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Ectopic uterine tissue as a chronic pain generator
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Abstract
While chronic pain is a main symptom in endometriosis, the underlying mechanisms and effective
therapy remain elusive. We developed an animal model enabling exploration of ectopic
endometrium as a source of endometriosis pain. Rats were surgically implanted with autologous
uterus in the gastrocnemius muscle. Within two weeks, visual inspection revealed the presence of
a reddish-brown fluid filled cystic structure at the implant site. Histology demonstrated cystic
glandular structures with stromal invasion of the muscle. Immunohistochemical studies of these
lesions revealed the presence of markers for nociceptor nerve fibers and neuronal sprouting.
Fourteen days after surgery rats exhibited persistent mechanical hyperalgesia at the site of the
ectopic endometrial lesion. Intralesional, but not contralateral, injection of progesterone was dose-
dependently antihyperalgesic. Systemic administration of leuprolide also produced
antihyperalgesia. In vivo electrophysiological recordings from sensory neurons innervating the
lesion revealed a significant increase in their response to sustained mechanical stimulation. These
results are consistent with clinical and pathologic findings observed in patients with
endometriosis, compatible with the ectopic endometrium as a source of pain. This model of
endometriosis allows mechanistic exploration at the lesion site facilitating our understanding of
endometriosis pain.
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1. Introduction
Endometriosis, a chronic pain syndrome associated with the presence of ectopic endometrial
glands and stroma, affects approximately 10% of women in their reproductive years
(Giudice, 2010). Most characteristically, pain associated with endometriosis is exacerbated
by mechanical stimuli, associated with physical activity, generating symptoms of
dyspareunia (painful sexual intercourse), dyschezia (painful defecation), dysuria (painful
urination) and low back pain (Giudice, 2010; Roman et al., 2011). This pain can occur
unpredictably, be related to the menstrual cycle or can be continuous (Giudice, 2010).

Pain is more common or severe if lesions have a cystic appearance, are located at certain
anatomical sites and when tissue penetration is deep (Fauconnier et al., 2002; Dai et al.,
2012). And, some clinical studies indicate a positive association between pain symptoms
and lesions observed at surgical exploration (Porpora et al., 1999). Unfortunately, available
medical and surgical treatments for endometriosis pain provide only limited relief, with pain
recurring in up to 50% of women within 6 to 12 months after completion of treatment
(Giudice, 2010).

To explore the pathophysiology of endometriosis and to assay potential therapies, preclinical
models have been developed. Most of these models are based on surgically implanted uterus
ectopically, in the peritoneal cavity (Vernon and Wilson, 1985). Using this model in the rat,
nociceptive responses compatible with pain symptoms observed in human endometriosis
have been reported (Berkley et al., 2005), leading to the suggestion of the involvement of
neuronal (Berkley et al., 2005) and immune (Umezawa et al., 2008) elements, as observed in
human endometriosis (Giudice, 2010). However, while the relief of pain provided by
surgical excision of symptomatic lesions (Giudice, 2010; Jacobson et al., 2009) and activity-
induced pain symptoms (Giudice, 2010; Roman et al., 2011) strongly suggest a prominent
role for peripheral mechanisms in endometriosis pain, there are no studies directly exploring
the role of peripheral sensory processing in endometriosis pain. This results, in part, from
the absence of preclinical models allowing direct stimulation of lesions and local
interventions to modulate nociceptive processing or the ability to record neuronal activity
arising from ectopic endometrial lesions. We report a new preclinical model of
endometriosis pain in which one can explore underlying mechanisms and the evaluation of
mechanism-based therapies to determine if they act at the site of an endometriosis lesion.

2. Experimental procedures
2.1. Animals

Adult female Sprague Dawley rats (200–220 g; Charles River, Hollister, CA, USA) were
used in these experiments. They were housed in the Animal Care Facility at the University
of California San Francisco, under environmentally controlled conditions (lights on 07:00–
19:00 h; room temperature 21–23°C) with food and water available ad libitum. Upon
completion of experiments, rats were killed by pentobarbital overdose followed by cervical
dislocation. Animal care and use conformed to NIH guidelines (NIH Guide for the Care and
Use of Laboratory Animals). The University of California San Francisco Committee on
Animal Research approved all experimental protocols. Concerted effort was made to
minimize number and suffering of experimental animals.

2.2. Chemicals
Unless otherwise stated, all chemicals used in these experiments were obtained from Sigma-
Aldrich (St. Louis, MO, USA).
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2.3. Determination of estrous cycle phases
The phase of the estrous cycle was assessed daily (8:00 to 9:00 AM). Briefly, rats were
gently restrained and 20 µl of NaCl 0.9% flushed 3–4 times into the vaginal cavity. The
resulting fluid was then placed onto a slide and observed unstained at 100× magnification.
The diagnostic criteria used to determine the cycle phase has been previously reported
(Marcondes et al., 2002): in proestrus a predominance of round nucleated (epithelial) cells is
observed; in estrus a predominance of polygonal/irregular anucleated (cornified) cells is
observed; in diestrus a predominance of small round (neutrophil) cells is observed and in
metestrus a similar proportion of small round cells, cornified cells and epithelial cells is
observed.

2.4. Surgical induction of muscle endometriosis
In general terms, our model of surgically-induced muscle endometriosis was adapted from
that used to induce peritoneal endometriosis in the rat (Vernon and Wilson, 1985). Only rats
in proestrus were used for endometrial implantation surgery. Rats were anesthetized with a
mixture of ketamine hydrochloride and xylazine (80 and 6 mg /kg, s.c., respectively) and
anesthesia was maintained with isoflurane (1.5% in 98.5% oxygen). The fur on the
abdominal and left calf regions were clipped and disinfected, and a midline abdominal
anesthetic block performed by injecting 0.25% bupivacaine (0.2 ml, s.c.). Under aseptic
conditions a midline incision approximately 4 cm in length was performed. After
laparotomy, the abdominal cavity was examined and the right uterine horn identified,
exposed and isolated using a sterilized cotton roll. With the aid of a surgical microscope, the
right uterine artery and vein, and the uterine vessels from the ovarian artery were ligated at
the level of the transition of the uterine horn to the oviduct, with a 5-0-nylon suture. This
procedure was repeated 1 cm distally. The uterine horn bounded by these ligatures was
sectioned perpendicularly to its axis, and a 1 cm segment removed and immediately placed
in a Petri dish containing 0.9% NaCl. The distal stump of the uterine horn was then tied with
5-0 nylon suture. After confirming hemostasis, the musculature of the abdominal wall was
closed with single crossed stitches and the skin incision closed with horizontal mattress
stitches, using 5-0 nylon. The excised uterine tissue was measured with a millimeter scale
and opened longitudinally; a full thickness 3 × 3 mm square of uterine tissue was then
removed and kept in physiologic saline. To perform the implant, the biceps femoris muscle
was exposed by means of a 2 cm skin incision perpendicular to the long axis of the calf.
Then, a 1 cm incision was performed in the b. femoris allowing exposure of the underlying
gastrocnemius muscle. With the aid of a surgical microscope, the square of uterine tissue
was sutured to the surface of the gastrocnemius muscle applying three to four single stitches
using 5-0 nylon with the endometrial portion of the uterine tissue contacting the
gastrocnemius muscle. After checking for hemostasis, the b. femoris muscle was closed with
single stitches and the skin with single crossed stitches, using 5-0 nylon. The sham surgical
procedure was similar but the implant sutured to the surface of the gastrocnemius muscle
consisted of a 3×3 mm square of peritoneal fat instead of uterine tissue. Postoperative
recovery was assessed daily. Return of normal estrus cyclicity was found within 1 week of
the procedure.

2.5. Measurement of muscle hyperalgesia
Mechanical nociceptive threshold in the gastrocnemius muscle was quantified using a digital
force transducer (Chatillon DFI2; Amtek Inc., Largo, FL, USA) with a custom-made 7
mmdiameter probe (Alvarez et al., 2010). Rats were lightly restrained in a cylindrical acrylic
holder with lateral slats that allows for easy access to the hind limb and application of the
force transducer probe to the site of implantation in the belly of the gastrocnemius muscle.
The nociceptive threshold was defined as the force, in milliNewtons, required to produce a
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flexion reflex in the hind leg. Baseline withdrawal threshold was defined as the mean of 3
readings taken at 5-min intervals.

2.6. Intralesional and systemic injections
Rats were briefly anesthetized with 2.5 % isoflurane to facilitate the injection of
progesterone (Calbiochem®, La Jolla, CA, USA) into the endometrial implant located in the
gastrocnemius muscle (20 µl). The injection site was previously shaved and scrubbed with
alcohol. The precise location of the uterine implant was identified by palpation and the tip of
the needle directed to the base of the implant. Immediately after injections the skin puncture
site was marked with a fine-tip indelible ink pen, so that the mechanical nociceptive
threshold of the underlying injection site in the muscle could be repeatedly tested. Solutions
of progesterone (1 and 3 µg/µl dissolved in 10% ethanol in NaCl 0.9%) were freshly
prepared immediately before injection. For systemic injections, rats were briefly
anesthetized with 2.5 % isoflurane and 0.25 ml of freshly prepared leuprolide acetate
solution (concentration 4 mg/ml in sterile-filtered PBS containing 0.5% bovine serum
albumin) were injected subcutaneously (s.c.) in the base of the neck.

2.7. Single fiber in vivo electrophysiology
Rats were anesthetized with sodium pentobarbital (initially 50 mg/kg, intraperitoneally, with
additional doses given to maintain areflexia throughout the experiment), their trachea
cannulated to maintain patency of their upper airway and heart rate monitored. Anesthetized
animals were positioned on their right side and an incision made on the dorsal skin of the
left leg, between the mid-thigh and calf. Then the b. femoris muscle was partially removed
to expose the sciatic nerve and gastrocnemius muscle. The edges of the incised skin were
fixed to a metal loop to provide a pool that was filled with warm mineral oil that bathed the
sciatic nerve and gastrocnemius muscle.

The sciatic nerve was cut proximally to prevent flexor reflexes during electrical stimulation
of sensory neurons. Fine fascicles of axons were then dissected from the distal stump, and
placed on a recording electrode. Single units, first detected by mechanical stimulation of the
gastrocnemius muscle with a small blunt-tipped glass bar, were subsequently confirmed by
electrical stimulation of the mechanical receptive field, according to the waveform of its
action potentials. Bipolar stimulating electrodes were then placed and held on the center of
the receptive field of the muscle afferent by a micromanipulator (Narishige model MM-3,
Tokyo, Japan). Conduction velocity of each fiber was calculated by dividing the distance
between the stimulating and recording electrodes by the latency of the electrically evoked
action potential. All recorded muscle afferents had conduction velocities in the range of type
III (conduction velocity 2.5–30 m/s) or type IV (conduction velocity <2.5 m/s) fibers (Diehl
et al., 1993). Mechanical threshold, determined with calibrated von Frey hairs (VFH
Ainsworth, London, UK), was defined as the lowest force that elicited at least 2 spikes
within 1 second, in at least 50% of trials. Sustained (60 s) suprathreshold (10 g) mechanical
stimulation was accomplished by use of a mechanical stimulator that consisted of a force-
measuring transducer (Entran, Fairfield, NJ, USA) with a blunt plastic tip that was applied
by a micromanipulator (BC-3 and BE-8, Narishige) on the center of the afferent’s receptive
field for 60 seconds. Neural activity and timing of stimulus onset and termination were
monitored and stored on a computer with a Micro 1401 interface (CED, Cambridge, UK)
and analyzed off-line with Spike2 software (CED).

2.8. Labeling of DRG neurons innervating the endometrial cyst
The dorsal root ganglion (DRG) neurons innervating the endometrial cyst (uterine tissue-
implanted rats) and gastrocnemius muscle (control rats) were identified by their uptake of
the retrograde tracer 1,1'-dioctadecyl-3,3,3',3'-tertamethyllindocarbocyanine perchlorate
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(DiI). Three weeks after ectopic uterine tissue implantation, rats were anesthetized
(isofluorane, 3%), and incision of the skin and b. femoris muscle made to expose the
gastrocnemius muscle and the cystic lesion. A 30-g needle was the inserted into the
gastrocnemius muscle or the cystic cavity of the lesion and 1 µl DMSO containing 2% DiI
was slowly injected. The injection was performed over 2 min, followed by observation for 1
min to ensure that dye was not leaking from the site of injection. The skin was then sutured
and rats allowed to recover.

2.9. DRG cell-culture
DRGs were surgically removed from rats 5–8 days after DiI injection. Under isoflurane
anesthesia, rats were decapitated and the vertebral column excised. The column was then
opened up on the ventral side, and L4-L5 DRGs were removed and de-sheathed. Ganglia
were treated with collagenase (0.125% in Neurobasal-A medium, Invitrogen, Carlsbad, CA)
for 90 min at 37°C, and then treated with trypsin (0.25% in Ca2+- and Mg2+-free PBS,
Invitrogen) for 10 min, followed by trituration (in Neurobasal-A) to produce a single-cell
suspension. The suspension was centrifuged at 1000 RPM and re-suspended in Neurobasal-
A medium supplemented with 50 ng/ml nerve growth factor, 100 U/ml penicillin/
streptomycin and B-27 (Invitrogen). Cells were then plated on coverslips coated with poly-
DL-ornithine (0.1 mg/ml) and laminin (5 µg/ml; Invitrogen), and incubated at 37°C in 5%
CO2.

2.10. In vitro electrophysiology
Electrophysiology was performed using an Axopatch 200A amplifier and a pCLamp 8.2
software (Molecular Devices, Sunnyvale, CA, USA). DRG neurons were subjected to
voltageclamp after 2–36 hr in culture. Coverslips were incubated with FITC-conjugated
Griffonia simplicifolia isolectin B4 for 10 min before recording. Cells were held in the
whole-cell configuration at −60 mV following seal formation (seal resistance > 1GΩ).
Whole-cell capacitance and series resistance were compensated (80%) using the amplifier
circuitry. Cells with a series resistance >10 MΩ were not used for experimentation.

The external solution, configured to minimize Na+ and Ca2+ currents, contained (in mM):
choline chloride (130); KCl (5); CaCl2 (2.5); MgCl2 (0.6); HEPES (5); glucose (10); CdCl2
(1). The solution was altered to pH 7.4 with TrisBase and 320 mOsm with sucrose. The
pipette solution contained (in mM): KCl (30); K-MES (110); MgCl2 (1); HEPES (10);
EGTA (0.1), altered to pH 7.2 and 310 mOsm.

Traces representing predominantly delayed rectifier (IDR) and A-type (IA) potassium
currents were obtained by the sequential bath perfusion of external solution containing 25
mM TEA and 5 mM 3,4-diaminopyridine, respectively. Current-voltage (I-V) traces were
normalized to cell capacitance, as determined from the amplifier circuitry. Data were
analyzed and plotted using Origin 6.1 software (OriginLab, Northampton, MA, USA).

2.11. Tissue harvesting, immunostaining and histology
At appropriate postsurgical times (indicated in the Results section), rats were deeply
anesthetized (urethane, 1.5 g/kg, ip) and transcardially perfused with warm (30°C)
heparinized saline (25 IU heparin/ml) followed by cold (10°C) phosphate-buffered solution
(PBS, 0.1 M, pH 7.6) containing 4% paraformaldehyde and 0.03% picric acid for 15 min.
The implanted gastrocnemius muscle and adherent endometrial cyst were removed and then
cryoprotected in 30% sucrose PBS at 4°C and left overnight. Fifty µm thick sections of
implanted muscle were cut on a freezing microtome (Leica Model CM 3050S, Nussloch,
Germany) and thaw mounted on glass slides.
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Mounted tissue sections were washed 3 times in PBS and incubated in 2% normal goat
serum (NGS) in PBS - 0.3% Triton X 100 (NGS-PBS-TX) for 30 min at room temperature
and then incubated with a mouse anti-growth associated protein 43 (GAP 43) antibody
(1:1000, Abcam, Cambridge, MA, USA) in NGS-PBS-TX for 48 hrs at 4°C. To detect
nociceptor markers, sections were incubated with either a rabbit antibody anti calcitonin
gene-related peptide (CGRP, 1:2000, Sigma-Aldrich, St. Louis, MO, USA) 48 hrs at 4°C, or
with the FITC-conjugated Griffonia simplicifolia isolectin B4 (FITC-IB4, diluted to 1 µg/µl
in PBS and used 1:500, Invitrogen) for 2 hrs at room temperature, in NGS-PBS-TX. To
reveal GAP-43 immunoreactivity, sections were incubated in a biotinylated goat anti-mouse
IgG (1:500, Jackson Immunoresearch, West Grove, PA, USA) and then in FITC-conjugated
streptavidin (1:500, CALTAG Laboratories, Burlingame, CA, USA) in NGS-PBS-TX for 2
hrs at room temperature. To reveal CGRP immunoreactivity, sections were incubated in an
Alexa 594-conjugated goat anti-rabbit antibody (1:500, Invitrogen) in NGS-PBS-TX for 2
hrs at room temperature. After 3 washes in PBS, staining was verified in wet sections using
an epifluorescence microscope (Nikon Eclipse 80i, Tokyo, Japan). Sections were let dry and
coverslipped with a DAPI (4',6-diamidino-2-phenylindole) containing anti-fade mounting
media (Prolong® Gold, Invitrogen). Standard hematoxylin and eosin staining was used for
the assessment of the histological features of lesions in implanted muscles. Briefly, 8 µm
sections were stained with hematoxylin, rinsed in running tap water and stained with eosin.
Sections were then dehydrated in graded alcohols, cleared in xylene and coverslipped with a
histological mounting media.

For immunohistochemical analysis of vimentin and cytokeratin expression in endometrial
implants, 8 µm cryostat sections were immunostained using mouse monoclonal antibodies to
vimentin (clone V9, Sigma-Aldrich) or cytokeratin 18 (ab 668, Abcam, Cambridge, MA,
USA). Cytokeratin immunostaining was preceded by antigen retrieval incubating sections in
a pH 6.0 citrate-based antigen unmasking solution (Vector Laboratories, Burlingame, CA,
USA) at 95°C for 15 min, followed by washing twice with distilled water and once with
PBS. Sections were first incubated with 2.5% normal goat serum in PBS for 1h, then with
the primary antibody diluted 1:100 in PBS + 2.5% normal goat serum for 1 hr, followed by
three washes in PBS + 0.1% Tween 20, and finally with Alexa Fluor 488-conjugated goat
anti-mouse IgG (Invitrogen) diluted 1:250 for 1 hr. After final washing as above, wet
sections were coverslipped with a DAPI-containing anti-fade mounting medium
(Vectashield®, Vector Laboratories), viewed on a Zeiss Axio Observer D1 epifluorescence
microscope (Carl Zeiss, Thornwood, NY, USA) and images captured with an AxioCam
MRm using AxioVision software.

2.12. Statistical analysis
Group data are expressed as mean ± SEM of n independent observations. Statistical
comparisons were made using GraphPad Prism 5.0 statistical software (GraphPad Software,
Inc., La Jolla, CA, USA). The Student’s t-test was used to compare 1 or 2 independent
samples, whereas analysis of variance (ANOVA) followed by Tukey’s or Dunnett’s multiple
comparison tests were used for comparing multiple treatments. Data were tested for
normality using the D'Agostino and Pearson omnibus normality test; if data did not pass the
normality test for Gaussian distribution, Welch correction for the Student's t-test was used.
Mann-Whitney’s test was used for comparison of mechanical threshold data obtained from
single fiber in vivo electrophysiology. P < 0.05 was considered statistically significant.
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3. Results
3.1. Induction of endometriosis

Rats recovered uneventfully from surgical intervention, with those submitted to autologous
uterine tissue implant only distinguishable by the presence of a small mass-like lesion in the
left calf region. Surgical inspection of such lesion revealed the presence of a cystic structure
in the gastrocnemius muscle at the implant site, in all animals. Surgical exposure of the cyst
revealed a reddish-brown fluid filling the cyst’s cavity (Fig. 1A). A profusion of fine blood
vessels issuing from surrounding epimysium was evident in the surface of the cyst.
Histologic analysis of hematoxylin-eosin stained samples confirmed the presence of cystic
glandular structures and stromal invasion of the underlying muscle (Fig. 1B, C).

3.2. Mechanical hyperalgesia
Twelve days after surgical implantation with either autologous uterus (endometriosis model)
or peritoneal fat pad (sham control), on the left gastrocnemius muscle, rats exhibited
significant decrease in pain threshold to mechanical stimulation (mechanical hyperalgesia)
at the site of the implant (−54.2 ± 2.7%, n = 11, and −36.2 ± 7.2 %, n = 4, respectively; one
way ANOVA followed by Dunnett post-hoc test, P < 0.001, Fig. 1D). However, at
postoperative day fourteen rats submitted to the endometriosis model (−48.8 ± 3.3%, n =
12), but not control rats (−2.2 ± 2.5 %, n = 4), exhibited a marked mechanical hyperalgesia
in the operated hind limb compared to pre-surgical baseline (one way ANOVA followed by
Dunnett post-hoc test, P < 0.001, Fig. 1D). This hyperalgesia remained unattenuated on
postoperative day 27 (−44.4 ± 1.8%, n = 8, one way ANOVA followed by Dunnett post-hoc
test, P < 0.001, Fig. 1D). To evaluate whether the persistent hyperalgesia observed in our
model of endometriosis pain fluctuated with the stage of the rat’s reproductive cycle,
mechanical threshold values were matched to every stage of the estrus cycle as diagnosed by
daily vaginal cytology. No significant differences in the amplitude of mechanical
hyperalgesia were observed over the estrus cycle (P > 0.05, Fig. 1E).

3.3. Intralesional progesterone inhibits hyperalgesia associated with uterine implants
Given that most effective medical treatments for endometriosis pain are based on
progesterone or progestin administration (McCormack, 2010), we assessed whether the
hyperalgesia observed in our model of endometriosis pain is sensitive to locally
administered progesterone. Three weeks after surgically implanting uterine tissue, rats
received a single intralesional injection of progesterone (1 or 3 µg/20 µl) and the mechanical
nociceptive threshold of the implanted area was evaluated (Fig. 1F, G). The intralesional
injection of progesterone dose-dependently inhibited the mechanical hyperalgesia. The
maximal antinociceptive effect was observed 4 hours after the injection of either 1 µg (−47 ±
2.2 versus −36.9 ± 2.4 [n = 8], repeated measures ANOVA followed by Dunnett post-hoc
test, P < 0.001, Fig. 1F), or 3 µg of progesterone (−50.5 ± 2.5 versus −18.2 ± 3.2 [n = 9],
repeated measures ANOVA followed by Dunnett post-hoc test, P < 0.001, Fig. 1G). In
contrast, contralateral injection of progesterone (1 or 3 µg/20 µl) did not produce a
significant effect on mechanical hyperalgesia (Fig. 1H, I).

3.4. Systemic leuprolide inhibits hyperalgesia associated with uterine implants
The gonadotropin-releasing hormone (GnRH) receptor agonists are currently used clinically
for endometriosis pain (Giudice, 2010; Streuli et al., 2012). To evaluate whether our model
is sensitive to this class of therapeutic agents, we administered the GnRH receptor agonist
leuprolide acetate (1 mg) in our model of endometriosis pain. One day after s.c. injection of
leuprolide an increase in mechanical hyperalgesia in the implanted area was observed (−62.6
± 4.2 versus −47.5 ± 1.8%, [n = 4], repeated measures ANOVA followed by Dunnett
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posthoc test, P < 0.01, Fig. 2). Thereafter, this mechanical hyperalgesia decreased
progressively, and by day 5 after leuprolide injection there was a significant antihyperalgesia
compared to preleuprolide thresholds (−29.3 ± 2.8 [n = 4], repeated measures ANOVA
followed by Dunnett posthoc test, P < 0.001, Fig. 2). Such antinociceptive effect persisted at
least until day 7 after leuprolide s.c. injection (−36.4 ± 2.7 [n = 4], repeated measures
ANOVA followed by Dunnett post-hoc test, P < 0.05, Fig. 2).

3.5. Structural features and sensory innervation of the lesion
Immunofluorescence studies of endometriosis-like lesions revealed the presence of both
stromal and glandular cellular elements, typical components of eutopic endometrium and a
hallmark of endometriosis lesions (Eyster et al., 2002; Starzinski-Powitz et al., 1998).
Immuno-labeling to vimentin in endometrial stromal fibroblasts and to cytokeratin 18 in
endometrial surface epithelium was observed in eutopic uterus (Fig. 3A, B). Endometriosis-
like cystic lesions also exhibited vimentin reactivity in endometrial stromal fibroblasts and
endomysium (Fig. 3C), with lack of immuno-labeling in skeletal muscle fibers. These
lesions also exhibited epithelial cells immunopositive to cytokeratin 18 surrounding the
lumen of cystic structures (Fig. 3D). An extensive invasion of endometrial stromal
fibroblasts to the endomysium, surrounding skeletal muscle fibers, was also observed (Fig.
3E–H).

Given that many studies have reported the presence of peptidergic nerve fibers
immunopositive to calcitonin gene related peptide (CGRP) innervating endometriosis
lesions in patients affected with chronic pelvic pain (Wang et al., 2009), we evaluated for
the presence of CGRP-positive fibers in our endometriosis model. Indirect
immunofluorescence revealed the presence of abundant CGRP-positive fibers surrounding
and penetrating into the wall of the cyst (Fig. 4A–C). Since most tissues, including uterus
(Papka et al., 2005), are also innervated by a subpopulation of nociceptors that binds
isolectin B4 (IB4), we studied whether IB4-positive fiber-like structures were also present in
the uterus implant-induced lesion. Staining of lesions with FITC-conjugated IB4 revealed
fiber-like structures innervating the base of the ectopic endometrial cyst (Fig. 4D–F).
Interestingly, CGRP-positive fiber-like structures also exhibited expression of the marker for
neuronal sprouting, growth-associated protein 43 (GAP43) (Benowitz and Routtenberg)
(Fig. 4G–I).

3.6. Sensitized nociceptors in endometriosis-like lesions
Two weeks after implantation surgery, the peripheral receptive field of sensory neurons
innervating the uterine implant and adjacent gastrocnemius muscle was tested using von
Frey monofilaments. The conduction velocity of muscle afferents recorded in naïve rats
(1.96 ± 0.24 m/s, n = 20) was not significantly different from that recorded in endometriosis
rats (2.25 ± 0.23 m/s, n = 19, Student’s t-test, with Welch’s correction, P = 0.398, Fig. 5A).
The mechanical threshold of muscle afferents recorded in endometriosis rats was also not
significantly different from that recorded in naïve controls (1.06 ± 0.13 mN, n = 19, and
1.24 ± 0.13 mN, n = 20, respectively; P = 0.477, Student’s t-test with Welch’s correction
Fig. 5B). The excitability of muscle nociceptors from rats with endometriosis-like lesions
and naïve controls was examined by evaluating their response to a sustained (60 s)
suprathreshold (10 g) von Frey filament stimulus. In naïve (control) rats the response of
muscle afferents to this sustained mechanical stimulation was 312.5 ± 92.6 action potentials/
60 s stimulus (n = 20, Fig. 5C, D). In rats submitted to the endometriosis model, this
response was significantly increased (749.1 ± 207 action potentials/60 s stimulus, n = 19, P
= 0.028, Fig. 5C, D). The analysis of the time course of the response to sustained mechanical
stimulation showed a non-significant increase in the number of spikes during the first 10 s
after application of the stimulus (165.7 ± 31 action potentials/10 s stimulus in control rats [n
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= 20] compared to 232.7 ± 138.7 action potentials/10 s stimulus in rats implanted with
ectopic uterine tissue. [n = 19], P = 0.111, Student’s t-test with Welch’s correction, Fig. 5C–
F). However, the number of spikes recorded during the last 50 s after application of the
stimulus was significantly increased in rats implanted with uterine tissue (146.8 ± 74.1
action potentials/50 s stimulus in control rats [n = 20] compared to 516.4 ± 171.1 action
potentials/50 s stimulus in rats implanted with ectopic uterine tissue [n = 19], P = 0.025
Student’s t-test with Welch’s correction, Fig. 5C–F).

3.7. In vitro electrophysiology of DRG neurons that innervated ectopic endometrium
DiI labeled neurons that innervated endometriosis lesions were identified in cultured DRG
neurons under epifluorescence illumination, and classified as IB4-positive or IB-negative
after staining with FITC-conjugated isolectin IB4 (Fig. 6A, B). Of note, the vast majority
>90%) of DiI-labeled DRG neurons observed in culture were IB4-positive. Since estrogen
plays a central role in endometriosis physiopathology (Giudice, 2010) and injected locally it
produces mechanical hyperalgesia (Hucho et al., 2006), we determined whether
electrophysiological differences in DRG neurons innervating ectopic endometrium observed
in vitro are related to known effects of estrogen. Taking into account that the modulation of
A-type potassium current has been implicated in persistent pain (Chien et al., 2007) and that
Kv4.3 transcription and membrane trafficking in uterine tissue is reduced by estrogen (Song
et al., 2001), we first focused in vitro electrophysiology studies on A-type potassium
currents. Recordings of A-type (IA) (Fig. 6C, D) and delayed rectifier currents (IDR) (Fig.
6E, F) were obtained using specific blockers). The IA (1.43 ± 0.44 nA) or IDR (2.41 ± 0.52
nA) currents recorded from DRG neurons innervating ectopic endometrium showed no
significant changes in the peak current with respect to those obtained from naïve (control)
rats (IA control 1.40 ± 0.56 nA, P > 0.05; IDR control 2.86 ± 0.78 nA, P > 0.05; Fig. 6C−F).

4. Discussion
The heterogeneity of clinical presentations of endometriosis and the difficulty in monitoring
progression of the disease, by non-invasive methods, make animal models an important tool
for the study of underlying mechanisms of its pathogenesis, and pathophysiology of
associated pain (Story, L. & Kennedy, 2004). Accordingly, several preclinical models of
endometriosis have been developed, including those that involve the surgical implant of
autologous uterine tissue in the peritoneal cavity of rodents (Vernon and Wilson, 1985;
Berkley et al., 2005; Story and Kennedy, 2004). Such an approach produces cystic lesions
and pain symptoms comparable to those observed in patients suffering from endometriosis
(Berkley et al., 2005).

The presence of cystic endometriosis lesions in patients exhibiting pain and its relief (at least
temporary) observed immediately after its surgical excision, points towards an important
contribution of peripheral mechanisms in endometriosis pain (Jacobson et al., 2009).
However, direct evidence about such a contribution is still lacking and most of the
preclinical studies of endometriosis pain are based on the assessment of secondary
hyperalgesia (Berkley et al., 2001; Cason et al., 2003; McAllister et al., 2009; McAllister et
al., 2012) leading to gaps between functional and morphological findings. For instance,
while nociceptor fibers are clearly present in cystic lesions 2 weeks after surgical implant of
uterine tissue in the peritoneal cavity, vaginal hyperalgesia becomes significant only 2–3
weeks later (McAllister et al., 2012).

Since there are no animal models of endometriosis allowing the direct exploration of
primary hyperalgesia, the electrophysiology of the innervation of the endometrial lesion and
the effect of local modulatory interventions, we developed a model of endometriosis based
on the implant of uterine tissue on the gastrocnemius muscle, a site that provides important
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vascular support and potential for sensory innervation for the ectopic implant, and allows
easy assessment of primary hyperalgesia. Of note, although skeletal muscle is far from the
main tissue affected by endometriosis, several clinical reports have communicated cases of
endometriosis affecting muscle, the cause of consultation being local muscle pain
(Lipscomb et al., 2011; Giannella et al., 2010; Botha et al., 1991; Fambrini et al., 2010; Poli-
Neto et al., 2009).

The presence of endometrial cells in the peritoneal cavity of endometriosis patients has been
explained as a consequence of retrograde menstruation/transplantation from eutopic uterus
(Sampson, 1927). Given the lack of menstruation in rodents, the pertinence of preclinical
models of endometriosis developed in these species has been questioned (Story and
Kennedy, 2004). However, while most women have retrograde menstruation, only a fraction
is affected by endometriosis (Giudice, 2010). Furthermore, the theory of Sampson fails to
explain the presence of subperitoneal endometriosis (deep endometriosis) and endometriosis
in remote areas outside of the peritoneal cavity (Signorile and Baldi, 2010). Indeed, recent
evidence indicates that abnormalities in female genital embryogenesis, mainly dislocation of
primitive endometrial tissue outside of the uterine cavity, is a plausible cause of
endometriosis (Signorile et al., 2012). Since the implant of endometrial cells by retrograde
menstruation is not a necessary condition for the development of clinical endometriosis, the
surgical implant of autologous endometrial tissue outside of, as well as within, the peritoneal
cavity provides a valid approach for the study of endometriosis mechanisms.

Two weeks post-surgery, 100% of animals implanted in the gastrocnemius muscle with
uterus tissue developed a cystic lesion, which contrasts with the lower rate of success
reported for the induction of peritoneal endometriosis-like lesions (Cason et al., 2003;
Nogueira Neto et al., 2007; Do Amaral et al., 2009). Particular characteristics of skeletal
muscle as a tissue receptor might have contributed to the high rate of cystic lesion induction
observed here. For instance, skeletal muscle is a well-known source of trophic factors (Meek
et al., 2004; Sakuma and Yamaguchi, 2011) and the disposition of its basal lamina offers a
microenvironment that, for tissue grafts, promotes cell adhesion to extracellular matrix
(Sakuma and Yamaguchi, 2011).

The histological identity of cystic lesions was confirmed as ectopic endometrium by the
presence of (stromal) vimentin- and (glandular) cytokeratin-like immunoreactivity. The
presence of such markers, especially vimentin, unveiled a deep infiltration of skeletal
muscle by stromal cells issued from the uterine implant, consistent with previous findings of
its up-regulation in endometriosis lesions (Eyster et al., 2002). On the other hand, the
cytokeratin-like immunoreactivity exhibited by epithelial cells surrounding the lumen of
cystic lesions confirms the invasive capacity of this phenotype, observed in human
endometriosis (Starzinski-Powitz et al., 1998).

In agreement with previous reports (Berkley et al., 2005; McAllister et al., 2009) we also
observed nerve fiber-like structures innervating the cystic lesions, which were positive for
the markers of the two main nociceptor subpopulations, namely CGRP and IB4 (Snider and
McMahon, 1998). While most of the DRG cells observed in culture were IB4-positive
neurons, it must be stressed that both peptidergic (CGRP-positive) and IB4-positive nerve
fiber-like structures were present in cystic lesions in our model of endometriosis. On the
other hand, the IB4 staining in cystic lesions has not been studied in other rodent models of
endometriosis, including the studies by Berkley and colleagues (Berkley et al., 2005;
McAllister et al., 2012), making it hard to estimate the relative contribution of IB4-positive
neurons in those previous studies. Of note, the proportion of IB4-positive neurons
innervating viscera varies widely depending on the visceral tissue considered, from 7% in
stomach (Thorton et al., 2005) to 58% in descending colon (Qian et al., 2009) a common site
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of endometriosis lesions. Interestingly, a significant proportion of DRG cells innervating the
uterus also innervate the colon (Li et al., 2008), with the latter exhibiting a high proportion
of retrograde-labeled IB4-positive DRG cells (Qian et al., 2009). Evidence indicates that a
significant proportion of nociceptors can be labeled with both; for example, antibodies
directed to peptidergic markers and IB4-conjugated stains in DRG cells obtained from rats
(Price and Flores, 2007). Indeed, most of primary afferent neurons innervating pelvic organs
such as bladder are both IB4 and CGRP-positive (Hwang et al., 2005). Finally given that, for
the cell body, the IB4 staining peptidergic neurons are likely to be the weakly IB4-positive
(Fang et al., 2006), it is possibly the staining of their peripheral terminals may be difficult to
detect.

GAP43 is an established marker of neuronal development, sprouting and plasticity
(Benowitz and Routtenberg, 1997). In sensory neurons GAP43 is expressed in high levels
not only during development but after lesion of peripheral nerves, it is selectively expressed
in small-diameter sensory neurons (Woolf et al., 1990). Interestingly, GAP43 is
overexpressed in nerve terminals of organs affected by chronic painful diseases (Freemont et
al., 1997; Di Sebastiano et al., 1997), including endometriosis (Wang et al., 2009).
Consistent with these reports, we observed GAP43 in endometriosis lesions in the rat,
indicative of persistent nerve ingrowth.

Rats submitted to our endometriosis model also exhibited a persistent, intense mechanical
hyperalgesia. Assessment of the nociceptive threshold at the site of the ectopic lesion
demonstrated increased sensitivity corresponding to a primary mechanical hyperalgesia
related to the implant of uterine tissue. Such mechanical hyperalgesia fits well with clinical
features of endometriosis pain, usually related to mechanical stimuli being associated with
dyspareunia, dyschezia, dysuria and low back pain (Giudice, 2010; Roman et al., 2011).
However, in contrast to previous reports, in models demonstrating changes in nociceptive
responses over the estrous cycle in a rat model of endometriosis pain (Berkley et al., 2005),
we did not observe a significant change in nociceptive threshold. While aggravation of
endometriosis pain during menses is a well-known symptom, it must be stressed that it can
also be continuous in intensity (Giudice, 2010). Given that aromatase expression and local
synthesis of estrogen is observable in endometriosis lesions (Huhtinen et al., 2012), and that
medical interventions (GnRH agonists) or physiological processes (e.g. pregnancy) that
disrupt gonadal production of estrogen inhibit endometriosis pain (Giudice, 2010; Streuli et
al., 2012), estrogen produced by both the gonads and endometriosis lesions may contribute
to mechanical hyperalgesia. Thus, the lack of the effect of the estrous cycle on nociceptive
threshold might be explained by a high local production of estrogen. Since we performed a
direct assessment of endometriosis lesion-induced pain (i.e., primary hyperalgesia was
measured), local production of estrogen may mask the effect of variations in gonadal
estrogen production, leading to a constant hyperalgesia regardless the phase of estrous cycle.
Indeed, changes in pain behavior across the estrous cycle reported in other models of
endometriosis are assessed in tissues not directly affected by lesions (i.e., secondary
hyperalgesia). In these models decreased nociceptive thresholds are observed across the
estrous cycle, with exception of estrous, a stage where the additive estrogen production
(gonadal + endometriosis lesion) is absent (Cason et al., 2003). Conversely, such models of
endometriosis pain exhibit higher secondary hyperalgesia when the additive estrogen
production is higher (i.e., proestrus) (Cason et al., 2003).

The pain-related behavior induced by uterine implants in muscle was found to be sensitive
to local administration of progesterone, an agent used clinically for the treatment of
endometriosis pain (McCormack et al., 2010). A fast onset, dose-dependent and persistent
antinociception was observed, and only local injections were able to produce such effects.
Of note similar local analgesic effects have been reported in patients affected by carpal
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tunnel syndrome pain (Milani et al., 2010; Ginanneschi et al., 2012). While the study of the
mechanisms of the antinociceptive effect of progesterone on this model is beyond of the
scope of this paper, one could speculate about the involvement of genomic and non-genomic
effects. Among the non-genomic mechanisms, it is interesting to note that progesterone
directly inhibits ATP-evoked P2X3 receptor-dependent inward currents (Fan et al., 2011),
which are well-established players in muscle pain (Shinoda et al., 2008; Dessem et al.,
2010). Long-lasting effects of progesterone may be related to additional genomic
mechanisms, such as those involved in progesterone-induced inhibition of cytokine-
mediated inflammation (Davies et al., 2004), which are known to contribute to
endometriosis pain (Giudice, 2010; Umezawa et al., 2008; McKinnon et al., 2012).

We also explored the effects of another drug used clinically for endometriosis pain, the
GnRH agonist leuprolide, in our model of endometriosis pain. Unexpectedly, one day after
leuprolide administration, an increase in mechanical hyperalgesia was observed. This
finding may be related to the “flare effect” induced by GnRH agonists, which consists in an
initial temporal stimulation of the hypophysis-gonadal axis with rise in estrogen levels
(Miller, 2000). Remarkably, such flare effect is associated to an increase of pain in
endometriosis patients (Miller, 2000). Thereafter, a progressive and sustained attenuation of
the mechanical hyperalgesia was observed. This observation, along with those about the lack
of estrous cycle effect in our model of endometriosis pain, underline the prominent role of
estrogen production by endometriosis lesions which might explain why the blockage of
gonadal production of estrogen does not produce a complete control of endometriosis pain
(Giudice, 2010). Of note, GnRH receptors are also present in endometriosis lesions and
leuprolide inhibits the proliferation and increase the apoptosis index of cultured endometrial
cells from endometriosis lesions (Borroni et al., 2000; Meresman et al., 2003). Thus, the
contribution of such a direct effect in the antinociceptive effects of leuprolide observed here
cannot be ruled out.

The down-regulation of Kv ion channels in sensory neurons is a well-known contributing
factor to their sensitization. In particular, the decrease in A-type potassium currents has been
implicated in mechanical hypersensitivity (Chien et al., 2007). In addition Kv4.3 expression
– a major conduit of A-type current in sensory neurons (Phuket and Covarrubias, 2009) – is
reduced in uterine tissue by estrogen (Song et al., 2001), a major player in endometriosis
pathophysiology (Giudice, 2010). However, in recordings made from endometriosis lesion-
innervating DRG neurons, A-type (or delayed rectifier) potassium currents did not exhibit
any difference compared to those obtained from control animals. Thus, additional studies
will be required to elucidate the ion channels that mediate enhanced nociceptor function
associated with endometriosis.

5. Conclusions
In summary, rats submitted to extraperitoneal endometriosis exhibit a persistent primary
mechanical hyperalgesia and enhanced nociceptor firing. Findings at surgical inspection,
immunohistochemical studies and sensitivity of mechanical hyperalgesia to progesterone
and leuprolide in these animals, are consistent with clinical and pathologic findings observed
in patients suffering from endometriosis pain. These characteristics represent an advantage
with respect to models of endometriosis pain based on assessment of secondary hyperalgesia
(Berkley et al., 2001; Cason et al., 2003; McAllister et al., 2009; McAllister et al., 2012)
(Fig. 7). Indeed, since our model allows easy access to the lesion site and the possibility to
explore it by direct stimulation and recording of nerve fibers, and local administration of
putative modulators (Fig. 7), it can be used to provide insight into chronic pain induced by
endometriosis.
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Highlights

Uterine tissue implanted in gastrocnemius muscle produced endometriosis-like lesions.

Lesions exhibited mechanical hyperalgesia and increased nociceptor firing in vivo.

Muscular invasion by endometrial cells and markers for nociceptors was observed.

Progesterone and leuprolide inhibited of mechanical hyperalgesia in cystic lesions.

This novel approach provides insight into our understanding of endometriosis pain.
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Figure 1.
Morphologic and behavioral changes induced by ectopic uterine tissue. (A) 3 weeks after
surgical implant of uterus tissue on the gastrocnemius muscle, surgical dissection reveals the
gross anatomy of the cystic lesion and close muscular structures. (B) Microscopic analysis
of cystic lesion reveals skeletal muscle invasion by ectopic endometrium and development
of accessory cystic structures. Hematoxylin-eosin staining, 50X. (C) High magnification
detail of panel B showing embedding of uterine tissue in skeletal muscle; Hematoxylin-
eosin staining, 100X. (D) Mechanical hyperalgesia was already present at day 10 post-
implantation after unilateral transplantation of endometrium, remaining undiminished for the
duration of the testing period 27 days post-implantation. Hyperalgesia was significantly
greater than in rats implanted with adipose tissue on to gastrocnemius muscle. (E)
Mechanical hyperalgesia at the site of cystic lesion was evaluated at proestrus, estrus,
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metestrus and diestrus. No significant difference in nociceptive threshold was observed after
testing ipsilateral or contralateral to the implant. (F) Intralesional administration of
progesterone (P4) at doses of 1 µg, or (G) 3 µg at the site of the endometrial implant
significantly attenuated mechanical hyperalgesia (repeated measures one-way ANOVA with
Dunnett’s multiple comparison test). (H, I) The same doses of progesterone had no effect on
nociceptive mechanical threshold when injected in the contralateral side to the uterus
implant. Behavioral data are presented as % of change of baseline values. **P < 0.01; ***P
< 0.001.
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Figure 2.
Systemic administration of leuprolide modulates the mechanical hyperalgesia induced by
ectopic endometrium. The s.c. administration of leuprolide produced a bi-phasic effect on
mechanical hyperalgesia associated to endometriosis-like lesions: one day after injection
such hyperalgesia was increased; then a progressive attenuation of the hyperalgesia was
observed, which persisted at least until day 7 after leuprolide injection. *P < 0.05; **P <
0.01; ***P < 0.001.
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Figure 3.
Comparative histologic study of eutopic endometrium and ectopic endometrial implants. (A)
Rat eutopic uterus sample showing vimentin reactivity in endometrial stromal fibroblasts
and unlabeled endometrial surface epithelium and glands (arrows). (B) Rat eutopic uterus
sample showing cytokeratin 18 reactivity in endometrial surface epithelium and glands and
lack of immunolabeling in endometrial stromal fibroblasts. (C) Uterine implant showing
vimentin reactivity in endometrial stromal fibroblasts and endomysium, and non immuno-
labeled skeletal muscle fibers. (D) Cystic uterine implant showing cytokeratin 18 reactivity
in the endometrial epithelium and non immuno-labeled skeletal muscle fibers. (E)
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Hematoxylin-eosin staining showing cystic structures (indicated by *) and endometrial
stroma embedded into the skeletal muscle tissue. (F) Serial section from the same specimen
in panel e showing vimentin positive elements infiltrating between the skeletal muscle
fibers. (G) Low magnification of implant showing extensive invasion of muscle by
vimentin-positive endometrial stromal fibroblasts. (H) High magnification detail of panel G
showing vimentin-positive endometrial fibroblasts deeply invading endomysium and
causing displacement and compression of the skeletal muscle fibers. Original magnifications
50X (G) or 100X (A-F, H).
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Figure 4.
Innervation of cystic lesions by muscle nociceptor and its axonal sprouts. Gastrocnemius
muscle and ectopic uterine implant cyst immuno-labeled with antibodies against CGRP (A)
and counterstained with DAPI (B, C); white arrows indicate nerve fiber-like structures.
Gastrocnemius muscle and ectopic uterine implant cyst labeled with the IB4 (D) and
counterstained with DAPI (E, F); white arrows indicate nerve fiber-like structures. (G)
Immunolabeling for the marker for neuronal sprouting GAP43 is observed in the cyst wall.
(H) Dot-like structures in the cyst wall and a nerve fiber-like structure surrounding the cyst
are immune-positive to CGRP. (I) Merged image shows that only dot-like structures in the
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cyst wall are co-labeled for GAP43 and CGRP. The cyst lumen is indicated by *. Scale bars
represent 100 µm.
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Figure 5.
Sensitized nociceptors innervating ectopic uterine tissue. Two weeks after surgery, C-fiber
uterine tissue implants, did not have a significant change in (A) mechanical threshold, or (B)
conduction velocity. In contrast, they had significantly enhanced (C, D) C-fiber response to
sustained mechanical stimulation (60 s), as revealed by increased number of spikes in
recordings obtained during early (10 s) and late (50 s) parts of the stimulation period
compared to control values obtained from naïve female rats. This was also evident in the
time-course histograms of the C-fiber response, representing recordings obtained in naïve-
control (E) and implanted (F) rats. Comparisons between naïve and implanted female rats
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were made using one-tail Student’s t-test for paired samples with Welch’s correction; *P <
0.05.
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Figure 6.
A-type and DR-type potassium currents are not altered in cyst-innervating DRG neurons.
Examples of retrogradelly-labeled DRG cells with DiI (shown in red) and IB4-FITC
labeling (shown in green) in culture: (A) a DiI labeled, IB4-negative DRG cell; (B) a double
labeled (DiI labeled-IB4-positive) DRG cell. (C) Current-voltage curves (normalized to cell
capacitance) representing A-type (sensitive to 3,4-diaminopyridine, DAP) current densities
are shown. The peak current density in endometriosis DRG neurons (open circles, n=7) was
not significantly different to that of control neurons (closed squares, n=7). (D)
Representative current traces obtained from DRG neurons of control rats and rats submitted
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to the endometriosis pain model in the presence of DAP. (E) The DR-type potassium
current-density curves obtained in the presence of tetraethylammonium (TEA) were not
significantly different in endometriosis DRG neurons (open circles, n=8) compared to
control (closed squares, n=7). (F) Representative current traces obtained from DRG neurons
of control rats and rats submitted to the endometriosis pain model in the presence of TEA.
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Figure 7.
Comparison of rat models of endometriosis pain. The rat model developed by Vernon and
Wilson (1985) and adapted by Berkley and colleagues (2001) for the behavioral assessment
of endometriosis pain (left side of the figure), differs in several ways from the model
presented here (right side of the figure). In the former model of endometriosis pain, ectopic
uterine tissue is implanted in the peritoneal cavity and nociceptive testing performed by
mechanical stimulation of non-implanted structures (i.e., uterine, bladder or vaginal
distension). In contrast, the model presented here allows direct nociceptive testing of uterine
tissue-implanted gastrocnemius muscle, as well as, electrophysiological recording from
nociceptive afferents innervating the ectopic uterine tissue and local testing of putative
modulatory agents. Additional advantages include: (1) easy access for retrograde labeling of
DRG neurons innervating from endometriosis-like lesions allowing for morphological and
in vitro electrophysiological studies and, (2) contralateral assessment of nociceptive
responses or drug administration in order to evaluate for extra-local effects of putative
modulators.

Alvarez et al. Page 29

Neuroscience. Author manuscript; available in PMC 2013 December 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript




