized repeated application of psychosocial stress would disrupt estrous
cycles in mice. Mice were transferred to a new cage, transported to a new room, and restrained
(2 hours) for 21 consecutive days. Contrary to our hypothesis, this paradigm did not affect estrous
cycles.Wenext tested the hypothesis that a single exposure tomild stress disrupts a specific aspect of
the cycle: the proestrous luteinizing hormone (LH) surge. We developed a model of acute, layered
psychosocial stress (sequential application of new cage, transport to new room, restraint and
predator cues lasting 5 hours total) that consistently increased circulating corticosterone. Appli-
cation of this stress paradigm on midmorning of proestrus disrupted the LH surge measured near
lights out in 14 of 24 mice; there was no evidence for a 24-hour delay of the surge. Following stress,
mice continued to have normal estrous cycles, even when the LH surge was disrupted. Stressedmice
failing to exhibit an LH surge had uterine masses suggesting the proestrous estradiol rise occurred.
To test specifically whether the layered stress paradigm blocks estradiol-dependent positive
feedback mechanisms, we examined the estradiol-induced LH surge. Stress blocked the estradiol-
induced LH surge in all mice. These results suggest exposure to mild, acute psychosocial stress on
proestrus can severely disrupt the generation of the LH surge in mice without affecting the overall
estrous cycle. (Endocrinology 158: 2593–2602, 2017)

Stress is often associated with disruptions in fertility in
women (1, 2). A large body of literature demonstrates

the deleterious effects of severe disruptions in homeo-
stasis (e.g., endotoxin, caloric restriction, hypoglycemia)
on the hypothalamo–pituitary–gonadal (HPG) axis,
specifically reduced gonadotropin-releasing hormone
(GnRH) and/or luteinizing hormone (LH) release (3–7).
Direct evidence is limited, however, that milder but more
prevalent psychosocial stressors can affect reproduction.
Psychosocial stress has been attributed as an underling
cause of functional hypothalamic amenorrhea (8–10), a
common menstrual cycle disorder, but many reports are
anecdotal and a clear cause-and-effect relationship has
not been identified.

Studies using controlled stress paradigms in animal
models have provided evidence that psychosocial stress
alters female reproductive cycles, although effects vary
with species and stress paradigm/duration. Most reports
suggest that a prolonged or repeated exposure to mild
stress is needed to affect ovarian cycles. In monkeys, an
extended psychosocial stress (spanning at least one
menstrual cycle) combined with other mild stressors in-
terferes with progesterone and LH secretion and disrupts
the cycle by lengthening the follicular phase and/or in-
creasing incidence of insufficient luteal function (11, 12).
In mice, a daily 3-hour restraint applied for 18 days
lengthens estrous cycles (13). Longer stress durations are
not always needed, however, to impair ovarian cycles.
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For example, in Syrian hamsters, a single exposure to a
novel object, such a new running wheel or movement to a
new cage, on themorning of proestrus can delay the onset
of estrus by 24 hours (14, 15).

In addition to disruptions in the ovarian cycle being
attributed to psychosocial stress, specific aspects of re-
productive control such as pulsatile release of GnRH and
LH (16, 17), pituitary responsiveness to GnRH (16), and
the preovulatory LH surge have been examined. These
studies have largely used single exposures to acute stress
to investigate effects on gonadotropins. In sheep, a 4-hour
transport stress delayed LH surge onset when applied
during the interval between corpus luteum regression and
the expected time of the LH surge (18). Restraint (5 to
7 hours) on the day of proestrus in rats blocked the LH
surge in ;50% of animals, with the remaining animals
showing a blunted surge amplitude compared with
nonstressed controls (19).

Given the persistent nature of psychosocial stress in
modern society, it is important to determine the impact this
type of stress may have on overall reproductive fitness as
well as the underlyingmechanisms. To accomplish this, we
conducted a series of experiments to test effects of either
daily repeated or single exposure to acute psychosocial
stress on estrous cyclicity and the LH surge in female mice.
In the course of these studies,we developed and validated a
model of layered, acute psychosocial stressors inmice. The
results suggest the estrous cycle is resistant to disruptions
by psychosocial stress, but a specific component of the
cycle, the LH surge, is more sensitive.

Materials and Methods

Animals
Adult female C57Bl6/J or CBA/B6F1 mice aged 45 to

162 days were used for all experiments. All mice were provided
with water and Teklad 2916 chow (Envigo, Madison, WI) ad
libitum and were housed on a 14:10 light/dark cycle with lights
on at 4:00 AM Eastern Standard Time. Animals were group
housed before any experimental treatment; nonstress control
mice were never singly housed at any time to avoid any stress
associated with social isolation. Estrous cycle stage was de-
termined via vaginal cytology and was monitored for at least
7 days before experiments involving the natural estrous cycle. For
studies using an estradiol-induced LH surge model (OVX+E),
mice were ovariectomized and received a subcutaneous silastic
implant (DowCorning,Midland,MI) that contained 0.625mg of
17b-estradiol (Sigma-Aldrich, St. Louis, MO) in sesame oil (20).
Surgery was done under isoflurane general anesthesia with
bupivacaine as a local analgesic. Studies were performed 2 days
after surgery. The Institutional Animal Care and Use Committee
of the University of Michigan approved all procedures.

Repeated stress paradigm
To investigate effects of repeated exposure to psychosocial

stress on the estrous cycle, a daily 2-hour stress was applied over

21 days. Midmorning (6.5 hours after lights on), mice were
removed from their home cage and singly housed in a new cage,
then transported to a new room where they were immediately
placed in a commercially available restraint tube (Braintree
Scientific, Braintree, MA) within the new cage. Animals were
able to turn around in the restraint device with minimal effort,
but movements were restricted. After 2 hours, all stressors were
removed and animals were placed back in their home cage.

Acute layered stress paradigm
For all other experiments, the above stress paradigm was

modified in two ways. First, mice were exposed only once to
the stress paradigm, and acute effects on the LH surge were
examined. Second, the duration of stress was lengthened to
better encompass the “critical period” of GnRH/LH surge
induction (21) by sequentially layering multiple psychosocial
stressors. First, a single mouse was removed from the home
cage and placed in a new cage. The new cage containing the
stress subject mouse was then immediately transported to a
new environment. One hour later, mice were placed in the
restraint device described above. Two hours after restraint
was initiated, the predator odor 2,3,5-trimethyl-3-thiazoline
(Contech Enterprises, Victoria, BC, Canada), a component
of red fox (Vulpes vulpes) urine, was introduced for another
2 hours. This paradigm produced a 5-hour exposure to
psychosocial stress.

We used the term mild to describe these stress paradigms to
differentiate between the low level of discomfort and agitation
observed in our animals vs potentially severe physical effects of
stressors such as insulin-induced hypoglycemia or endotoxin.
The effect of these stressors to independently increase corti-
costerone levels (pretreatment vs posttreatment) was examined.
For the layered stress paradigm, tail blood was sampled at the
outset of application of each stressor and at the conclusion of the
stress period to test for corticosterone. Once the model was
determined to be effective and consistent in activating the
hypothalamo–pituitary–adrenal (HPA) axis (as determined by
corticosterone levels), we simplified further experimental design
by obtaining only “pretreatment” and “posttreatment” samples
immediately before and after stress, respectively, for cortico-
sterone determination. After the stress period, the odor source
was removed from the cage and mice were released from the
restraint device. Following stress, mice remained alone in the
new cage until blood was sampled for LH measurement (2 to
2.5 hours later).

Blood sampling
LH was measured either as a single time point (sampled 20

to 40 minutes before lights out) in trunk blood or at multiple
time points in tail blood. All samples for corticosterone
measurement were obtained via tail blood. To minimize
handling stress due to tail blood sampling, all samples were
taken in a quiet, calm environment. Animals were gently re-
moved from their cage and placed on a work surface. While
lightly holding on to the tail, the tip of the tail (,2 mm) was
removed with a sterile scalpel blade. Animals were allowed as
much freedom of movement as possible while collecting tail
blood via capillary tube (25 to 40 mL of blood per sample).
This sampling procedure has been shown to elicit minimal
stress responses in nonstressed animals [e.g., control animals
in Fig. 1(a)]. For all blood samples, serum was separated by
centrifugation and stored at 220°C until assay.
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Experiment 1: Does a repeated, daily 2-hour
psychosocial stress disrupt estrous cycles?

Estrous cycles were monitored under basal nonstressed
conditions for 10 days to confirm normal cyclicity. Only mice
with regular estrous cycles were used for further study. At the
start of a 21-day treatment period, micewere assigned to either a
nonstress control or stress group (n = 4 per group for each of two
replicate studies, n = 8 per group total). Control mice were left
undisturbed except for routine husbandry and veterinary ob-
servations, daily estrous cyclemonitoring, andweekly tail blood
samples to assess corticosterone. Mice in the stress group were
stressed for 2 hours each morning beginning 6.5 hours after
lights on for 3 weeks. In stressed mice, tail blood samples were
taken immediately before and after daily stress exposure to
measure corticosterone levels on days 1, 7, 14, and 21 relative to
start of treatment period to assess efficacy of the stress to ac-
tivate the HPA axis. Blood samples were taken at the same time
points in control animals. After the 3-week exposure to daily
psychosocial stress, estrous cycles were monitored for an ad-
ditional 10 days under basal conditions to investigate any
possible delayed effects of the repeated stress.

Experiment 2: Effect of acute, psychosocial stress on
the proestrous LH surge

Based on a similar model of acute stress previously shown to
suppress gonadotropin secretion in sheep (16, 17), we designed
an acute paradigm of sequentially layered psychosocial stress as
described above. To test effects of this stress on the proestrous
LH surge, mice were either kept under nonstressed conditions
(n = 11) or exposed to the layered stress (n = 24) on the mid-
morning of proestrus (6.5 hours after lights on). Tail blood was
sampled immediately before and after stress for corticosterone
measurement; samples were taken at the same time points in
control mice. Trunk blood was collected 20 to 40 minutes
before lights out in all animals for LH measurement. Uterine
mass was measured and mice with uteri .100 mg were con-
firmed to be in proestrus and included in the analysis.

Experiment 3: Does psychosocial stress delay the
proestrous LH surge in mice by 24 hours?

Previous studies in the Syrian hamster suggest a mild stress
(e.g., novel object) can delay the LH surge by 24 hours (15). To
determine whether our psychosocial stress paradigm caused a
similar response, we applied the layered stress on the mid-
morning of proestrus (6.5 hours after lights on; n = 6 per group,
stress and nonstressed controls). Tail blood was sampled before
and after stress to measure corticosterone levels; samples were
taken at the same time points from controls. To assess the LH
surge, tail blood was sampled 21, 0, and +1 hour relative to
lights out on both the day of stress (day 1; expected LH surge)
and on the following day (day 2). To validate mice were in
proestrus on day of treatment (day 1), only mice that exhibited

Figure 1. Repeated, daily exposure to psychosocial stress does not
alter the estrous cycle in the mouse. (a) Mean 6 standard error of
the mean (SEM) serum cortiocosterone in nonstressed controls
(n = 6; C, circles) and stressed mice (n = 6; S, squares); samples
taken immediately before treatment (open symbols) and after
completion (closed symbols). Treatment period is denoted by the gray
bars in panels (b) and (c). **P , 0.01, ***P , 0.001 stress before
(pre) vs stress after (post) by two-way repeated measures ANOVA/
Bonferroni. (b) Representative estrous cycle profiles for controls;

Figure 1. (Continued). proestrus (P), diestrus (D), and estrus (E).
Gray bars denote days of treatment. (c) Representative estrous cycle
profiles for stressed animals; gray bars denote days of treatment (daily
stress). (d) Mean 6 SEM number of days spent in each phase of the
estrous cycle in control (C, open bar) and stressed animals (S, closed
bar) during pretreatment (10 days, left panel), treatment (21 days,
middle panel), and posttreatment (10 days, right panel) periods.
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estrous vaginal smears on day 2were included in the analysis, as
the estradiol rise during proestrus should produce vaginal
cornification regardless of occurrence of an LH surge.

Experiment 4: Does psychosocial stress interfere
with estradiol positive feedback needed for
generation of the LH surge?

Adult female mice on a CBA/B6F1 backgroundwere used in
this study (C57Bl6/J mice were used for all other experiments),
as this hybrid strain has been shown to produce more con-
sistent and robust estradiol-induced LH surges (OVX+E) than
do 100% C57Bl6/J mice [LH surge amplitudes from previous
studies: CBA/B6F1 (n = 38) 5.3 6 0.6 ng/mL vs C57Bl6/J
(n = 13) 1.2 6 0.3 ng/mL]. Mice were randomly assigned to
one of two treatment groups: nonstress control or stress; the
experiment was conducted in four separate replicates (n = 3 per
group per replicate; n = 12 per group total). All mice were
handled daily for 7 days before surgery, as pilot studies showed
that this reduced sensitivity to handling stress in mice post-
surgery (E.R. Wagenmaker, unpublished data, May 2015).
Midmorning (6.5 hours after lights on), 2 days after surgery,
tail blood was sampled to assess basal corticosterone levels.
The layered stress paradigm was then immediately applied to
mice in the stress group; controls remained under nonstress
conditions. After the completion of the stress, tail blood was
sampled to measure corticosterone; samples were taken at the
same time point in controls. All mice were euthanized and
trunk blood collected 20 to 40minutes before lights out for LH
measurement.

Assays
LHwasmeasured in serum from either trunk or tail blood, as

described above. LH assays were conducted by the Ligand
Assay and Analysis Core of the University of Virginia Center for
Research and Reproduction. In serum from trunk blood sam-
ples, LH was measured in singlicate by a sensitive two-site
sandwich immunoassay (22, 23) using monoclonal antibodies
against bovine LH (no. 581B7) and against the human LH-b
subunit (no. 5303: Medix, Kauniainen, Finland) as described
(23). Intraassay and interassay coefficients of variation are
4.5% and 8.3%, respectively, with a functional assay sensitivity
of 0.02 ng/mL. For LHmeasured in tail blood, amultiplex assay
(EMD Millipore, Billerica, MA) was used that requires only
10 mL of serum. This assay has a functional sensitivity of
0.24 ng/mL, the intraassay coefficient of variation is 5.5%, and
the interassay coefficient of variation is 11.5%. A proestrous
LH surge was defined as a value $ 2 ng/mL. Surges in OVX+E
mice are lower amplitude (24) and were defined as$0.5 ng/mL,
which is 25-fold the assay sensitivity. Serum corticosterone was
determined in duplicate aliquots (2 mL) using the DetectX
corticosterone enzyme immunoassay kit (Arbor Assays, Ann
Arbor, MI). Intraassay and interassay coefficients of variation
for this assay are 5.2% and 7.9%, respectively. Assay sensitivity
was 18.6 pg/mL.

Statistics
Data were tested for normal distribution using a Shapiro–

Wilk test and analyzed using parametric or nonparametric tests
as dictated by data distribution. Significancewas set atP, 0.05.
Details of specific tests and post hoc analyses are provided in
the results.

Results

Experiment 1: Does a repeated, daily 2-hours
psychosocial stress disrupt estrous cycles?

To address this question, mice were stressed daily or
left untreated for 21 days after a 10-day pretreatment
control period (used to establish estrous cycles were
consistent between groups). In unstressed control mice,
corticosterone levels remained at nonstressed, basal levels
throughout the duration of the treatment period [Fig.
1(a)]. In contrast, after exposure to daily psychosocial
stress, mice had increased corticosterone release on each
day measured, demonstrating the efficacy of this stress to
activate repeatedly the HPA axis [P , 0.01, two-way
repeated measures analysis of variance (ANOVA)/
Bonferroni; Fig. 1(a)]. The amplitude of these increases
in corticosterone did decrease over the duration of the
treatment period (P , 0.01, two-way repeated measures
ANOVA/Bonferroni), but stress-induced elevations were
maintained. Prestress corticosterone did not increase over
time in the stress group, suggesting theHPA axis returned
to basal levels after stress exposure. Fig. 1(b) and 1(c) show
representative examples of estrous cycles from control and
stress-exposed mice, respectively. Control mice had reg-
ular estrous cycles throughout the duration of the ex-
periment [Fig. 1(b)]. Despite consistent elevations in
corticosterone induced by stress throughout the treatment
period, there were no effects on overall estrous cycle length
(controls, 5.16 0.4 vs 5.16 0.3 vs 4.66 0.2 days; stress,
5.36 0.5 vs 5.86 0.5 vs 4.66 0.2 days; pretreatment vs
treatment vs posttreatment periods, respectively;P. 0.05,
two-way repeated measures ANOVA/Tukey). Addition-
ally, there was no difference in the number of days spent in
proestrus, estrus, or diestrus [P. 0.05, two-way repeated
measures ANOVA/Tukey; Fig. 1(d)].

Experiment 2: Effect of acute, psychosocial stress on
the proestrous LH surge

Results from the previous experiment suggest that the
mouse estrous cycle is resistant to disruptions by this
paradigm of psychosocial stress. It is also possible that
there were effects of the repeated stress on particular
aspects of the estrous cycle that were not investigated.We
thus narrowed our focus to the effects of an acute stress
on a specific component of the ovarian cycle: the pro-
estrous LH surge. Because a daily 2-hour psychosocial
stress did not detectably alter the estrous cycle, we ex-
panded our stress paradigm to encompass a longer du-
ration and increased the potency of the stress. To this end,
we designed an “acute layered stress paradigm” (see
Materials and Methods for details) similar to a stress
paradigm that inhibited both GnRH and LH pulses in
sheep (16, 17) [Fig. 2(a)]. Each individual stressor
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included in the layered stress induced an increase in
corticosterone [Fig. 2(b)]. When applied sequentially in
mice, this stress paradigm consistently elicited a robust
and prolonged increase in corticosterone [Fig. 2(c)].
When the layered stress was applied midmorning of
proestrus (6.5 hours after lights on), LH surges were not
detected at the expected time in most mice (14 of 24;
58%) whereas 11 of 11 control mice had an LH surge at
lights out [Fig. 2(d)]. When surges were observed in
stressedmice (10 of 24), they were of similar amplitude to
nonstress controls [P. 0.05, unpaired two-tailed Student
t test; Fig. 2(d)], suggesting the effect of the layered stress
is on surge timing/incidence rather than amplitude.
Uterine mass was measured in all mice to confirm ex-
posure to proestrous levels of estradiol (control, 124 6
6 mg; stress no surge, 131 6 8 mg; stress with surge,
114 6 6 mg; P . 0.1, one-way ANOVA/Tukey), sug-
gesting that the proestrous estradiol rise was similar in
all groups.

Experiment 3: Does psychosocial
stress delay the proestrous LH surge
in mice by 24 hours?

The LH surge in rodents can be
delayed by a day by various treatments;
this is likely attributable to the role the
diurnal light cycle plays in the timing of
the surge (15, 21, 25, 26). To determine
whether proestrous LH surges were
not observed in the above study be-
cause they were delayed by a day, we
applied the layered stress on the mid-
morning of proestrus as previously
noted [Fig. 3(a); n = 6 per group:
nonstressed controls and stress). There
was no difference in corticosterone
between groups in the pretreatment
sample [Fig. 3(b)]. Layered stress
markedly increased corticosterone,
whereas levels in controls were un-
changed [P , 0.01, two-way repeated
measures ANOVA/Sidak; Fig. 3(b)]. In
control mice, five out of six had an LH
surge during the sampling window on
the evening of proestrus (day 1) [mean
peak, 18.46 5.4 ng/mL; Fig. 3(c), top].
No control mice showed surge-like
levels of LH the following day (day
2). In contrast, only one out of six
stressed mice had an LH surge on the
day of proestrus (day 1); none had
elevated LH levels the next day [Fig.
3(c), bottom]. Estrous cycles in all mice
were further monitored for 10 days; all

mice continued to cycle normally regardless of treatment
[Fig. 3(d)].

Experiment 4: Does psychosocial stress interfere
with estradiol positive feedback needed for
generation of the LH surge?

In experiments involving the proestrous surge, estradiol
levels were not measured directly due to insufficient serum.
There is indirect evidence that suggests estradiol levels were
elevated in these mice: vaginal smears and/or uterine mass
provide a bioassay for circulating estradiol levels (27, 28).
To test specifically whether stress interferes with estradiol
positive feedback action required for surge generation, we
used a model of exogenous estradiol administration that
induces a daily LH surge in mice (OVX+E) (20).

Mice were assigned to one of two treatment groups
(n = 12 per group): nonstress control or stress. All mice
exhibited basal levels of corticosterone before treat-
ment [P . 0.05; Fig. 4(a)]. The layered stress increased

Figure 2. An acute model of layered, psychosocial stress increases corticosterone and
disrupts the proestrous LH surge. (a) The layered stress paradigm consists of sequential
application of new cage/transport to a new room, restraint, and exposure to predator odor.
Time is depicted as hours relative to onset of stress. (b) Individual values and mean 6
standard error of the mean (SEM) serum corticosterone; each individual stressor in the
layered stress paradigm increases basal corticosterone [before (pre) s vs after (post) C]:
20-minute new cage stress (n = 4), 20-minute transport to new room stress (n = 4), 20-
minute restraint (n = 8), and 1-hour predator odor exposure (n = 6). *P , 0.05, **P , 0.01,
paired Student t test. (c) Mean 6 SEM corticosterone during the complete layered stress, as
depicted at the top (n = 35; P , 0.0001, one-way repeated measures ANOVA/Tukey). (d)
Individual values and mean 6 SEM serum LH measured 20 to 40 minutes before lights out
on the late afternoon of proestrus. All controls had an LH surge (n = 11; s); some stressed
animals had an LH surge (n = 10; C), but most did not (58%, n = 14; gray circles). ***P , 0.0001,
one-way ANOVA/Tukey.
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corticosterone levels (P , 0.001, two-way repeated
measures ANOVA/Sidak). In this experiment, a statistical
increase in corticosterone in the control group in the
posttreatment sample was also observed. This value is
consistent with the expected diurnal pattern of cortico-
sterone; of note, levels are near the higher end of the range
of late-afternoon values we see (;100 ng/mL; E.R.
Wagenmaker, unpublished data, March 2011). Impor-
tantly, posttreatment corticosterone was higher in stressed
than in nonstressed mice (P , 0.01, two-way repeated
measures ANOVA/Sidak). In control mice, an LH surge
was detected in nine of 12 mice (mean, 1.6 6 0.6 ng/mL;
Fig. 4(b)]. In contrast, LH surges were not observed in any
stressed mice [mean, 0.04 6 0.01 ng/mL; P , 0.001
control vs stress, Mann–Whitney U test, Fig. 4(b)].

Discussion

In the current study, we tested whether a repeated or
single exposure to psychosocial stress affected the overall
estrous cycle or either the proestrous or estradiol-induced
LH surge in mice. Daily, repeated exposure to mild stress
did not alter the length of the estrous cycle or the number
of days spent in each phase of the cycle when compared
with nonstressed controls. We thus developed a model of
sequentially layered stress to test the effects of a single
exposure to psychosocial stress on a specific aspect of the
cycle: the proestrous LH surge. When this stress para-
digm was applied on the morning of proestrus, it dis-
rupted the surge in most mice. This disruption is likely
due to interruption of the central mechanisms of estradiol
positive feedback rather than production of the pro-
estrous estradiol rise, as this stress paradigm also dis-
rupted the estradiol-induced LH surge.

Exposure to psychosocial stress disrupts the estrous
cycle in some species (11, 12) but not in others (29). Still,
the lack of effect of psychosocial stress on the murine

Figure 3. Exposure to the layered stress does not delay the
proestrous LH surge by 24 hours. (a) Experimental timeline. Layered

Figure 3. (Continued). stress is applied midmorning on proestrus
and blood samples for corticosterone taken immediately before and
after stress (black, solid arrowhead). Blood samples for LH
measurement were taken at 21, 0, and +1 hours relative to lights
out and again at the same times 24 hours later (gray arrows). Gray
boxes denote period of lights out. (b) Individual values and mean 6
standard error of the mean (SEM) corticosterone in controls (C, s)
and stressed (S, C) mice. **P , 0.01, two-way repeated measures
ANOVA/Sidak. (c) Individual values and mean 6 SEM serum LH
values at the time of the expected surge (21, 0, and +1 hours
relative to lights out) on day 1 (day of proestrus, left panel) and the
following day (day 2, right panel) in both control (top panel) and
stressed animals (bottom panel); n = 6 per group. (d) Representative
estrous cycle profiles for one control animal (top) and two stressed
animals (bottom): days of proestrus (P), diestrus (D), and estrus (E)
are indicated. Vertical dashed line in (d) denotes day of proestrus on
which experiment was conducted.
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estrous cycle here was surprising, as a similar model
(daily 3-hour restraint) was capable of lengthening the
cycle in mice (13). This difference was not attributable to
failure of our stress model to activate the HPA axis. Stress
produced elevations in corticosterone, the major glu-
cocorticoid in rodents, measured at weekly time points
throughout the 3-week stress period, demonstrating the
efficacy of this stress. Glucocorticoids can negatively affect
both the estrous cycle and gonadotropin secretion in a
variety of species (30–34). In many of these studies, how-
ever, disruptive effects of glucocorticoidswere observedwith
more sustained elevations than those induced by stress in the
current study. It is possible that mice were able to adapt to
the mild stress used here, perhaps because of a shorter
duration of the accompanying corticosterone elevation.

Although the results of experiment 1 suggest a lack of
effect on the outward expression of the estrous cycle, it is
still possible that stress had an impact on aspects of the
cycle that were not examined. We thus focused on a
specific feature of the cycle not previously monitored: the
proestrous LH surge. We developed and validated a
layered stress paradigm, with a longer duration (5 vs

2 hours) to better cover the “critical period” needed to
generate the GnRH/LH surge (21). In proestrous mice,
this stress disrupted the surge in most animals (63%;
experiments 2 and 3 combined). The presence of the LH
surge was not specifically tested in experiment 1, which
used a repeated stress consisting of simultaneous appli-
cation of three of the four stressors used in our layered
stress (new cage, new room, restraint). Because exposure
to a single bout of the layered stress (sequential appli-
cation) disrupted the LH surge, yet did not alter the
progression of the estrous cycle, speculation about pos-
sible disruption of the LH surge in experiment 1 is
precluded.

Disruption of the LH surge by acute stress on the
midmorning of proestrus raises several questions. First,
did stress block the LH surge or alter its timing? In ex-
periment 2, we measured LH at a single time point: 20 to
40 minutes before lights out; this sampling regimen was
expanded in experiment 3 to encompass multiple time
points around the time of lights out to increase the
likelihood of observing a surge. Even with the more
extensive blood sampling, LH surges were not detected in
most of the stressed mice. Few studies demonstrate that
stress exposure can affect the timing of the LH surge in
rodents, which is tightly coupled to the light/dark cycle
(21, 25, 26). Rather, studies have shown stress can delay
the surge for a full day, with the LH surge still peaking
near lights out. For example, in Syrian hamsters, a single
exposure to mild stress can delay estrus onset and the LH
surge by 24 hours (14, 15). Interestingly, the layered
stress did not delay the surge by 1 day in our mice,
suggesting either that stress completely blocked the surge
or succeeded in altering the timing of the surge to outside
our sampling window. If the timing of the surge was
markedly altered, this raises the intriguing question of
whether mice ovulated after stress exposure. If, however,
the layered stress completely blocked the LH surge, and
therefore ovulation, this indicates that the estrous cycle
can progress in the absence of this hallmark of the ovarian
cycle. Further studies will be needed to address these
possibilities.

Because mice in the present studies did not display an
LH surge near the time of lights out, a second question
arises: does stress block the proestrous estradiol rise
needed for estradiol positive feedback and LH surge
induction (35)? In this regard, estradiol levels do not
appear to be affected by psychosocial stress exposure.
Increased uterine mass and vaginal cornification are in-
dicative of elevated estradiol levels (27, 28). A uterine
mass of .100 mg on the late afternoon of proestrus is
highly correlated with incidence of the LH surge in our
laboratory. All mice examined exhibited a uterinemass.
100 mg; furthermore, no difference in uterine mass was

Figure 4. Psychosocial stress blocks the estradiol-induced LH surge
in ovariectomized mice. (a) Stress was initiated midmorning on day
2 after ovariectomy. Individual values and mean 6 standard error of
the mean (SEM) serum corticosterone before (pre) and after (post)
stress in control (n = 12; C, s) and stressed animals (n = 12; S, C).
**P , 0.01, ***P , 0.001 by two-way repeated-measures ANOVA/
Sidak. (b) Individual values and mean 6 SEM serum LH measured
20 to 40 minutes before lights off in control (C, s) and stressed (S,
C) animals. ***P , 0.001, Mann–Whitney U test.
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observed between mice that exhibited an LH surge vs
those that did not (experiment 2). In studies that pre-
cluded removing the uterus on proestrus (experiment 3 in
which the possibility of a 24-hour delay of the surge was
studied), vaginal smears were used as a surrogate for
estradiol levels, as cornification of the vaginal epithe-
lium is also estradiol-dependent (28). These observations
of the reproductive tract indicate a proestrous estradiol
rise did occur in stressed mice, and they suggest dis-
ruption of the LH surge may be secondary to altering
the neurobiological mechanisms underlying estradiol
positive feedback.

To investigate directly whether estradiol positive feed-
backwas compromised,we used amodel of daily, estradiol-
induced surges in ovariectomized mice (20). In this model,
constant release estradiol implants are administered and
reliably produce an LH surge peaking near the time of lights
out. The layered stress paradigm blocked the surge in all
stressed mice prepared in the daily surge model. Consistent
with this observation, a recent preliminary report demon-
strated that a short-term application of multiple mild
stressors blocked estradiol-induced LH surges in mice (36).
Two possible mediators of the stress-induced disruption of
estradiol positive feedback mechanisms are glucocorticoids
and corticotropin-releasing hormone, both potent sup-
pressors of the HPG axis (30–34, 37–39). There are limited
data on expression of receptors for either glucocorticoids
(GRs) or corticotropin-releasing hormone (CRH-Rs) in
mouse GnRH neurons, with colocalization observed only
in a small subpopulation (40, 41). GnRH neurons,
however, appear to lack detectable levels of the estradiol
receptor (ERa) needed to convey estradiol-mediated
feedback (42). A direct effect of stress mediators on
GnRH neurons is thus not needed to impair this mecha-
nism. Kisspeptin neurons in the anteroventral periven-
tricular nucleus are postulated tomediate estradiol positive
feedback signals to the GnRH neuron (43). Anteroventral
periventricular kisspeptin neurons express ERa (44),
and there is some evidence of both GR and CRH-R
colocalization within these neurons (45). Another poten-
tial source of HPA/HPG integration is neurons producing
gonadotropin-inhibitory hormone (GnIH). Both GR and
CRH-R are expressed in a proportion of GnIH-expressing
neurons (46), and GnIH neurons can directly interact with
GnRH neurons (47, 48) to inhibit action potential firing
(49). In mice, ERa is also expressed in a subset of GnIH
neurons, but expression appears to be inversely corre-
lated with estradiol levels (50, 51). Whether stress
transmits effects directly or indirectly on the GnRH
neuron requires additional investigation that could yield
mechanistic information needed for potential treatments
to reverse stress-induced disruptions on the HPG axis.

In summary, although repeated exposure to a short-
duration psychosocial stress does not appear to have an
effect on overall estrous cyclicity in the mouse, a single
exposure to stress on the morning of proestrus can dis-
rupt the LH surge. Acute layered psychosocial stress
affected the timing and/or incidence of the LH surge in
most mice tested. Additionally, the estradiol positive
feedback mechanism needed for surge generation is
disrupted by this stress. Further studies are needed to
investigate potential mediators and mechanisms involved
and whether the LH surge is fully blocked or whether the
timing is altered.
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