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Abstract

Problem—Pigtail macaques, Macaca nemestrina (PT) are more susceptible to vaginal
transmission of simian immunodeficiency virus (SIV) and other sexually transmitted diseases
(STD) than rhesus macaques (RM). However, comparative studies to explore the reasons for these
differences are lacking.

Method of Study—Here we compared differences in hormone levels and vaginal mucosal
anatomy and thickness of RM and PT through different stages of the menstrual cycle.
Concentrations of plasma estradiol (E2) and progesterone (P4) were determined weekly, and
vaginal biopsies examined at day 0 and 14 of the menstrual cycle.

Results—Consistent changes in vaginal epithelial thickness occurred at different stages of the
menstrual cycle. In both species, the vaginal epithelium was significantly thicker in the follicular
than in luteal phase. Keratinized epithelium was strikingly much more prominent in RM,
especially during the luteal phase. Further, the vaginal epithelium was significantly thinner and the
P4:E2 ratio was higher in PT during luteal phase than RM.

Conclusions—Striking anatomical differences in the vaginal epithelium between rhesus and
pigtail macaques combined with differences in P4:E2 ratio support the hypothesis that thinning
and less keratinization of the vaginal epithelium may be involved in the greater susceptibility of
pigtail macaques to vaginal transmission of SIV or other STD.
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Introduction

The vast majority of HIV infections occur through heterosexual transmission (1). However,
the mechanisms of vaginal transmission are not well understood. Further, recent studies
suggest HIV transmission rates are significantly higher in women taking hormonal
contraceptives (2), suggesting hormonal fluctuations affect vaginal susceptibility to HIV
transmission, and potentially other sexually transmitted diseases (STDs). Nonhuman
primates, particularly pigtail (Macaca nemestrina, PT) and rhesus macaques (Macaca
mulatta, RM) are commonly used as models for studying the transmission, pathogenesis,
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and prevention of HIV using simian immunodeficiency virus (SIV), or simian-human
immunodeficiency chimeric virus (SHIV)(3). However, there are important differences
between these species that should be considered when selecting either model for vaginal
transmission or pathogenesis studies. Although both species usually have menstrual cycles
throughout the year, cycles in RM are more sporadic, and they are “seasonal” breeders that
only produce offspring in the spring and summer months (4). However (and more like
humans) PT have regular menstrual cycles, and give birth to offspring throughout the year
(3,5). In addition, due to the similarities in their menstrual cycles, reproductive anatomy,
physiology, and vaginal flora, PT are used as a model for various STDs common in humans
(5,6). Moreover, PT have recently been shown to be more susceptible to vaginal chlamydial
and trichomonal infections than RM (6). Further, pigtails support higher levels of SIV
replication and progress to AIDS faster than other non-human primate (NHP) species (7).
Finally, PT have higher states of immune activation and different frequencies of memory
cells than RM, which may contribute to an accelerated progression to AIDS (8).

Although the mechanisms are not understood, it has been suggested that PT are also more
susceptible to vaginal SIV/SHIV transmission than RM (3). Pigtails are readily infected with
SHIV using relatively low doses administered vaginally (9), whereas rhesus are more
resistant to the same dose and stock of virus (reviewed in (3)). Moreover, pigtails have been
shown to be more susceptible during the luteal phase of the menstrual cycle, when
progesterone levels are highest (10)Thus, we hypothesized that the thickness and/or integrity
of the vaginal epithelium of PT may differ from RM, which may explain their increased
susceptibility to vaginal SIV transmission as well as their higher susceptibility to other STD

(6).

Previous studies in RM and women have shown that vaginal HIV/SIV transmission occurs
even in the absence of a cervix, indicating that the vaginal mucosa alone is sufficient for
transmission (11,12). Further, studies have suggested that both rhesus (13) and pigtail
macaques (10) are more susceptible to SIV/SHIV infection in the luteal phase of the
menstrual cycle. Like humans, the thickness of the vaginal epithelium changes throughout
the menstrual cycle in rhesus macaques (14,15). However, comparative studies of the
vaginal anatomy and changes in vaginal thickness throughout the menstrual cycle have not
been performed in PT and RM.

Here we compared histologic differences between the vagina of PT and RM at day 0 (luteal
phase) and day 14 (follicular phase) of the menstrual cycle. We found that PT macaques
have a significantly thinner vaginal epithelium, and less keratinization than RM, particularly
in the luteal stage of the menstrual cycle. This suggests that a thinner and less keratinized
vaginal epithelium may predispose PT to more vaginal infections, including STD and SIV/
SHIV.

Materials and Methods

Animals and menstrual observations

Twelve normal cycling female rhesus and 12 pigtail macaques ranging from 4 to 21 years of
age were used. All animals were housed and maintained at the Tulane National Primate
Research Center in accordance with the standards of the American Association for
Accreditation of Laboratory Animal Care. To determine stages of the menstrual cycle, all
animals were placed on daily menses watch, and the first day of menses was considered day
zero of the menstrual cycle. However, and in contrast to RM, PT macaques did not always
have heavy menstrual flow that could be detected by observation, so in addition to daily
observations, weekly vaginal swabs were atraumatically applied to the vagina of PT to
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detect menstrual bleeding using Weck-Cel® ophthalmic sponges (Medtronic Xomed Inc.
Jacksonville, FL, USA).

Estrogen and Progesterone Levels

Plasma was collected weekly from EDTA-anti-coagulated blood and stored at -80C until
assayed. Levels of estradiol-17b (E2) and progesterone (P4) were measured at the Endocrine
Technology and Support Core Lab at the Oregon National Primate Research Center, Oregon
Health and Science University. Sensitivity to the E2-extraction radioimmunoassay (RIA)
ranged from <2.5 -5 pg/tube to 750 pg/tube. The overall inter-assay variation for steroid
extraction RIA was less than 15% while the intra-assay variations did not exceed 10%.

Vaginal biopsy and vaginal thickness measurement

Two vaginal 5mm biopsies were performed by placing the animals in ventral recumbency
and taking biopsies at the 12 and either the 3 or 9 o'clock position at both day 0 (peak luteal)
and day 14 (peak follicular) phase of the cycle.

The vaginal epithelial thickness was measured using ImageProPlus software, version 4.5
(Media Cybernetics, Silver Springs, MD, USA) on appropriately oriented H&E stained
sections using a Leica microscope (Leica Microsystems Inc., Bannockbum, IL, USA)
interfaced to a digital camera (Spot Insight color camera; Diagnostic Instruments Inc.,
Sterling Heights, MI, USA). The software was calibrated for each objective using a stage
micrometer. An average of 16 images were collected from each section taken at 100x
magnification. For each image, ten measurements were taken by applying an electronic grid
to eliminate observer bias, and measurements were taken from the point where each gridline
intersected the basal epithelium using ImageProPlus software (Fig. 1A).

Statistical Analyses

Results

The Wilcoxon rank-sum test was used to perform intra-group comparisons, and the Mann-
Whitney U test was used for inter-group comparisons. Where appropriate, values are
indicated as mean + SD. Statistical analyses were performed using the GraphPad Instat 5
(GraphPad Software, Inc., San Diego, CA) and the SAS System (SAS Institute, Cary, NC).
P values less than 0.05 were considered significant.

Vaginal epithelial thickness

As expected, changes in vaginal thickness during the menstrual cycle were consistent in
both species, as both had significantly thinner epithelium during the luteal phase of the
cycle, and thicker epithelium at day 14 (when estradiol was dominant)(Fig. 1B-E).
Individual animals of both species also showed consistently thicker vaginal epithelium at
day 14 of the cycle compared to day 0 (Fig. 2). However, the most striking difference
between the two species was the absence of keratinization of the vagina of most PT
macaques on day 0 (Fig. 1B). Of the 12 PT examined, only two had measurable keratin on
day 0, making the differences between PT and RM highly significant (P=0.0033)(Fig. 3A).
On day 14, five of 12 PT and all RM had visible keratin, but RM still had significantly
thicker layers of keratinized epithelium than PT (P=0.019)(Fig. 3B).

Rhesus also had significantly thicker overall vaginal mucosal epithelium than PT when
measuring the mean total thickness (RM = 0.263 mm; PT = 0.188 mm; P= 0.043) thinnest
points (RM 0.199 mm; PT 0.08 mm; P=0.003) or thickest points (P<0.035) at peak luteal
stage (Fig. 4A). There was also a trend for thicker vaginal epithelia in RM compared to PT
at day 14 (follicular stage) but significant differences were limited to measurements of the
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thinnest point at this stage of the cycle (P=0.03)(Fig.4B). There were also significant
interspecies differences in overall vaginal epithelial thickness between day 0 and 14 (Fig.
4C).

Hormone fluctuations throughout the menstrual cycle

Peripheral blood was collected weekly to determine progesterone and estradiol levels.
Progesterone fluctuations throughout the menstrual cycle of both subspecies were similar,
with consistently rising levels through the cycle peaking at day 21 (Fig. 5A). Significant
differences were detected between day 0 and 21 (P<0.02 PT; P<0.001 RM). In RM,
progesterone was significantly higher on day 14 (P= 0.048) than on day O (Fig. 5A). The
estradiol peak in both macaques was on day 14 of the cycle as expected (Fig. 5B). However,
estradiol levels were higher in PT throughout the cycle (Mean 92.7+ 7.8 n=75) than RM
(Mean 79.14 + 4.1 n=116) consistent with previous findings (16) although these differences
were not significant. Further, progesterone and estradiol ratios were higher in PT than RM
on day zero (PT ratio P4:E2= 14.7; RM ratio P4:E2=11.53), which correlated with the
significantly thinner epithelium of PT on day 0 of the cycle (Fig.5C-D). In contrast to RM
where the P4:E2 ratio was slightly increased on day 14 (P4:E2= 12.59), the ratio in PT was
lower than on day 0 which correlated with significant thinning of the vaginal wall between
day 0 and 14. In general, PT had a 1.9 fold increase in vaginal thickness between day 0 and
14 (Fig. 2A) whereas the difference was only 1.3 fold greater in RM (Fig. 2B).

Discussion

The present study demonstrates that both PT and RM have similar changes occurring
throughout the menstrual cycle as women, including thinning of the vaginal epithelium
during menses (luteal phase) and thickening during the period of estrogen dominance, or the
follicular stage. However, and unlike women, rhesus macaques have significantly greater
levels of superficial vaginal keratinization throughout the menstrual cycle. Pigtails also have
a keratinizing vaginal epithelium, but this is thinner than in RM, and essentially disappears
during the luteal phase, making the vagina more similar to that of women, at least during the
luteal phase. Pigtails also have a longer follicular phase (17-19 days) than rhesus, and
therefore an extended period of estradiol production (16). However, typically, high hormone
levels in blood are characteristic of primates with low numbers of hormonal receptors in
vaginal tissues (17), which may explain why the pigtails had higher levels of estradiol, yet
less keratinization. Alternatively (or in addition) the ratio of P4:E2 may be more important
in epithelial thickness, as the P4:E2 ratio was higher in the PT on day 14, suggesting the lack
of a keratinized epithelium at this stage is due to progesterone dominance.

Thickening of the vaginal epithelium is the result of estrogenic influences on epithelial cell
maturation (18). With insufficient estrogen, the vaginal walls become thin and atrophic,
which is a common condition in postmenopausal women (19). Accumulating evidence
suggests that vaginal mucosal thinning increases HIV transmission rates in women (3). For
example, macaque studies have shown progestin compounds (Depo-provera, progesterone
implants) markedly thin the vaginal epithelium and increase vaginal SIV transmission rates
(11). Recent studies in women have shown that Depo-provera use also increases HIV
transmission rates (20). Finally, topical estrogen, when applied to the vagina of
ovariectomized macaques results in thickening of the vaginal epithelium and increased
protection from vaginal SIV transmission (18), indirectly indicating that the increased
transmission rates in progesterone treated macaques are due to changing thickness of the
vaginal epithelium and not immunosuppressive effects of exogenous progesterone use.
Finally, both rhesus (13), and pigtail (10) macaques in the luteal phase (no hormone
treatment) have been shown to be more susceptible to vaginal SIV/SHIV transmission, and
pigtails are even more susceptible to other sexually transmitted diseases including
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Trichomas and Chlamydia sp (5,6). Since Depo-provera use in women produces a very
similar thinning of the vaginal epithelium to that of the natural luteal phase (15), we
hypothesize that this vaginal thinning increases a woman's susceptibility to HIV-1
transmission irrespective of whether it occurs naturally during menses, or after progestin
treatment. In summary, converging evidence indicates that estrogen thickens the vaginal
wall and decreases susceptibility to infection, and conversely, progesterone dominance and a
thinner vaginal epithelium predisposes females to increased rates of SIV/HIV transmission
and possibly other sexually transmitted diseases.

To our knowledge, this is the first direct comparison of the vaginal histology of PT and RM
macaques throughout the menstrual cycle. Importantly, we found that RM have marked
keratinization of the vaginal epithelium throughout the cycle, whereas PT lose this
keratinized layer during menses, making the vaginal epithelium more similar to that of
women. The loss of this keratinized layer may make the vagina more susceptible to viral
penetration or infection with other pathogens. In addition, the minimum vaginal thickness of
the PT in both stages of the cycle was significantly thinner than in RM (Fig. 3C P<0.043). In
conclusion, the histology of the pigtail vagina during the luteal phase is slightly more similar
to humans than rhesus macaques, which may also explain why PT are more susceptible to
the STD of women than rhesus macaques.

The loss of keratinization of the vaginal epithelium in the luteal phase of the PT was the
most striking difference between the two species. Keratinization of the vaginal epithelium is
a normal feature of most mammals including rats (21) dogs (22) and mice (23). In fact,
murine models of vaginal transmission usually require administration of Depo-provera or
other progestin hormones to facilitate transmission. Cyclic changes occur throughout the
estrus cycles of most mammals including increased keratinization during estrus, presumably
as a protective mechanism against the anticipated trauma of intercourse. Thus, keratinization
may be a protective mechanism to prevent STD, or exposure of sensitive layers of the
vagina to foreign antigens introduced during intercourse. Although primates do not have
estrus cycles, the layers of squamous epithelium markedly increase during the follicular
stage that accompanies ovulation. However, the vaginal epithelium of humans is considered
a “non-keratinizing” epithelium, and has apparently lost the capacity to form this protective
barrier. Instead, it appears humans have become dependent on a symbiotic “infection” with
acid-producing lactobacilli, which are fed through the glycogen produced by vaginal
epithelial cells, resulting in an acidic pH that affords protection of the vagina from most
STD. However, numbers and levels of lactobacilli and glycogen appear to be lower in
nonhuman primates, including rhesus and PT (24,25). Since PT have neither lactobacilli,
acidic vaginal pH, or thick keratinization of the vaginal epithelium in the luteal phase, they
may be even more susceptible to vaginal infections than either humans or RM.

The effects of sex hormones on vaginal epithelium and susceptibility to HIV infection in
humans and non-human primates have been the subject of study and debate (18,26,27). The
current study shows that PT macaques, which are more susceptible to SIV and STD
transmission than RM, have a thinner and less keratinized vaginal epithelium. This is
consistent with the barrier hypothesis, in that vaginal epithelial thinning is most likely
responsible for the increased transmission rates shown in macaques and women taking
progesterone-based contraceptives.

Although other factors may also be involved in the greater susceptibility of PT to SIV
infection and disease progression, these data argue that thinning of the vaginal epithelium
allows greater contact of virus or pathogens with the underlying target cells, and greater
susceptibility of PT to vaginal transmission of SIV/HIV or other STD.
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Figure 1.

Comparative histology of the vaginal epithelium of rhesus and pigtail macaques. A):
Technique for measuring epithelial thickness. To eliminate observer bias, an electronic grid
was placed on images of vaginal epithelium and 16 measurements were taken at the
intersection of each vertical gridline and the basal lamina, taking two measurements
(thinnest and thickest) between each set of gridlines. All measurements were taken at 100x
magnification. (B-E): Vaginal biopsies from the same normal pigtail (B, C) or rhesus (D, E)
macaque at day O (luteal phase, B, D) and peak follicular (C, E) stage of the menstrual cycle.
Note that the keratinized layer (KE) is essentially absent in the luteal phase of pigtail
macaques (B). Also note the epithelium is markedly thinner in the luteal phase of both
macaque species.
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Figure2.

Comparison of vaginal epithelial thicknesses of each animal examined in this study at day 0
(luteal; open bars) and day 14 (follicular; filled bars) between PT (A) and RM (B). The
vaginal mucosa was consistently thinner under influence of progesterone and thicker during
estradiol dominance in each animal.
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Figure 3.

Comparison of thickness of the keratinized layer in the vagina of rhesus (filled bars) or
pigtail (open bars) at day 0 (top) or day 14 (bottom) of the menstrual cycle. Note
keratinization is essentially absent in PT macaques during the luteal phase (day 0).
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Figure4.

Comparison of total vaginal mucosal thickness between PT and RM in day 0 (progesterone
dominance) and day 14 (estradiol dominance) of the menstrual cycle. Note (A) significant
differences in mean vaginal epithelial thickness between the two species on day zero (RM
0.263 mm; PT 0.188 mm; P= 0.043). Minimum thicknesses (thinnest points) in the
epithelium of the macaques were also significantly different on day zero (RM 0.199 mm; PT
0.08 mm; P=0.003.). Significant differences in the overall vaginal epithelial thickness in the
follicular phase were limited to differences in the thinnest point (RM 0.222 mm, PT
0.143mm; P=0.03) (B). There were also significant inter-species differences between mean
vaginal thickness on day 0 and 14 (C). P values less than 0.05 were considered significant.
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Figure5.

Progesterone PT vs RM through the cycle
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Page 12

Comparison of progesterone (A) and estradiol (B) fluctuations through the menstrual cycle
of rhesus and pigtail macaques. The first day of the menses was considered day 0. Open bars
represent progesterone means of 12 PT and filled bars 12 RM +/- standard deviation of the
means measured throughout the cycle. Also note progesterone levels (A), consistently rose

between day 0 and 21 for both species (P<0.02 PT; P<0.01 RM). Also RM have

significantly higher progesterone levels on day 14 than on day 0 (P=0.048). (B) Peak
estradiol levels in both macaques were on day 14 with significant differences between day 0
and day 14 for PT (P=0.043), and day 14 and 21 for RM (P=0.027). Significant differences

through the cycle peaking at day 21 in both macaques. Significant differences were detected

in progesterone levels of RM were limited to between day 0 and day 7(P=0.046) and day14
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and 21(P=0.0028). (C-D) Correlation of progesterone and estradiol ratios (P:E) with vaginal
epithelial thickness (VT) in PT (C) and RM (D).



