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Abstract

Women with endometriosis have significant emotional distress; however, the contribution of stress to the pathophysiology of this
disease is unclear. We used a rat model of endometriosis to examine the effects of stress on the development of this condition
and its influence on inflammatory parameters. Female Sprague-Dawley rats were subjected to swim stress for 10 consecutive days
prior to the surgical induction of endometriosis by suturing uterine horn implants next to the intestinal mesentery (endo-stress).
Sham-stress animals had sutures only, and an endo-no stress group was not subjected to the stress protocol. At the time of sacri-
fice on day 60, endometriotic vesicles were measured and colons assessed for macroscopic and microscopic damage. Colonic
tissue and peritoneal fluid were collected for inflammatory cell analysis. Endometriosis, regardless of stress, produced a decrease
in central corticotropin-releasing factor immunoreactivity, specifically in the CA3 subregion of the hippocampus. Prior exposure
to stress increased both the number and severity of vesicles found in animals with endometriosis. Stress also increased colonic
inflammation, motility, myeloperoxidase levels, and numbers of mast cells. In summary, prior stress may contribute to the devel-
opment and severity of endometriosis in this animal model through mechanisms involving cell recruitment (eg, mast cells), release
of inflammatory mediators, and deregulation of hypothalamic—pituitary axis responses in the hippocampus.
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Introduction perhaps deliberately delayed having children in order to pursue
their professional ambitions.'> With improved diagnosis since
the introduction of the laparoscopy and more awareness, it is
apparent that endometriosis is found in many different types
of women, regardless of race or socioeconomic status. How-
ever, it is still unknown whether there are psychological traits
that may influence or predispose a woman to endometriosis.
Interestingly, Low and colleagues reported that women with
endometriosis scored higher on psychoticism, introversion, and

Endometriosis, a disease defined as the presence of endome-
trial glands and stroma outside the endometrial cavity, is
characterized by chronic, severe pain, and infertility.' The
symptoms of this disease, which occur throughout the repro-
ductive life of patients, are considered significant sources of
stress.” In fact, patients with endometriosis have reported to
have high levels of stress due to the negative impact of the
symptoms in all aspects of life, including work, relationships,
and fertility.>'' Moreover, women with endometriosis report
more stress and a higher negative impact on daily activities than
women with other pain syndromes.12‘13 Given that women are ' Department of Physiology and Pharmacology, Ponce School of Medicine and
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to stress can worsen endometriosis as well.
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Figure |. Experimental design. Animals were subjected to swim stress for |0 consecutive days prior to the surgical induction of endometriosis.
All animals were checked for regular cycling by analysis of smears during the protocol and sacrificed 60 days after surgery. FPC indicates fecal

pellet count.

both state and trait anxiety.'® Since the psychometric analyses
were done prior to surgical diagnosis, such that the women
presenting with chronic pelvic pain did not know the cause
of their symptoms until after the surgery, the authors argue that
they did not expect to see differences between the 2 groups
(both groups scored equally on pain measures, both groups
could have had high anxiety scores due to their upcoming
surgery), yet patients that eventually were diagnosed with
endometriosis were significantly more anxious.'® Thus, they
concluded that a certain psychological profile, characterized
by high anxiety levels, could make women more vulnerable
to endometriosis. High levels of stress due to endometriosis
have also been documented using physiologic and neural reac-
tivity studies, including electroencephalography, digital skin
temperature, electrodermal response, and electromyography.'”
This case report showed that endometriosis symptoms were
associated with parameters consistent with prolonged stress
reactions and concluded that patients with endometriosis may
benefit from self-regulation training and psychotherapy.

When the body is placed under stress, it secretes cortisol
(corticosterone in the case of rodents). Chronic activation of
stress responses, including the hypothalamic—pituitary—adrenal
(HPA) axis and the sympathetic—adrenal-medullary axis, can
lead to deregulation of corticotropin releasing factor (CRF)
in hypothalamic and other limbic brain areas such as the hippo-
campus. Consequently, this can result in increased expression
of glucocorticoid receptors by a variety of immune cells,
which can bind to and become activated by systemic cortisol/
corticosterone.'® Therefore, it has been suggested that markers
of HPA axis functioning might serve as an indicator of chronic
overreaction of the body’s stress system.'® The stress caused by
endometriosis symptoms has been hypothesized to cause a
deregulation in the neuroendocrine—immune axis leading to
disease.>** Hypocortisolism has been reported for a number
of pain conditions that cause chronic stress including endome-
triosis.?"*? Over the long term, this could result in a number of
negative health outcomes such as several disease conditions
(eg, diabetes, hypertension, cancer, and cardiovascular dis-
ease).”>** Abnormal HPA responses have also been documen-
ted in patients with chronic pelvic pain and mood disorders (eg,
anxiety, depression, posttraumatic stress syndrome).25

The stress—illness relationship is now viewed as a complex
process encompassing predisposing stressors and moderating
factors, such as social factors and coping.”® However, whether

stress affects the prevalence or disease severity of endometrio-
sis has not been systematically studied before. The aim of these
studies was to assess whether prior stress increases the likeli-
hood of developing endometriosis and can exacerbate the
severity of the disease and to identify the neuroimmune
mechanisms involved.

Materials and Methods

The experiments reported herein were performed in accordance
with the principles described in the “Guide for the Care and
Use of Laboratory Animals,” Publication No. DHMS (NIH)
86-23.

Animal Model

Studies were performed with female Sprague-Dawley rats
weighing 200 to 250 g (Southern Veterinary Service, PSM,
Puerto Rico); with 9 to 10 animals per treatment group (N =
9-10). All animals were maintained in a restricted-access room
with controlled temperature (23°C) and light—dark cycle. Stan-
dard laboratory chow and tap water were provided ad libitum.
All experimental procedures involving animals were approved
by the Animal Care and Use Committee at Ponce School of
Medicine. Animals were handled for 7 days (5 min/d per rat)
prior to beginning the experiment in order to reduce
experimenter-induced stress on the animal, and daily vaginal
cytological smears were carried out for all rats to check their
reproductive cyclicity (Figure 1). The experiments were carried
out at the same time of day (early afternoon) to minimize the
influence of circadian rhythms.

Stress Protocol

To induce stress animals were exposed to a swim stress pro-
tocol using a water maze protocol for 10 days prior to the
surgical induction of endometriosis or sham surgery (Figure
1).?” The water maze apparatus consisted of a plastic pool
(150 cm diameter and 60 cm deep) filled with water
(37°C £+ 1°C) and made opaque with nontoxic water-
soluble paint. The position of the animals during the task
was monitored and recorded using a ceiling-mounted video
camera connected to a computerized tracking/imaging ana-
lyzer system (HVS-Image, Hampton, UK; Watermaze
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Software, Edinburgh, UK). Each animal received 10 trials of
training per day, for 10 days. The duration of each trial was
60 seconds, separated by a 1 minute intertrial interval, to
allow the animal to rest. The water temperature in the pool
was closely monitored and maintained at 37°C. For each
trial, the animals were released into the water facing the
edge of the pool from 1 of the 4 equally spaced locations
in a pseudorandom order and allowed to swim for 60 sec-
onds. The colonic propulsive activity was assessed by
counting the number of fecal pellets expelled during each
stress trial.®*?° The average from the 10 trials was calcu-
lated for each day of the stress protocol and expressed as
the number of fecal pellets/minute. The endo-no stress ani-
mals were maintained undisturbed in their respective home
cages and fecal pellets expelled during the stress protocol
were counted. Stressed animals were then randomly
assigned to 1 of the 2 experimental groups: sham-stress or
endo-stress.

Induction of Endometriosis

Endometriosis was induced surgically during estrus under
pentobarbital anesthesia, based on the method of Vernon
and colleagues.’*>! Briefly, the distal 2 cm of the right uter-
ine horn were removed and immersed in warm (37°C) ster-
ile culture medium. The endometrium was exposed by
opening the uterine horn lengthwise with a pair of sterile
scissors. Four pieces of uterine horn measuring 2 mm x 2
mm were cut. These implants were sutured with the endo-
metrial surface next to the mesenteric vessels of the small
intestine. In the sham operated group, 4 sutures were
attached to the mesentery of the intestine without uterine
implants, and the right uterine horn was massaged with fin-
gertips for 2 minutes to minimize any effects resulting from
the mechanical handling of the uterine horn (that might
have occurred in the endometriosis animals). The peritoneal
cavity was kept moist with copious amounts of saline solu-
tion throughout the surgery to reduce adhesions. Based on
prior studies,>*' we allowed endometriosis to progress for
60 days following the induction surgery before sacrificing.

Collection of Tissues

At the time of sacrifice, all animals had a cytological smear
taken to allow for interpretation of any effects of the stage of
estrus cycle on the experimental results. Peritoneal fluid was
aseptically aspirated using a sterile micropipette, taking care
not to contaminate with blood, and stored at —20°C for future
analyses. A smear was also prepared on a microscope slide for
assessment of peritoneal inflammation (see below). A laparot-
omy was performed to allow for assessment of disease severity
as described below and to collect tissues. The whole colon was
removed and tissue segments were fixed in 10% formalin, or
weighed, frozen on dry ice, and then stored at —20°C until
assayed.

Assessment of Endometriosis Severity

The peritoneal cavity was systematically examined for the
presence of the implants and the original sutures. The classifi-
cations of vesicles in terms of grades of growth were carried out
as previously described.>'? In brief, the site of the implants
was examined for the presence/development of vesicles or
cysts and their diameter measured. Vesicles <2 mm received
a grade of 2, vesicles with fluid > 2 mm <4.5 mm received a
grade of 3, and vesicles >4.5 mm received a grade of 4. If the
implant had disappeared, it received a grade of 1.

Assessment of Peritoneal Inflammation

A Wright stained smear was prepared from a drop of peritoneal
fluid to enable the quantification of inflammatory cells. The num-
ber of white blood cells (WBCs), and a WBC differential in the
peritoneal fluid was determined microscopically by examining
5 high-power fields (x400) and obtaining an average number.

Colonic Microscopic Damage

After routine processing, colon tissue segments of 4 pm were
stained with hematoxylin—eosin to determine the extent of
inflammatory infiltration and the appearance of the underlying
muscle layers. Histological assessment of damage was per-
formed using previously published criteria.*® Briefly, the loss
of mucosal architecture (0-3: absent, mild, and severe), muscle
thickness (0 = muscle is less than 1/2 of mucosal thickness; 1 =
muscle is 1/2 to 3/4 of mucosal thickness; 2 = muscle is equal to
mucosal thickness; and 3 = all muscles) neutrophil infiltration
(0 = none; 1= in muscularis mucosae; 2 = in lamina propria/
villi; 3 = in serosa), crypt abscess formation (0 = absent; 1 =
present), and goblet cell depletion (0 = absent; 1 = present)
were evaluated. The score of each variable was added to give
a total microscopic damage score (maximum of 11).

Microscopic Analysis for Mast Cells

Segments of rat colon were fixed in 10% formalin, processed
by routine histological techniques, and mounted on glass slides.
The sections were stained with Toluidine blue to permit the
visualization of the mast cells. The numbers of mast cells in
10 randomly selected high-power fields were counted and the
mean number of mast cells per field calculated.

Measurement of Neutrophil Infiltration

Tissue myeloperoxidase (MPO) activity was determined in colo-
nic tissues as an index of granulocyte infiltration. Myeloperoxi-
dase is an enzyme found within the azurophilic granules of
neutrophils and other cells of myeloid origin. It has been demon-
strated previously that these levels reflect the state of inflamma-
tion in the mucosa of the intestine.** Approximately 100 mg of
flash-frozen tissues that were collected from both the distal region
and most proximal region of the colon were analyzed. A modifi-
cation of the technique described by Bradley et al was used.*”
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In this assay, hydrogen peroxide is broken down by myeloperox-
idase released from tissue samples by the addition of a detergent.
The resultant oxygen radical combines with a hydrogen donor and
the colorimetric change is measured on a plate reader.

Brain CRF Immunohistochemistry and Quantification

After tissues were collected, rat brains were fixed by aortic arch
perfusion with 4% paraformaldehyde. The brains were
removed and post-fixed for 24 hours in 30% sucrose/10% buf-
fered formalin. Coronal sections were obtained on a Leica
Vibratome (40 pm) and stored in cryoprotectant until immuno-
cytochemical processing. Prior to immunocytochemistry, coro-
nal sections of each treatment groups were coded with hole
punches and pooled into single crucibles. Tissue sections were
rinsed in phosphate buffer (PB) followed by Tris-buffered sal-
ine (TBS; pH 7.6) and incubated in 0.5% bovine serum albumin
(BSA) in TBS for 30 minutes. Tissue sections were incubated
for 24 hours at room temperature and for 24 hours at 4°C in gui-
nea pig polyclonal antiserum raised against human/rat CRF
(1:7000; Bachem Penninsula, San Carlos, California) in 0.1%
BSA in TBS with 0.25% Triton X-100. This antibody has been
previously characterized for specificity.*® Sections were then
rinsed in TBS and incubated with peroxidase—avidin complex
(at twice the recommended dilution; Vector, Burlingame,
California) for 30 minutes followed by development in
3,3’-diaminobenzidine (DAB) and H,O, in TBS for 6 minutes.
Sections were mounted on slides, dehydrated, and cover slipped.
For quantitative densitometry, images of regions of interest (eg,
parvocellular and magnocellular subdivisions from the paraven-
tricular nucleus of the hypothalamus [PV A]; in the hippocampus,
the CA3 subregions) were captured using a CCD Camera on a
Nikon 200 microscope at the same illumination level for all
images within a comparison group.’” The average pixel density
(of 256 gray levels) for each selected region was determined. It
has been previously shown that light microscopic pixel density
linearly correlated with the density of dynorphin-labeled dense-
core vesicles (average r = .92).37 Most neuropeptides such as
dynorphin and CRF are stored within dense-core vesicles.*® In
addition, pixel density obtained at the light microscopy level from
linearly correlated with the transmittance obtained from neutral
density filters with defined transmittance (Pearson correlation,
r = .998).3” Regions of interest were outlined to determine the
mean gray density. To compensate for background staining and
control for variations in illumination level between images, the
average pixel density for 3 regions that lack labeling was sub-
tracted. Average values for each animal from 2 separate experi-
mental runs were used to determine the mean group average.
Values from control and experimental tissue processed together
were statistically compared to determine the differences in
immunohistochemical-labeling density.

Statistical Analysis

Data were analysed by using GraphPad Instat version 3.0
(GraphPad Software, San Diego, California) and SPSS 19.
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Figure 2. Stress increases anxiety levels. Both the sham-stress and
endo-stress groups had increased fecal pellet counts compared to
endo-no stress, indicating increased anxiety levels *P < .05%P <
.01,%¥P < 001 versus endo-no stress (9-10 animals/group).

A P < .05 was considered to represent a statistically significant
difference. Numerical variables such as weight, optical density
units, CRF immunoreactivity, fecal pellet counts, MPO levels,
and mast cell numbers were evaluated for normality using the
Shapiro-Wilk test. The mean difference + the standard error of
the mean (SEM) was used to assess the differences before and
after exposure to stress and among treatment groups. In order to
assess the statistical significance of the mean differences, a
parametric 1-way analysis of variance (ANOVA) was used for
normally distributed variables, using the Bonferroni correction
test for the post hoc pairwise contrasts. A nonparametric
Kruskal-Wallis H test was used for not normally distributed
variables, and the Mann-Whitney U test was used for the post
hoc pairwise contrasts after taking into account the accumula-
tion of the type I error.

Results

Anxiety

The number of fecal pellets produced during the stress protocol
was used as an indirect index of anxiety related to stress.?®>°4!
During the 10 days of the stress protocol, the fecal output of the
endo-no stress animals (placed in a new clean cage) remained at
about the level of zero (Figure 2). All animals receiving stress
had significantly higher defecation than those not receiving
stress throughout the 10-day period, indicating higher levels of
anxiety regardless of whether the animals had endometriosis
or not. There appeared to be no difference in fecal output
between the 2 groups receiving stress (endo-stress and sham-
stress), indicating that both groups were equally anxious.

Vesicle Size

There was no difference in the body weight between the groups
at the time of sacrifice. After the animals were sacrificed,
classification of the vesicles was performed as described.’!
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Figure 3. Prior stress increases implant frequency and severity. None
of the sham-stress animals developed vesicles. The endo-no stress
group developed a vesicle in 50% of their sutures (grades 2, 3, or
4). Prior exposure to stress increased both, (A) the number of vehi-
cles developed and (B) the average vesicle grade (9-10 animals/group;
*P < .05 vs endo-no stress).

As expected, none of the sham-stress animals developed vesicles
at the suture sites. In contrast, all of the experimental (implanted)
rats developed vesicles in at least one of the implant sites. The
endo-no stress animals developed a vesicle in 50% of their
sutures. This was increased to 75% in the endo-stress group
(Figure 3A). In addition, the frequency of vesicles with a higher
grade of severity per animal was significantly increased in those
animals that were subjected to stress, with 50% of the vesicles
having a diameter larger than 4.5 mm (grade 4; Figure 3A and B).

Although most of the rats were surgically induced when in
estrus phase (sometimes in proestrus), at the time of sacrifice
there was a spread among the different phases, with the major-
ity (about 80%) being in either proestrus or estrus, since all ani-
mals were sacrificed exactly 60 days after surgery (Table 1).
Notably, there was a difference in the estrus phase at sacrifice
between the groups: in the endo-no stress group, 67% of ani-
mals were in proestrus; while in the group receiving stress, only
30% were in that phase.

Colonic Damage and Cell Infiltration

Segments of colons were analyzed for measurement of MPO
activity, to give an indication of neutrophil infiltration.

Table I. Stage of Cycle at the Time of Sacrifice

Stage of Cycle (%)

Treatment Diestrus Proestrus Estrus Metestrus

66.7
222
30.0

222 0.0
777 0.0
30.0 10.0

Endo-no stress 1.1
Sham-stress 0.0
Endo-stress 30.0

The levels of MPO were higher in the colon of all animals
exposed to stress. Endo-stress animals had MPO levels ~ 3-
fold higher than endo-no stress, but this difference did not reach
statistical significance (11.40 + 3.94 vs 4.71 + 0.87 units/mg
of tissue; n = 8-10; Figure 4A).

Segments of colons were stained with hematoxylin and
eosin for microscopic analysis, and the parameters taken into
consideration included epithelium integrity, cellular infiltra-
tion, goblet cell depletion, crypts assess formation, and muscle
thickness. No differences were found in the histology scores for
the colon, being equally high across all groups (6.75 + 0.56 for
endo-no stress, 7.29 + 0.18 for sham-stress, and 7.25 + 0.49
for endo-stress).

Colonic tissue from endo-no stress rats had few mast cells
(2.08 + 0.17 mast cells/high-power field of view). The num-
bers of mast cells increased in endo-stress (2.96 + 0.60 mast
cells/high-power field of view) and sham-stress animals (2.78 +
0.350 mast cells/high-power field of view; Figure 4B and C), but
this difference did not reach statistical significance.

Peritoneal Fluid Cell Analysis

The number of WBCs in the peritoneal fluid was measured as a
marker of peritoneal inflammation in the endo-stress and
endo-no stress rats. Although not significantly different, the
endo-stress rats had greater inflammatory cell infiltration in the
peritoneal fluid (12.00 + 3.51 WBC/high-power field of view)
compared to endo no-stress rats (7.25 + 1.15 WBC/high-
power field of view). A differential analysis revealed that more
than 50% of the cells in the peritoneal fluid were monocytes,
and the rest were neutrophils and lymphocytes. Very few baso-
phils or eosinophils were found, and the cellular distribution
was similar between the groups.

Corticosterone

Levels of corticosterone were measured during the stress
protocol on 3 different days (days 1, 5, and 10) and on the day
of sacrifice. Endo-no stress rats surprisingly showed the highest
corticosterone levels in comparison with the rats that received
the stress, although this did not reach significance (Figure 5).

Central CRF Changes

Coronal brain sections through the hypothalamus and hippo-
campus were processed for CRF-like immunohistochemistry.
Quantitative light densitometry analysis of the parvocellular



856

Reproductive Sciences 19(8)

A.
164
o 144
)
0
2 124
gﬁ —_—
5 101
=
2 89
2
> 64
B [
< 4
e}
o
S 24
0

Endo-No stress

Endo-No stress

Sham-Stress

Mast cell numbers/field of view

Endo-Stress

Sham-stress

Endo-Stress

H
1

w
1

N
L

-
1

Endo-No stress ~ Sham-stress Endo-Stress

Figure 4. Effect of prior stress on myeloperoxidase (MPO) activity and mast cell numbers. A, The endo-stress animals had the highest MPO
levels in colonic tissue (9-10 animals/group), but this difference did not reach statistical significance. B, Representative tissue sections of colon;
%x400; C, Average mast cell numbers per field of view in the colon (5-6 animals/group).

and magnocellular subdivisions of the PVA (Figure 6A)
revealed a higher CRF immunoreactivity in the parvocellular
compared to the magnocellular subdivision, further supporting
prior reports*?; however, no significant differences were
observed between sham-stress, endometriosis-stress, or
endometriosis-no stress groups (Figure 6B). Interestingly, anal-
ysis of the hippocampal subregions (Figure 7A) showed that in
the CA3 subregions, sham-stress animals showed significantly
different CRF immunoreactivity compared to both the endo-
stress and endo-no stress groups. Analysis of varaince revealed
a significant main effect of group for CA3a (F(»,17) = 6.22, P <
005), CA3b (F(2’17) = 95, P< 01), and CA3c (F(2’17) = 821,
P < .01). Post hoc analysis revealed that sham-stress animals
were significantly higher than the other groups (see Figure
7B). Control sections omitting primary antibody during the

incubation showed no specific labeling in any of the CA3 areas
and optical density was lower than background labeling on
experimental sections.

Discussion

This is the first study presenting evidence for the deleterious
effects of stress in the development of endometriosis and its
associated inflammatory parameters. We showed that rats with
surgically induced endometriosis receiving prior stress had
vesicles of a greater severity and number, higher levels of
MPO, and greater mast cell infiltration in colonic tissues. This
suggests that stress prior to endometriosis most likely contrib-
uted to the development of vesicles in this animal model
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Figure 5. Corticosterone levels in serum. Endo-no stress rats have
the highest corticosterone levels. Endo-stress and sham-stress animals
have a similar pattern of corticosterone levels (4-6 animals per group).

through mechanisms involving cell recruitment (eg, mast cells
and neutrophils) and release of cell mediators.

At the time of sacrifice, animals were found to be distributed
between the different stages of the cycle, with the majority
being in either proestrus or estrus phase. Due to normal varia-
tions in the thickness of both eutopic and ectopic endometrium
with cycle phase, it is expected that this tissue would be thicker
in proestrus and estrus compared to the other phases. Notably,
even with this variable, vesicles in the endo-no stress group
(where close to 70% of animals were in proestrus) were still
significantly smaller than those in the group receiving stress
(only 30% in proestrus), pointing to a possible underestimation
of the stress effect.

Stress stimulates the hypothalamus to manufacture and
release CRF, causing the pituitary gland to produce and release
corticosteroids (primarily cortisol in humans and corticoster-
one in rodents) into the body. In addition to its effects on the
brain, cortisol/corticosterone also affects the immune system.'”
Acute stressors are associated with an upregulation of the
immune system, while prolonged increase in cortisol levels has
been shown to depress immunologic function.** The physiolo-
gical mechanisms activated by stress are likely an adaptation to
help cope with the threat at hand; the transformation of these
stress responses into physiological illness depends upon the
severity and persistence of the stress response.**

A diurnal rhythm in plasma corticosterone in both male and
female rats is known to occur.*> These authors found that there
was an increase in corticosterone levels in the afternoon, thus
we carried out our stress protocol in the early afternoon.
Regardless, since the measurements were taken in all animals
at the same time of the day, any variations due to timing are
accounted for in our results, which showed no significant dif-
ferences in the levels of systemic cortisol in the rats with endo-
metriosis with or without prior stress. Others have reported that
women with endometriosis have lower salivary and follicular
fluid cortisol levels*®*” but higher serum cortisol levels in
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Figure 6. Hypothalamic CRF immunoreactivity. A, Representative
tissue section of the parvocellular and magnocellular subdivisions of
the paraventricular nucleus of the hypothalamus. B, Quantitative light
densitometry analysis showed no significant differences in CRF immu-
noreactivity between endo-no stress, sham-stress and endo-stress
groups. CRF indicates corticotropin releasing factor.

infertile women with advanced endometriosis.*® In other
chronic diseases that can cause pain, such as gastrointestinal
(GI) disorders, chronic fatigue syndrome, and women with dys-
menorrhea, the cortisol levels have been shown to be
decreased.”****° Evidently, more studies are necessary to elu-
cidate the role of altered cortisol levels in endometriosis. More-
over, it is possible that other neuroendocrine factors, including
central CRF levels, could be more accurate and informative
markers of HPA axis deregulation than systemic cortisol levels.

It is well known that in chronic diseases, there are elevated
levels of inflammatory cytokines and a disrupted HPA axis
activity, producing changes in central CRF levels.’'* Here
we showed no changes in CRF levels in the hypothalamic PVA.
This suggests that the main hypothalamic-CRF secreting
nucleus is not affected by prior stress in either control or endo-
metriosis animals. Since the stress occurred 60 days prior to
sacrifice, sufficient time has lapsed after the stress occurred
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Figure 7. Hippocampal CRF immunoreactivity. A, Representative tissue section of the CA3 regions of the hippocampus from a sham-stress
animal. B, Quantitative light densitometry analysis revealed higher levels of CRF in CA3 regions of sham-stress animals compared to both the
endo-stress and endo-no stress. *represents P < .05 compared to the other 2 groups; *represents P < .05 from endo-no-stress group only.

to normalize the CRF levels in the PVA. We decided to focus
on the hippocampal formation because this structure has been
demonstrated to be sensitive to chronic stressors™* as well as
to cytokine effects.”> Our results showed a decrease in hippo-
campal CRF immunoreactivity in animals with endometriosis
compared to sham-operated animals, independent of stress. A
reasonable explanation for decreased CRF in the endometriosis
rats is that the condition by itself might produce immunological
changes similar to a chronic stressor. Alternatively, decreased
central CRF might reflect an adaptive response to the chronic
disease state. Interestingly, our results are in accord with a
recent report by Vincent and colleagues, showing that mean
cortisol levels were lower in women with dysmenorrhea and
that levels were negatively correlated with duration of pain.*!
The authors conclude that patients with endometriosis have
evidence of a suppressed HPA axis response and alterations

in the central processing of stressful factors. The CRF levels
and number of mast cells have been shown to be elevated in
endometriosis biopsies,’® while no differences were observed
in peritoneal fluid levels of CRF and CRF-binding protein
between controls and women with endometriosis.”’ Thus, the
endometriosis-specific changes in CRF expression appear to
be different at the central versus local levels. Our observations
provide further evidence that HPA axis deregulation might also
be occurring in endometriosis, and open the possibility of
further exploring the role of the associated neuroimmune
mechanisms in this disease.

It is now widely accepted that stressful life events can
impact the health of an individual, including immunological
health. Endometriosis is associated with increased secretion
of proinflammatory cytokines and impaired function of
cell-mediated natural immunity.”®>° This network of locally



Cuevas et al

859

produced cytokines modulates the growth of ectopic
endometrial implants, and involvement of these inflammatory
mechanisms has been demonstrated previously in the rat
model.®>® In humans, ectopic endometrial tissue is sur-
rounded by abundant fibrotic tissue and inflammatory
infiltrate, including mast cells, but the triggering factors for
these processes are not yet understood.®* These infiltrating
mast cells exhibit degranulation and scattered granules, sug-
gesting that an abnormal immune response, specifically a
hypersensitivity reaction, is strongly related to endometriosis.®>
Anaf et al demonstrated that in deeply infiltrating endometrio-
sis lesions (the most painful type), there was an increase in
both activated and degranulating mast cells, and a close
histological relationship with nerves possibly contributing to
the associated pain.®® Specific nerve fibers have been found
in endometriotic tissues, which correlate with the density and
severity of pain in patients. Our results provide further support
for the role of mast cells, and perhaps their mediators in this
condition, similar to other inflammatory diseases of the intes-
tine where the involvement of stress and the immune system
appears crucial to disease progression.®”*® This suggests that
manipulation of the nerve/mast cell interactions could repre-
sent a novel therapeutic target for pain and Gl-related symp-
toms caused by endometriosis.®

To our knowledge, very few studies have investigated the
involvement of stress on the development of endometriosis.
Based on the observation that the prevalence of spontaneous
endometriosis in captive baboons increased with time spent
in captivity, D’Hooghe et al concluded that psychological
stress may affect the prevalence of endometriosis.”® While
other factors may play a role (such as age, more interrupted
menstrual cycle, captive diet), this study presented the first
indirect evidence of the relationship between a chronic stressor
and endometriosis. In patients, further indirect evidence
includes a doubled risk for shorter cycle length in women with
stressful jobs (a known risk factor for endometriosis’') com-
pared with those who did not consider their jobs stressful,”* and
dysmenorrhea is twice as common in women reporting high
levels of stress in the preceding menstrual cycle.” In addition,
there is ample evidence from qualitative and quantitative stud-
ies that document the significant negative impact on quality of
life in patients with endometriosis.'™'" Taken together, data
from both animal models and human studies strongly suggest
that stress does play a role in endometriosis. Whether stress
is a causal or exacerbating factor in disease is still unknown.
Our results fill an important gap in knowledge of the endome-
triosis field, by providing evidence supporting the involvement
of stress-activated neuroinflammatory mechanisms in this
chronic, painful disease.

The studies described herein are limited in that, as with all
animal models, some conclusions cannot be directly general-
ized to the human scenario. Limitations of our study include the
fact that our measurement of fecal pellet count, while consid-
ered an indirect measure of increased intestinal motility that
is often linked with a high anxiety state, is not directly compa-
rable to a similar measurement in patients. Also, in this series

of experiments we are examining one type of stressor during
a defined time period. In the human condition, patients are sub-
jected to many different types of stress, which can be present in
a chronic or acute fashion or may actually result from dealing
with the symptoms of the disease. In this set of experiments we
also did not include a sham-no stress group since we have pre-
viously shown that rats with experimental endometriosis have
higher levels of inflammatory factors (such as inflammatory
cells in the peritoneal fluid) than rats with a sham-surgery
(equivalent to sham-no stress).” The present studies were
therefore designed to test the hypothesis that stress will make
these parameters even worse. Our data support this hypothesis
and provide evidence for the role of neuroinflammatory
mechanisms in this disease. Other strengths of this model
include the fact that the mechanisms underlying activation of
the HPA axis by stress and immune mechanisms are highly
similar between rodents and primates. Endometriosis has been
identified as a heterogeneous, complex disease, and it is highly
plausible that the existence of ongoing stress may contribute to
the development of this disease through disturbances created in
the immune and neuroendocrine systems. As such, our results
point to the importance of future research in this area to lead
to a better understanding of this disease and the importance
of the “brain—body—brain cross talk.” This may help to estab-
lish psychological, behavioral, and stress-reduction interven-
tions as part of multidisciplinary preventive and clinical
management to better treat patients with this condition.
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