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Abstract

Provoked vestibulodynia, the most common form of vulvodynia (unexplained pain of the vulva),
is a prevalent, idiopathic pain disorder associated with a history of recurrent candidiasis (yeast
infections). It is characterized by vulvar allodynia (painful hypersensitivity to touch) and
hyperinnervation. We tested whether repeated, localized exposure of the vulva to a common
fungal pathogen can lead to the development of chronic pain. A subset of female mice subjected to
recurrent Candida albicans infection developed mechanical allodynia localized to the vulva. The
mice with allodynia also exhibited hyperinnervation with peptidergic nociceptor and sympathetic
fibers (as indicated by increased protein gene product 9.5, calcitonin gene—related peptide, and
vesicular monoamine transporter 2 immunoreactivity in the vaginal epithelium). Long-lasting
behavioral allodynia in a subset of mice was also observed after a single, extended Candida
infection, as well as after repeated vulvar (but not hind paw) inflammation induced with zymosan,
a mixture of fungal antigens. The hypersensitivity and hyperinnervation were both present at least
3 weeks after the resolution of infection and inflammation. Our data show that infection can cause
persistent pain long after its resolution and that recurrent yeast infection replicates important
features of human provoked vulvodynia in the mouse.
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Methods

Fig. S1. Increased vaginal fungal colonization during acute infection(s) after inoculation with C. albicans strain SC5314, and full
clearance of yeast after fluconazole treatment.

Fig. S2. No effect of repeated vulvovaginal C. albicans strain SC5314 infection on hind paw mechanical sensitivity.

Fig. S3. No effect of repeated vulvovaginal C. albicans strain SC5314 infection on gross vulvar morphology.

Fig. S4. No effect of single, extended-duration vulvovaginal C. albicans strain SC5314 infection on hind paw mechanical sensitivity.
Table S1. No changes in epithelium thickness produced by repeated vulvovaginal C. albicans strain SC5314 infection.

Table S2. Vaginal leukocyte count was not associated with the presence of infection after SC5314 inoculation.
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INTRODUCTION

Pain is a cardinal feature of the inflammatory response to fungal, bacterial, and viral
infections. In most cases, pain rapidly disappears with the resolution of the infection.
Although acute pain is effectively managed with currently available analgesic strategies,
chronic pain remains poorly treated. Pain secondary to previous and resolved infection is
suspected to underlie numerous idiopathic chronic pain conditions, including urogenital pain
(vulvodynia, endometriosis, and prostatitis), interstitial cystitis, and inflammatory bowel
syndrome [for example, (1)], but a causal relationship between infection and persistent pain
has not been demonstrated. To test whether such a causal relationship can exist, we
developed a mouse model of provoked vestibulodynia (PVD), a chronic urogenital pain
condition suspected to result from repeated infection by a common pathogen, the yeast
Candida albicans.

Of the idiopathic pain conditions associated with a history of previous infection, vulvodynia
(vulvar pain) is the most prevalent, affecting 9 to 12% of women of childbearing age (2).
The predominant form of vulvodynia, PVD (previously known as vulvar vestibulitis), is
characterized by burning and cutting pain localized to the vulvar vestibule in response to
light touch (vulvar mechanical allodynia), with physical findings limited to occasional
erythema (3). Chronic vulvar pain is associated with significant psychological distress
because of its interference with sexual intercourse and nonsexual activities (bike riding,
walking, and even standing); as a result, mood disturbances and reduced quality of life are
often reported in this population (4). Reduced vulvar tactile and pain thresholds in P\VD
have been experimentally confirmed with standardized mechanical stimuli (5). Histological
changes in vulvar vestibule tissue, including increased density of free nerve endings (6, 7),
suggest that neural mechanisms may underlie these clinical symptoms. Brain imaging of
patients with PVD reveals patterns of activity similar to those observed in experimental and
clinical pain, as well as neuroanatomical abnormalities suggestive of compensatory central
reorganization secondary to chronic pain (8).

No definitive causes of PVD have yet been identified. However, women with PVD have a
high prevalence of recurrent vulvovaginal candidiasis (RVVC; or recurrent yeast infections),
defined as three or more yeast infections annually, compared to healthy women: 42 to 60%
(9, 10) versus 5 to 8%, respectively (11). The commensal yeast, C. albicans, is thought to
cause 85 to 90% of all yeast infections in women (11). The comorbidity between RVVC and
chronic vulvar pain has led to the hypothesis that vulvar hypersensitivity in PVD results
from abnormal sensory processing secondary to past inflammation from prolonged and/or
repeated vaginal yeast colonization. This correlational hypothesis remains untested. Here,
we assess whether persistent vulvar mechanical hypersensitivity can develop in mice after
multiple rounds of vulvovaginal infection or after a single, long-lasting infection with C.
albicans.

RESULTS

RVVC can cause vulvar allodynia

Mice were tested for baseline mechanical sensitivity of the vulva and hind paws with von
Frey filaments. For each round of infection with C. albicans strain SC5314 cells, mice were
tested again at 4 days (active infection), 11 days (treated infection), and 32 days (3 weeks
after infection resolution) after inoculation (Fig. 1A). Quantification of vaginal fungal
burden confirmed infection status at each time point (fig. SLA). At baseline, most mice
(79%) exhibited vulvar mechanical withdrawal thresholds exceeding 4.0 g, with no between-
group differences (x2 = 5.0, P = 0.17). This was true at every testing session for mice in the
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fluconazole control group (Saline + FLU; Fig. 1B). By contrast, the group of mice with
repeated infections (Candida + FLU; Fig. 1C) was allodynic during active SC5314 infection
(day 4) and was still allodynic after treatment (day 11). By day 32, when the infection was
long resolved, evidence of allodynia was absent after the first two rounds of infection.
However, after the third round of infection, persistent allodynia was present (32 = 9.5, P =
0.02). We obtained similar results when we applied a within-subjects analysis, defining
allodynic mice as those displaying a >33% decrease in vulvar threshold from their own
baseline (Fig. 1D). On day 32 after the third round of infection, 40% (6 of 15) of the infected
subjects were allodynic by this definition compared to 5.5% (1 of 18) of the fluconazole
control subjects (P = 0.02, one-tailed Fisher's exact test). This allowed the separation of
mice in the Candida + FLU group into allodynic and nonallodynic subgroups, from which
tissues were obtained for immunohistochemical studies (see below). There were no
statistically significant alterations in mechanical sensitivity of the hind paw produced by
fluconazole or strain SC5314 over the course of the three rounds of infection (fig. S2).

RVVC does not have morphological or inflammatory effects

Visual inspection of hematoxylin and eosin (H&E)—stained sections obtained after the third
infection revealed no edema and no obvious intergroup differences in inflammatory infiltrate
(fig. S3). The presence of a small number of immune cells is typical of healthy vaginae, and
a few basophils, macrophages, and mast cells were evident throughout the lamina propria
and along blood vessel walls in all groups. Inflammatory cells did not penetrate the
epithelial layer. No evidence of altered vulvar epithelial morphology was found in Saline +
FLU or in Candida + FLU mice (allodynic or nonallodynic) after the resolution of the third
infection (fig. S3). Epithelial thickness at the broad (F3 19 = 1.4, P = 0.29) and narrow (F3 19
= 0.8, P = 0.50) aspects of the epithelium did not differ between groups, and in all cases, the
keratin layer was intact across the posterior surface of the vulva (table S1). Whereas fungal
burden covaried with hypersensitivity during acute infection, leukocyte levels showed no
such correlation (table S2).

Only allodynic RVVC mice show increases in vulvar innervation

Immunohistochemical analyses after repeated infection in allodynic (n = 3 to 6) mice, after
repeated infection in nonallodynic (n = 5) mice, and in fluconazole control (n = 4) mice were
conducted on postmortem vulvar tissue. We observed an almost 300% increase in the
density of nerve fibers [as detected by immunoreactivity (IR) for the pan-axonal marker
protein gene product 9.5 (PGP 9.5)] throughout the lamina propria of vulvar tissue taken
from allodynic compared to nonallodynic and control mice (F5 19 = 12.8, P = 0.002; Fig. 2,
A to D). The increased density reflected both increased number of fibers and thicker, longer
fibers. A significant, almost 400% increase in the density of peptidergic fibers, as assessed
by calcitonin gene-related peptide (CGRP)-IR, was found in allodynic animals compared to
the nonallodynic group (F2 14 = 4.6, P = 0.03; Fig. 2, E to H). In all groups, CGRP-IR fibers
were observed throughout the lamina propria, but few fibers penetrated the basal cell layer
of the epithelium. Allodynic mice displayed increased (more than four times higher)
sympathetic innervation, as revealed by vesicular monoamine transporter 2 (VMAT2)-IR,
compared to nonallodynic and control groups (F 12 = 8.0, P < 0.01; Fig. 2, I to L).
Sympathetic fibers in all mice were typically distributed in the deeper layers of the lamina
propria; in allodynic mice, there was increased fiber density, with some thin processes seen
to penetrate the lamina propria beneath the epithelium (Fig. 2K).

Extended primary fungal infection can cause vulvar allodynia

In a new experiment, mice were tested for vulvar and hind paw mechanical sensitivity
throughout a single but extended-duration (14-day) vulvar C. albicans strain SC5314
infection (Fig. 3A). Vaginal fungal burden throughout the extended infection is shown in
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fig. S1B. At baseline, 96% of this cohort exhibited vulvar mechanical withdrawal thresholds
exceeding 4.0 g, with no between-group differences (32 = 0.7, P = 0.41). The fluconazole
control group continued to exhibit unchanged thresholds throughout the experiment (Fig.
3B). In contrast, a significant proportion of extended-infection mice became allodynic after
the acute phase of SC5314 infection (day 14; ¥2 = 8.1, P = 0.005) (Fig. 3C). This
hypersensitivity persisted after completion of antifungal treatment (day 21; 2 = 5.0, P <
0.05) and 3 weeks after infection resolution (day 42, ¥2 = 6.9, P < 0.01). A large proportion
of mice (86% exhibiting a >66% reduction from baseline threshold) continued to display
allodynic behavior up to day 70, which was 7 weeks after the resolution of the SC5314
infection (x- = 14.4, P <0.001) (Fig. 3C). No alterations in hind paw mechanical sensitivity
were observed throughout the experiment (fig. S4).

Repeated vulvar exposure to zymosan produces vulvar allodynia

To determine whether the persistent vulvar allodynia observed with SC5314 infection
required exposure to a live pathogen, we subjected a new cohort of mice to repeated vulvar
injections of the yeast cell wall glucan zymosan (or saline, using baseline sensitivity—
matched controls). Each mouse in the experimental group received two vulvar injections of
zymosan, a week apart; each week thereafter, mice were reinjected only if they recovered to
nonallodynic levels of mechanical sensitivity (>66% of baseline thresholds). This design
allowed us to assess individual variability in the number of zymosan injections required to
produce persistent vulvar allodynia. Figure 4A shows the frequency distribution of the full
data set and the number of zymosan injections required to achieve chronic vulvar allodynia
in the salin-eversus zymosan-treated groups (x2 = 14.8, P < 0.001). We found considerable
individual variation in the number of zymosan injections needed to induce persistent
allodynia; data from the first six mice to be tested are shown in Fig. 4B to depict the range
of patterns observed. Four hours after the first injection of vulvar zymosan, all mice
displayed allodynia; for most mice, this allodynia completely resolved within a week. A
single mouse (#1 in Fig. 4B) remained allodynic after the single inflammatory insult. Four
hours after the second injection of zymaosan, all mice showed robust vulvar allodynia; a
week later, all mice remained allodynic. However, with each subsequent week, some mice
maintained the allodynic state (#1 and #2 in Fig. 4B), whereas other mice returned to
baseline and either required additional injections to achieve persistent allodynia (#2, #3, and
#5) or never became persistently allodynic (#4 and #6). A separately performed experiment
in which zymosan was injected into the hind paw revealed no evidence whatsoever of
persistent allodynia development in any of the mice tested (Fig. 4A, right). In all cases, hind
paw hypersensitivity resolved within a week and no chronic allodynia was ever observed
even after repeated zymosan injections.

DISCUSSION

We have observed long-lasting mechanical vulvar hypersensitivity after repeated
vulvovaginal infections with the yeast C. albicans. A single, 14- to 21-day-long, fully
resolved infection with C. albicans strain SC5314 also induced mechanical allodynia that
greatly outlasted the resolution of active inflammation. Finally, comparably long-lasting
allodynia was observed in mice receiving multiple vulvar (but not hind paw) injections of
zymosan, a mixture of fungal antigens. In all three experiments, only a subset of mice
developed allodynia. In the RVVC experiment, the allodynic (but not the nonallodynic)
mice displayed a significant increase in the density of vulvar nerve fibers, including
identified peptidergic sensory and sympathetic fibers. Allodynia was not accompanied by
gross morphological changes in the vulvar mucosa (for example, no reduced epithelial
thickness or keratinization). Thus, repeated or extended infection with a common pathogen
can induce a pathological pain state that persists long after the resolution of the infection.
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As expected, we observed vulvar allodynia during and immediately after each active
infection. The onset of vulvar allodynia during the acute infection corresponded with the
peak of vaginal fungal burden, suggesting that acute inflammation during active infection
can account for acute vulvar allodynia. Clinical reports of vulvovaginal pain during yeast
infections are consistent with this finding (11). However, vulvar allodynia persisted despite
reductions in fungal burden (day 11), indicating a dissociation between pain symptoms and
fungal load. Despite the differences in vaginal and vulvar epithelium morphology
(keratinization, thickness, and hormonal regulation), few differences have been identified in
innate and/or adaptive immune responses throughout the lower genital tract (12). Innate
immunity likely plays a dominant role in the acute response to C. albicans, given that
changes associated with adaptive immunity are not observed after yeast infections in mice or
women (13). C. albicans is recognized by the Toll-like receptor 2 (TLR-2) and TLR-4,
which are expressed on immune and epithelial cells, and engages the innate immune
response, including the up-regulation of a yeast-specific pattern of proinflammatory
molecules through the nuclear factor kB pathway (14). Innate immune cells recruited during
acute inflammation (macrophages, mast cells, and neutrophils) can interact directly with
nerve endings to produce pain hypersensitivity and release inflammatory mediators that
contribute to pain (15). The presence of TLR-4 on primary afferent endings (16) indicates
another potential mechanism by which C. albicans activates nociceptors to induce
behavioral hypersensitivity (17). Similarly, zymosan-induced vulvar allodynia may result
from acute inflammation mediated by TLR-2 and TLR-6 and/or the direct sensitization of
vulvar mechanoreceptors (18).

We have observed here that mechanical hypersensitivity can persist long after the resolution
of the active infection. During the first and second rounds of candidiasis in the RVVC
experiment, acute vulvar hypersensitivity resolved after antifungal treatment and was absent
21 days after infection resolution (day 32). By contrast, during the third round of infection,
the vulvar hypersensitivity observed during the active stages of infection was maintained
long after yeast were absent from the vaginal cavity. Moreover, chronic hypersensitivity was
also evident after a single, extended infection with Candida, and the phenomenon could still
be observed up to 7 weeks after infection resolution. Finally, some mice given as few as two
zymosan injections exhibited allodynia lasting at least 11 weeks, indicating that the
development of long-lasting hypersensitivity does not require a live pathogen and may be
generalizable to fungi other than C. albicans (that is, Saccharomyces cerevisiae). The
extended period of allodynia after the disappearance of detectable inflammation suggests
that the chronic hypersensitivity that we observed is not inflammatory pain, at least as that
term is generally understood. Given our observation of hyperinnervation, it is also
problematic to characterize this phenomenon as neuropathic, which requires a neural lesion
(19).

The fact that only a subset of infected mice developed mechanical allodynia mirrors the
clinical situation, because only a minority of women with RVVC develop chronic vulvar
pain. Even within the subset of (outbred) mice developing chronic allodynia after zymosan,
there was considerable variability in the number of exposures required (see Fig. 4A),
suggesting a classic gene-by-environment interaction between as yet unidentified genetic
susceptibility factors and inflammatory exposures. Such interactions are well known in the
animal pain genetics literature (20). Human genes suggested to be involved in the
pathogenesis of vulvodynia include those coding for mannose-binding lectin codon 54, the
melanocortin-1 receptor, and the interleukin-1 receptor antagonist (21). Of course, an
unknown environmental factor may also be responsible for the susceptibility to chronic
hypersensitivity in those that develop it after repeated inflammation. Given that repeated
zymosan treatment to the hind paw failed to produce chronic allodynia in any subject, these
phenomena may be unique to mucosal tissue (22) or the genital tract (23).
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Vulvar hypersensitivity after the third infection in the RVVC model was accompanied by
increased density of sensory afferents, including increased peptide-containing nerve fibers.
Previous work has shown the presence of sensory hyperinnervation during an inflammatory
response, for example, in the mucosa of the urinary bladder during the inflammatory
responses evoked by cyclophosphamide (24), in the upper dermis during the inflammatory
response evoked by complete Freund's adjuvant (25), and in bone during the inflammatory
response evoked via inoculation of prostate cancer cells (26). Sensory hyperinnervation in
the upper dermis has also been seen during the regeneration response after a traumatic nerve
injury (27-29). Notably, in the current experiment, robust sensory hyperinnervation was
seen in allodynic mice 3 weeks after resolution of the infection. This suggests that the pain
that persists after the resolution of infection may be due to an abnormal persistence of the
hyperinnervation evoked during the acute inflammatory response. The observations in the
animal studies parallel findings of greatly increased vulvar nerve density and peptidergic
innervation in the allodynic vulvar vestibular tissue of women with PVD (6, 7, 30, 31) and
suggest that repeated infection is sufficient to alter innervation at the site of infection.

We also observed sympathetic (VMAT2-immunoreactive) hyper-innervation in the vulvae
of allodynic mice 3 weeks after resolution of the infection. Sympathetic hyperinnervation
has been observed in the skin during inflammation and after traumatic nerve injury (25, 27,
28, 32). For example, ectopic endometrial cyst growth, which becomes sympathetically
innervated, correlates with vaginal hypersensitivity in a rat model of endometriosis (33, 34).
Sprouting of free nerve endings (including those of peptidergic afferents) and sympathetic
efferents suggest the presence of long-term physiological changes that may enhance
nociceptive signaling of peripheral tactile input and promote spontaneous neuronal
discharge of affected sensory fibers.

We have developed an etiologically valid and clinically relevant animal model of an
idiopathic pain condition. This model will be useful in the investigation of mechanistic
pathways of infection-induced pain, the evaluation of genetic and environmental risk factors,
and the preclinical testing of the efficacy of new treatments for debilitating pain conditions
secondary to infection. Because the most effective current treatment of PVD is surgical
excision of the painful vulvar tissue (3), new and less invasive treatments are a clinical
necessity.

MATERIALS AND METHODS

Subjects

Female, outbred CD-1 (ICR:Crl; Charles River) mice, 8 to 10 weeks of age, were housed in
facilities equipped with Biohazard Level 2 containment. Mice were maintained on a 12:12-
hour light/dark cycle (lights on at 07:00 hours) and received irradiated food (Harlan Teklad
8604) and autoclaved tap water ad libitum. All procedures, including inoculations,
injections, and behavioral testing, were conducted within a class Il biological safety cabinet.
All procedures were approved by the McGill University animal care and use committee.

Microorganism

A strain of C. albicans isolated in a clinical setting (SC5314, a gift of M. Whiteway,
National Research Council of Canada) was used for vulvovaginal inoculations. See the
Supplementary Material for a rationale for selection of this strain. SC5314 was grown in a
phytone peptone broth for 18 hours at 25°C on an orbital shaker at 7000 rpm. Stationary-
phase blastoconidia were washed twice and adjusted to 5 x 10* cells/ml. Each inoculum
solution was prepared from freshly subcultured SC5314 on the day of inoculation.

Sci Transl Med. Author manuscript; available in PMC 2012 September 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Farmer et al. Page 7

Vulvovaginal infection procedures and treatment

Mouse vaginal bacterial and fungal cultures were obtained before testing to ensure that no
known pathogenic microorganisms were present. Under non—-hormone-primed conditions,
murine vaginal C. albicans infection resolves without antifungal treatment within 14 days
(13). On day 0 of each infection, mice were lightly anesthetized with isoflurane/oxygen and
inoculated vaginally with either 5 x 10% stationary-phase SC5314 blastoconidia in 20 ul of
sterile phosphate-buffered saline (PBS) or saline only. The inoculum was gently pipetted
into the vaginal opening, and the mouse was placed in the supine position to retain the
inoculum in the vaginal cavity for 10 min. Post-inoculation vaginal lavages were collected
daily until infection resolution was confirmed, and weekly thereafter. To minimize tissue
irritation unrelated to infection, we took utmost care to minimize contact between the vulva
and the pipette tip during lavages. Vaginal SC5314 burden and infection status were
monitored with Gram- and Wright-Giemsa—stained smears prepared from vaginal lavage
fluid, which were examined microscopically for the presence of polymorphonuclear
leukocytes and Candida morphotypes (blastoconidia and pseudohyphae). Lavage fluid was
serially diluted onto Sabouraud dextrose agar (Quelab) and incubated for 48 hours at 34°C,
and colony-forming units (CFUs) were quantified. Loops of CFUs were submitted to two
separate tests to ensure that the isolated yeast was indeed C. albicans: The isolated growth
was submitted to a germ tube test and replated onto chromogenic agar specific to common
Candida species (Candida CHROMagar, Hardy Diagnostics) for up to 1 week at 34°C.
According to the manufacturer's guidelines, emerald green CFUs exhibiting growth
characteristics consistent with C. albicans were considered positive.

Mice in both the SC5314-infected and the control groups were treated with fluconazole (15
mg/kg, once daily for 7 days; LKT Laboratories) administered via oral gavage. These doses
are effective in eliminating C. albicans—induced vaginitis in mice (35). The treatment
regimen was based on the broad use of fluconazole as a first-line treatment for RVVC in
humans (11). The infection was considered to be resolved upon obtaining two successive
negative vaginal cultures (see above), and weekly lavages were collected thereafter to ensure
the absence of yeast.

Repeated vulvovaginal infection with C. albicans

To simulate RVVC, mice received three separate vulvovaginal infections with 5 x 104 C.
albicans strain SC5314. Infections were allowed to last untreated for 4 days during each
round of infection, followed by 7 days of fluconazole treatment (see above). For the second
and third rounds of infection, mice were reinoculated with 5 x 104 SC5314 cells 4 weeks
after clearence of the primary infection (1 week after post-infection behavior testing) to
simulate RVVC. In humans, a new episode of candidiasis can begin from a few days to 3
months after a previous infection, and the 4-week interval between infection resolution and
re-infection used here was deemed a valid analog of RVVC. Mice in the fluconazole control
group received inoculations of saline and vaginal lavages concurrent to and in the same
manner as infected mice.

Tests of baseline vulvar and hind paw thresholds were performed 1 week preceding initial
SC5314 inoculation (day —7). During each round of infection, vulvar sensitivity was tested
4, 11, and 32 days after inoculation (see Fig. 1A). Hind paw sensitivity was measured after
each infection, on day 33.

Extended primary vulvovaginal infection with C. albicans

The extended primary infection with 5 x 10 SC5314 blastoconidia was allowed to last
untreated for 14 days, followed by 7 days of fluconazole treatment (see above). Mice in the
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fluconazole control group received saline and vaginal lavages concurrent to and in the same
manner as infected mice.

Tests of baseline vulvar and hind paw thresholds were performed 1 week preceding initial
SC5314 inoculation (day —7). Vulvar sensitivity was measured at 14, 21, 42, and 70 days
after inoculation (see Fig. 4A). Hind paw sensitivity was measured on days 43 and 71.

Repeated inflammation with zymosan

A new cohort of mice was subjected to repeated subcutaneous injections of zymosan in the
posterior vulva while lightly anesthetized with isoflurane/oxygen. Zymosan is prepared from
S. cerevisiae yeast cell wall and produces sterile inflammation at the site of injection,
leading to mechanical allodynia lasting up to 12 to 24 hours without the need for biohazard
containment. The dose used (10 mg/ml in 10 ul of saline; 0.1 mg) was chosen on the basis of
pilot experiments; lower doses produced inconsistent initial allodynia. Injections occurred
no more frequently than weekly to allow acute inflammation to subside between successive
injections. Mice received zymosan injections immediately after baseline behavior testing
and were observed for evidence of vulvar allodynia (defined here as >33% reduction in
mechanical threshold) 4 hours later, corresponding to the temporal peak of vulvar zymosan-
induced mechanical allodynia as defined by our pilot experiments. One week later, each
mouse was retested and reinjected with zymosan. Each week thereafter, vulvar von Frey
measurements were obtained and additional injections were administered only if a mouse's
vulvar sensitivity recovered to nonallodynic levels (defined as >66% of baseline threshold).
If a mouse continued to show evidence of vulvar allodynia 1 week after zymosan injection,
no injection was given, and the mouse was retested 1 week later. Mice were followed for a
total of 11 weeks and received up to and including (but no more than) six zymosan
injections. Mice that did not become persistently allodynic (that is, displaying a >33%
reduction in threshold for 2 consecutive weeks) after six injections were classified as
nonresponders. One control group received weekly vulvar saline injections, with timing
matched to a zymosan-treated mouse with equivalent baseline vulvar sensitivity. In a
separate experiment, six female mice received zymosan injections in a paradigm similar to
that described above except that zymosan (0.25 mg/ml in 20 ul) was injected into the right
mid-plantar hind paw. This dose was chosen because it produced equivalent levels of initial
mechanical allodynia to the vulvar zymosan.

Mechanical (von Frey) sensitivity testing

On each day of behavioral testing, animals were allowed 3 hours (11:00 to 14:00 hours) to
habituate to the testing environment. Each testing session consisted of two threshold
determinations separated by 1 hour; these two thresholds were averaged. An observer
blinded to experimental condition applied a calibrated series of von Frey filaments
(Semmes-Weinstein monofilaments; Stoelting) to the target tissue using the up-down
psychophysical method of Dixon (36), with pressure applied to each filament until it bowed,
and held for 2 s. Across species, the vulva is defined as the external female genital organs;
this includes the clitoral and preputial glands in the mouse, and accordingly, we stimulated
the central, hairless posterior aspect of the mouse vulva. A series of eight von Frey filaments
(0.06 to 3.9 g; filaments #4 to #11) were applied to the vulva beginning with the #7 filament.
Hind paw mechanical sensitivity was also monitored in all experiments, as a control. For
hind paw testing, a different series of eight filaments (0.015 to 1.3 g; filaments #2 to #9) was
applied to the plantar aspect of the hind paw beginning with the #5 filament. Different
ranges of fibers were used for vulva and hind paw testing because different amounts of force
physically lift the stimulated area off the floor (which artificially imposes a ceiling value on
testing). Any mouse showing continuous positive or negative responses was assigned ceiling
and floor withdrawal threshold values of 4.0 and 0.025 g, respectively, for vulvar testing and
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2.0 and 0.01 g, respectively, for hind paw testing. In all other cases, the 50% withdrawal
threshold was calculated as described (36). Aiming accuracy in mouse vulvar stimulation (a
3-mm-diameter target) was maximized by shaving anogenital hair the day before testing to
improve visibility. Von Frey filaments were disinfected with 70% ethanol between each
testing session, and independent filament sets were used for each experimental condition to
minimize risk of cross-contamination.

The nocifensive endpoint we adopted was a clear reflexive jump (all four paws lifted) in
response to vulvar stimulation, chosen because it is most similar to the clear withdrawal
response used in hind paw von Frey testing. Note, however, that even the strongest usable
von Frey filament (3.9 g, with larger filaments lifting the mouse off the floor without
bending) rarely produced this jumping response at baseline, with >75% of mice consistently
not responding to the 3.9-g fiber. It is unclear whether “positive” (<4.0 g) responses at
baseline for the remaining subjects represent measurement (or testing environment) artifacts
or true biological variability.

For practical reasons, it was necessary to test all mice together, regardless of their estrous
stage, on each scheduled testing day. A pilot experiment confirmed that vulvar mechanical
thresholds were invariant of estrous stage. In addition, vaginal lavages taken during the
experiment revealed that neither SC5314 nor fluconazole treatment altered normal 4- to 5-
day estrous cyclicity. Thus, it is unlikely that the changes seen in SC5314-infected mice
were produced by hormonal alterations.

Immunohistochemistry

After behavioral testing, mice were deeply anesthetized with sodium pentobarbital (=50 mg/
kg, intraperitoneally) and perfused transcardially with 5% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4) at room temperature. The vaginal canal (from the external vulva
to the cervix) was excised and postfixed in 5% paraformaldehyde in phosphate buffer for 1
hour and then cryoprotected with 30% sucrose in phosphate buffer for 24 hours. Tissue was
embedded in an optimum cutting temperature medium (Tissue Tek) and frozen at —80°C
until cryosectioned. Twelve-micrometer-thick longitudinal sections were cut on a Leica
CM3050 S cryostat at —25°C and placed directly on poly-.-lysine—treated slides. Slide-
mounted sections were rinsed three times with 0.1 M PBS for 10 min, preincubated with
10% normal goat serum diluted with 0.3% Triton X-100 for 60 min, and then incubated for
24 hours at 4°C in one of three primary antibodies: anti—-PGP 9.5 raised in rabbit (1:2000,
Ultraclone), anti-CGRP (a isoform) raised in sheep (1:1000, Biomol), and anti-VMAT?2
raised in rabbit (1:2000, Millipore). The next day, slides were washed three times with PBS
for 10 min, incubated in Cy3 anti-rabbit and Cy2 anti-sheep secondary antibodies (1:500,
Jackson ImmunoResearch Laboratories) in the dark for 2 hours, and washed three times for
10 min with PBS. For each reaction, negative controls (processed without the primary
antibody) were included.

Quantitative analysis of RVVC immunohistochemistry

Immunohistochemical analysis of a subset of post-repeated-infection allodynic (n = 3 to 6,
depending on the antibody), post-infection nonallodynic (n = 5), and fluconazole control (n
= 4) animals (see below) was based on four randomly selected postmortem vulvar tissue
sections per mouse, with a total of six nonconsecutive pictures per section (that is, 24 frames
per mouse). Pictures were taken only of the lamina propria because very little innervation
was observed in the epithelium. Images were acquired with a Zeiss Axioplan 2 imaging
fluorescence microscope (lenses ranging from 40x to 60x) equipped with a Megaview Il
charge-coupled device (CCD) camera and processed with AnalySIS 5.0 software (Soft
Imaging System). Images were saved in TIFF format and analyzed with an image analysis
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system (MCID Elite v.7, Imaging Research) by an observer blinded to condition. Fiber
density was calculated with functions in the program configured to measure total fiber
length per unit area (25).

Assessment of post-infection morphology

Slide-mounted 12-pum-thick sections were processed as described above and stained with
H&E to identify gross vulvar morphology, epithelial thickness, and inflammation among
allodynic (n = 4), nonallodynic (n = 6), and fluconazole controls (n = 5). Four
nonconsecutive measurements were taken from the middle third of the posterior vulvar
tissue, across six sections (24 measurements total). Sections were examined for signs of
inflammatory infiltrate in the epithelium and lamina propria, as well as edema and plasma
extravasation. Slides were digitally scanned with MIRAX Desk Scanner and visualized with
MIRAX Viewer software using the 20x and 40x magnification functions for quantification
(Zeiss).

Data analysis

Normally distributed hind paw threshold data were analyzed with repeated-measures
analysis of variance (ANOVA). Vulvar threshold data were analyzed with nonparametric 2
analysis, with five arbitrarily defined threshold categories (<1.0, 1.0 to 1.99, 2.0 to 2.99, 3.0
to 3.99, and >4.0 g). Data at particular testing sessions were compared to within-group
baselines, but similar results were obtained when comparing between-group at each testing
session. Analysis of percentage of allodynic mice was conducted with a one-tailed Fisher's
exact test on the basis of the a priori hypothesis that previously infected mice would show
more allodynia. Normally distributed immunohisto-chemical and epithelial thickness data
were analyzed by one-way ANOVA followed by Tukey's post hoc test. In all cases, a
criterion level of o = 0.05 was adopted. All statistical tests were two-tailed except as
described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Development of vulvar mechanical allodynia in a subset of mice after multiple rounds of
vulvovaginal candidiasis with C. albicans strain SC5314. (A) The experimental timeline
illustrates the experimental procedures across three rounds of vulvovaginal infections with
SC5314. Inoculations of 5 x 104 cells were given on day 0 for each of three infections (for
second and third inoculations, SC5314 was administered no more than 1 week after the
previous vulvar and hind paw sensitivity testing). Behavioral measurements of vulvar
mechanical sensitivity [von Frey (VF)] were taken at baseline and at three points during
each infection: days 4, 11, and 32. Note that for each day 32 measurement, yeast was absent
from the vaginal cavity for 3 weeks before testing. (B and C) Frequency histograms showing
the number of subjects displaying 50% withdrawal thresholds (jumping up with all four
paws; see Materials and Methods) in five arbitrarily defined bins (0: 0 t0 0.99 g; 1: 1.0 to
1.99g; 2: 2010 2.99 g; 3: 3.0 t0 3.99 g; 4+: >4.0 g) at each testing session. Infection status
is indicated by shading. Mice were inoculated vaginally with saline (B) or 5 x 10* SC5314
cells (C) on day 0 of each infection round (n = 15 to 18 per group); all mice received
fluconazole (FLU; 15 mg/kg, orally, once daily) from day 4 to day 11. *P < 0.05 by %2
analysis compared to within-group baseline. (D) Mice displaying >33% decreases in
withdrawal threshold compared to their own baseline at each testing session. *P < 0.05
compared to Saline + FLU group by one-tailed Fisher's exact test; *P < 0.10 compared to
Saline + FLU group.
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J) Non-allodynic Candida + FLU subgroup. (C, G, and K) Allodynic Candida + FLU
subgroup. (D, H, and L) Bars represent mean + SEM fiber length (um) per unit area (um?).
Total nerve fiber density (top row; PGP 9.5-IR) is significantly increased in the allodynic
Candida + FLU subgroup, with long fibers lining the lamina propria beneath the epithelium
(C and D). Peptidergic nerve fibers immunoreactive for CGRP, which normally consist of
fine processes throughout the lamina propria that occasionally penetrate the basal cell layer
of the epithelium, are significantly increased in the allodynic Candida + FLU group (G and
H) and represent about half of the total fiber population (compare y axes of D and H).
Sympathetic nerve fibers immunoreactive for VMAT?2 sparsely innervate the upper lamina
propria in normal and nonallodynic mice, whereas a significant increase in innervation
density is observed in the allodynic Candida + FLU group (K and L). *P < 0.05; **P < 0.01
compared to all other groups by one-way ANOVA followed by Tukey's post hoc test. Scale
bars, 50 um [(C), (G), and (K)]. Arrows point to fibers.
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Fig. 3.

Development of vulvar mechanical allodynia in a subset of mice after a single, extended
SC5314 infection. (A) Experimental time-line illustrating the experimental procedures. An
inoculation of 5 x 104 SC5314 cells was given on day 0; fluconazole (FLU; 15 mg/kg,
orally, once daily) treatment occurred from day 14 to day 21. Behavioral measurements of
vulvar mechanical sensitivity [von Frey (VF)] were taken at baseline (day —7) and at 14, 21,
42, and 70 days after inoculation. (B and C) Frequency histograms showing the number of
subjects (n = 10 to 15 per group) in the Saline + FLU (B) and Candida + FLU (C) groups
displaying 50% withdrawal thresholds in five arbitrarily defined bins (0: 0t0 0.99 g; 1: 1.0
t0 1.99 g; 2: 2.0 t0 2.99 g; 3: 3.0 t0 3.99 g; 4+: >4.0 g) at each testing session. Infection
status is indicated by shading. *P < 0.05 by y2 analysis compared to within-group baseline.
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Fig. 4.

Development of vulvar mechanical allodynia in a subset of mice after repeated vulvar
injections of zymosan. (A) Frequency histogram showing the proportion of female mice
displaying chronic allodynia after one to six weekly (or less) injections of vulvar saline (left;
n = 10), vulvar zymosan (middle; n = 19), or hind paw zymosan (right; n = 6). “No”
indicates that chronic allodynia was never observed, even after six injections. (B)
Representative patterns of vulvar mechanical sensitivity over time, using data from the first
six mice to be tested (#1 to #6). Vulvar zymosan was injected into mice so indicated 4 hours
before the data points highlighted in gray.
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