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Abstract

Parturition does not occur in transgenic mice lacking the prostaglandin F receptor (Ptgfr=/-)
because luteolysis is forestalled and progesterone production persists. Ovariectomy of pregnant
Ptgfr~/~ mice leads to a decline in circulating progesterone and delivery of live pups. The
objective of the present study was to test the hypothesis that immigration of macrophages and
increased innervation of the cervix of Ptgfr~~ mice was associated with ripening and parturition.
The cervix of pregnant Ptgfr~/~ mice was studied on Days 15-21 after breeding; additional groups
were ovariectomized on Day 19 of pregnancy, and the cervix obtained on Day 20 of pregnancy
before birth or the next day at about 24 h after birth. On Days 18-19 of pregnancy, macrophage
numbers and nerve fiber density increased more than 3-fold compared with findings in
nonpregnant or Day 15 or 21 pregnant Ptgfr '~ mice. The magnitude and time course of these
changes were comparable to those found in wild-type controls that delivered on Day 19 after
breeding. Thus, the mechanism regulating macrophage immigration, innervation, and cervical
remodeling in Ptgfr~~ mice with delayed parturition is similar to wild-type controls that deliver at
term. By contrast, ovariectomy forestalled the decrease in cervical macrophages in Ptgfr~/~ mice.
By Day 21 after breeding, macrophage numbers more than double those after ovariectomy,
relative to those found in pregnant Ptgfr~/~ mice, whereas nerve fiber density was the same
regardless of birth. Density of collagen structure in these mice directly matched macrophage
traffic in the cervix. The findings indicate that the prostaglandin Faaipna receptor and progesterone
withdrawal are a necessary part of the final common pathway for ripening of the cervix and the
process of parturition.

Keywords

cervix; cyclooxygenase; labor; leukocyte; macrophage; neuropeptides; parturition; progesterone;
progesterone receptor

1Supported in part by a Grant-in-Aid from the Ministry of Education, Culture, Sports, Science and Technology of Japanto Y.S.,
HDO054931 to S.Y., and the Dean of Loma Linda University School of Medicine.

© 2008 by the Society for the Study of Reproduction, Inc.
2Correspondence: FAX: 909 558 4029; syellon@LLU.edu.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yellon et al.

Page 2

INTRODUCTION

Prostaglandins are a critical component of the final common mechanism for parturition.
Inhibition of prostaglandin Fajpha (PGF2aipha) Production suppresses myometrial
contractility and delays delivery in mice and sheep [1, 2]. The process of birth also is
blocked in mice that are deficient in Ptgsl (cyclooxygenase 1), that is, no constitutive
PGFa1pha Synthesis, or are lacking receptors for PGFoaipha (Ptgfr=") [3, 4]. Prolonged
pregnancy in Ptgfr~'~ mice results from a failure in luteolysis and sustained production of
progesterone from the corpus lutea. Ordinarily in rodents, the decline in ovarian production
of progesterone begins about 2—-3 days before birth [5, 6]. In addition to the systemic decline
in progesterone, local withdrawal of progestational support could lead to a loss in uterine
quiescence, because upregulation of inhibitory progesterone receptor isoform expression
may inhibit transactivation in the human myometrial cells and pregnant mouse uterus at term
[7]. Similar evidence for a shift in progesterone isoforms is reported in the primate uterus at
term [8, 9] as a mechanism to block the ability of progesterone to sustain pregnancy. In
biopsies of cervices from peripartum women, concentrations of progesterone receptor
protein decreased at term to 25% of the level found in nonpregnant women [10]. Other
recent findings suggest that PGF,jpna Promotes the expression of inhibitory progesterone
receptor isoforms in myometrium from parturient women [11, 12]. Thus, in rodents, as in
primates, actions of PGF,jpha may contribute to a reduced efficacy of progesterone and
promote processes that enhance uterine contractility in preparation for parturition.

The process that remodels the cervix begins well before the day of birth [13, 14] and
involves actions by prostaglandins [15, 16]. Restructuring of the cervix at the conclusion of
pregnancy is associated with degradation of collagen, increases in proinflammatory
cytokines, and infiltration of leukocytes [17, 18]. Of importance, the recruitment and
activation of macrophages before labor indicate a role for this immune cell in cervical
ripening [19-22]. Activated macrophages produce prostaglandins and proinflammatory
cytokines that stimulate collagenase production by cervical fibroblasts [23—-25]. Indeed,
prostaglandins may directly promote restructuring of the extracellular collagen matrix [26—
28] as well as act indirectly through vasoactive effects to enhance permeability of blood
vessels to leukocytes and fluid [29, 30]. Both actions are consistent with the suggestion by
Liggins that ripening of the cervix resembles an inflammatory process [31]. In rodents
before parturition, evidence suggests that collagenases and elastases are imported into the
cervix by recruitment of leukocytes rather than production by cervical smooth muscle or
stromal fibroblasts [32, 33]. These immune cells are present in increasing numbers near
blood vessels, in subepithelial stroma, and between smooth muscle bundles during the
peripartum period [34-36]. Thus, infiltration of leukocytes could account for increases in
local prostaglandin production in the cervix before parturition [37]. Although parturition
fails to occur in pregnant Ptgfr~~ mice, the importance of the PGFq1pha receptor for
processes associated with ripening of the cervix has not been investigated. Therefore, the
present study was designed to test the hypothesis that delayed parturition in pregnant
Ptgfr—/~ mice is a consequence of failed recruitment of macrophages and lack of
restructuring in the cervix.
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MATERIALS AND METHODS

Mice lacking the PGFa1pha receptor were generated at Kyoto University as previously
described [4, 38]. This mutant strain was back-crossed 10 times to B6 (C57BL/6) mice from
Japan SLC [39]. Except for the defect in luteolysis at term pregnancy, no differences were
found in other aspects of reproductive function among homozygous Ptgfr~/~ mice or wild-
type females (see below). Mice were housed in a 12L.:12D photoperiod at about 23°C with
free access to food and water, and all experiments were conducted under an IACUC-
approved protocol in accordance with the National Research Council's publication “Guide
for Care and Use of Laboratory Animals.” Adult Ptgfr='~ virgin female mice (9-14 wk of
age) were placed overnight with homozygous males, and the presence of a vaginal plug was
counted as Day 1 of pregnancy. On Day 15, 18, 19, or 21 of pregnancy, mice were deeply
anesthetized, and the cervix, including attached vaginal and uterine tissue, was excised
through a midabdominal incision (n = 3 per group). To determine whether immigration of
macrophages into the cervix depends upon gonadal steroids, two groups of Ptgfr~/~ mice
were ovariectomized on the morning of Day 19 after coitus. Based upon evidence that
pregnant Ptgfr~/~ mice typically give birth about 24 h after removal of the ovaries [40], the
cervix was obtained either 20 h after ovariectomy (before birth on Day 20 of pregnancy;
Ovx d20) or the next day at about 24 h after birth (Ovx d21). Pups appeared fully formed
and vital when dams were killed. The unripened cervix from nonpregnant mice in the luteal
phase of the estrous cycle of each strain served as an additional baseline control. Cervices
were immersion fixed in 4% paraformaldehyde for about 24 h. Tissue samples were
dehydrated in a graded series of alcohol, stored in 100% ethanol, and shipped with cold
packs to Loma Linda University. Upon receipt, samples were paraffinized, blocked,
sectioned at 10 um, and processed by immunohistochemistry to identify either macrophages
with BM8 antisera [35] or antisera to the intermediate neurofilament protein peripherin [41],
as previously described. Sections of cervix that were processed without primary antisera, a
negative control, had a pale light brown background, but stained cells were absent. Other
sections were stained with picrosirius red to visualize collagen structure [41]. As controls for
Ptgfr~/~ mice, pregnant B6 (C57BL/ 6NHsd) mice were obtained on Day 12 after breeding
from Harlan (Indianapolis, IN). These wild-type mice were Killed on Days 15, 18, and 19 of
pregnancy (n = 4-5 each); the Day 19 group was about 4 h postpartum. The cervix from
each mouse was obtained and processed as described above.

Macrophage Counts

Macrophages were visually identified under bright-field microscopy as morphologically
dark brown in or surrounding a hematoxylin-counterstained nucleus. BM8-stained cells were
counted in two to three sections of cervix from each mouse. Stained cells were counted in
five to nine nonoverlapping vertical and horizontal placements of an eyepiece reticle grid
(10 x 10 boxes, 10 110 pm3 per box at 40x objective; 19.8-39.7 3 108 Im3). As in previous
studies, to account for hypertrophy and hyperplasia of the reproductive tract tissue during
pregnancy, the number macrophages per area of cervix was normalized to cell nuclei density
for each individual and relative to the mean of macrophages in nonpregnant cervices. The
cell nuclei density per cervix was determined from a digitized image of one grid in each of
two hematoxylin-counterstained sections from the cervix of each mouse, equivalent to a
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total area of 17 538 pm2. In confirmation of previous findings in C3H/HeN mice of cervical
hypertrophy with pregnancy [41], the mean 6 SEM cell nuclei density in cervix from
nonpregnant wild-type and Ptgfr~~ mice was 10.4 6 +.15 and 17.2 + 0.5 + 104 um3,
respectively. During pregnancy, average cell nuclei numbers in the cervix were 6.3, 6.5, and
8.5 + 104 um3 in wild-type mice (Days 15, 18, and 19, respectively; SEM range, 0.24-0.31),
and 4.2, 4.6, 6.8, and 8.0 + 10% um3 in Ptgfr~/~ mice (Days 15, 18, 19, and 21, respectively;
SEM range, 0.11-0.78), whereas in Ovx Ptgfr~/~ mice, whether pregnant (Ovx d20) or 1
day postpartum (Ovx d21), average cell density was 4.4 + 0.56 or 5.3 + 0.39 + 10% pm3. An
average of normalized macrophage counts was taken of all sections for each individual
relative to the mean in nonpregnant females of the same strain; group mean and variance
then were determined.

Collagen Structure

Collagen-specific birefringence was evaluated in duplicate or triplicate 10-pum sections of
cervix from Ptgfr=/~ mice after staining with picrosirius red, as previously described [41,
42]. Briefly, nine adjacent but nonoverlapping grids in a 10 + 10 eyepiece reticle were
arbitrarily positioned over a portion of the cervix that did not contain lumen. A black-and-
white photograph was taken of the polarized light image using an Apogee microscope
camera (Scientific Instrument Co., Temecula, CA). Mean optical density (OD) was assessed
with National Institutes of Health ImageJ software (grayscale threshold was calibrated using
the Rodbard standard curve) [43]. Darkly stained areas of high collagen density and cross-
linking complexity had low OD values, whereas bright regions with reduced collagen
content and diffuse structure produced high OD numbers. As detailed previously, OD data
were normalized with respect to cell nuclei density for each individual to account for tissue
hypertrophy due to reproductive status [41].

Nerve Fiber Density

Nerve fibers were identified morphologically as fine lines that were occasionally
interspersed with beaded varicosities or appeared as dark brown spherules, indicative of a
cross-section of fiber bundles. Using a 20+ objective, at least 21 nonoverlapping vertical and
horizontal grid placements in a total of two to three sections from each cervix were
evaluated. Boxes that contained peripherin-immunoreactive fibers were counted, and the
area of tissue that contained fibers was calculated. Nerve fiber density was normalized for
cell nuclei density and relative to the mean in nonpregnant females of the same strain to
correct for the hypertrophy of tissue with pregnancy as previously described [41].

Data Analyses

In experiment 1, data for Ptgfr~/~ and control were separately evaluated by ANOVA.
Levene test for homogeneity of variance on raw or log-transformed data was not statistically
significant, and individual comparisons were made with the least significant difference test.
Optical density data from picrosirius red-stained sections of cervix from wild-type controls
were not normally distributed, and the Kruskal-Wallis test was used. For all endpoints, the
Student t-test with Bonferroni correction for multiple comparisons was used to evaluate
statistical differences between strains relative to group (nonpregnant or day after breeding).
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In experiment 2, an ANOVA was used to evaluate the effects of ovariectomy in Ptgfr =/~
mice before and after birth compared with intact Ptgfr~/~ mice with delayed birth (same day
after breeding), as well as compared with wild-type controls before and after birth, Days 18
and 19 after breeding (postpartum), respectively. P < 0.05 was considered significant. All
data are presented as mean + SEM.

The morphology and anatomical distribution of BM8-stained macrophages was comparable
to that in other reports of macrophages in the murine cervix. The cervices of all mice
contained BM8-stained cells in the stroma, around blood vessels, in the submucosal
epithelium and, to a limited extent, in the epithelium (Fig. 1 photomicrographs shown for
Ptgfr '~ mice). Dark cell bodies and processes (dark-brown in actual sections) were
associated with counterstained cell nuclei. During pregnancy, hypertrophy was evident in
the thickness of the luminal epithelium and greater space surrounding cells and their nuclei
in the stroma and smooth muscle cells in the cervix. In addition to reduced density of cell
nuclei, an indication of cellular hypertrophy, more macrophages were present in peripartum
cervix than in nonpregnant mice or earlier in pregnancy in both Ptgfr~'~ mice and wild-type
controls.

Stereologic analyses of tissue sections indicated that the number of macrophages in the
cervix varied with respect to pregnancy. Relatively low numbers of macrophages were
evident in the cervix from nonpregnant and Day 15 mice (P < 0.05, df = 10, F = 10.03,
ANOVA, Fig. 2). With consideration of actual counts of BM8-stained cells, significantly
more macrophages were present in cervices from nonpregnant wild-type versus Ptgfr =/~
mice (70 + 3 and 24 + 4 per cell nuclei number per pm3 x 10 ~3, respectively). By Day 18 of
pregnancy, macrophage numbers in Ptgfr~/~ increased more than 5-fold relative to those
observed in nonpregnant mice or the Day 15 pregnant group. Similarly, in wild-type
controls, peak numbers of macrophages were found on Day 18 of pregnancy and did not
significantly decline on Day 19 after breeding, some 4 h after birth. The peak in wild-type
versus Ptgfr '~ mice on Day 18 of pregnancy did not necessarily reflect a difference in
actual cell counts (98.5 + 11 and 129.4 + 11 per cell nuclei number per pm3 + 1073,
respectively; P > 0.05). Rather, macrophages were more prevalent in the cervix of both
strains on Day 18 of pregnancy compared with Day 15 or to that in nonpregnant mice (P <
0.05, Ptgfr~/~ Day 18 vs. Day 15 or nonpregnant P < 0.05 wild-type Day 18 vs. Day 15; P =
0.08 wild-type Day 18 vs. nonpregnant). By contrast, on Day 19 of pregnancy, macrophage
numbers in Ptgfr /= mice with delayed birth were significantly reduced from the Day 18
peak, although they still were 3-fold higher compared with that 4 days earlier on Day 15 of
pregnancy or in nonpregnant Ptgfr~/~ mice. By Day 21 of pregnancy, the census of
macrophages declined to that found in the cervix of nonpregnant Ptgfr~/~ mice.

The reduction in macrophages in the cervix of prepartum Ptgfr~~ mice with delayed birth
was not blocked by ovariectomy. Fewer macrophages were evident in the cervix of Day 20
pregnant Ptgfr~/~ mice 20 h after ovariectomy, compared with numbers observed on Day 18
or 19 of pregnancy. The number of resident macrophages was the same in the cervix of
ovariectomized Ptgfr~/~ mice on Day 20 of pregnancy as on Day 15 of pregnancy and in
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nonpregnant Ptgfr~'~ mice, as well as wild-type controls on Day 18 of pregnancy (day
before birth). On the day after ovariectomy (i.e., 4 h after the cervix was obtained from the
pregnant Ovx d20 group), Ptgfr =/~ mice gave birth to live pups. The next day, Day 21 after
breeding (Ovx d21 group), the number of macrophages in the cervix of postpartum Ptgfr=/—
mice increased more than 2-fold compared with the census of immune cells in the cervix of
ovary-intact Ptgfr~~ mice on Day 21 of pregnancy.

The intensity of picrosirius red-stained collagen varied with respect to pregnancy. In both
strains of mice, collagen structure in cervices from nonpregnant mice was densely packed,
and fibrils were regularly arranged in the perimetria between luminal epithelium and stroma
(Fig. 3 photomicrographs shown for Ptgfr=/~ mice). By Day 18 of pregnancy, birefringence
of polarized light in sections of the cervix declined. Decreased staining, evidenced by dark
areas (pale orange in tissue) and structural disarray, persisted on Day 19 after breeding in
both Ptgfr~/~ mice with delayed birth and in postpartum wild-type controls. This decline in
birefringence indicated a reduced density of collagen structure in cervix on Day 18 of
pregnancy and Day 19 after breeding. With continued delay in birth, the collagen staining
was increased in the cervix of Ptgfr~/~ mice by Day 21 after breeding. By contrast,
ovariectomized Ptgfr~/~ mice on Day 20 of pregnancy, 20 h after removal of the ovary,
maintained a level of staining that was similar to that in sections from prepartum ovary-
intact mice on Day 18 after breeding and greater compared with that on Day 21 of
pregnancy.

In addition to morphology, OD measures indicated that collagen structure of the cervix
varied with respect to pregnancy. In sections from the cervices of nonpregnant and pregnant
Day 15 mice, optical density was low in both wild-type controls and Ptgfr =/~ strains, that is,
birefringence of polarized light indicated dense collagen content and complex structure (Fig.
4). By Day18 of pregnancy, mean OD of stain in the cervix increased (P < 0.05, Kruskal-
Wallis). In both strains, OD remained high on Day 19 after breeding, an indication of a
reduced collagen matrix in the cervix even though wild-type controls had given birth. With
continued pregnancy in Ptgfr =/~ mice, OD decreased by Day 21 after breeding. This
decrease was blocked by ovariectomy. Optical density remained high in ovariectomized
Ptgfr~/~ mice on Day 20 of pregnancy, and the next day, Day 21 (after birth), equivalent to
levels in postpartum wild-type controls. Thus, removal of the ovary from postterm Ptgfr =/~
mice blocked restructuring of the collagen matrix, ripened the cervix, and induced birth.

As for nerve fibers in the cervix, peripherin immunoreactivity was evident as punctuate dark
(brown in tissue sections) stain that resembled fibers in cross-section, or as thin lines in
subepithelial stroma, or around blood vessels (Fig. 5). By Day 18 of pregnancy, many more
fibers were apparent in both Ptgfr =/~ mice, as well as in wild-type controls, compared with
those in cervices from nonpregnant or pregnant Day 15 groups. In all peripartum mice,
stained fibers were thicker, longer, and commonly in bundles. By Day 21 after breeding,
prolonged pregnancy in Ptgfr~/~ mice was associated with diminished innervation,
resembling that in nonpregnant mice. Ovariectomy did not appear to influence the
morphology or distribution of nerve fibers in Ptgfr~~ mice either before birth or
postpartum.

Biol Reprod. Author manuscript; available in PMC 2014 November 19.
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The density of nerve fibers in the cervix of Ptgfr=/~ mice directly corresponded to that in
wild-type controls. In both strains, the nerve fiber density increased by Day 15 of pregnancy
to peak by Day 18 compared with that in nonpregnant mice (Fig. 6). Thereafter, nerve fiber
density declined to levels found in nonpregnant mice, whether postpartum in wild-type
controls or with continued pregnancy in Ptgfr~~ mice. Ovariectomy of pregnant Ptgfr=/—
mice on Day 19 did not prevent the decline in density of nerve fibers in the cervix either on
Day 20 of pregnancy, before birth, or on Day 21, 1 day postpartum.

DISCUSSION

The present findings confirm that PGF4pn, receptors are crucial for parturition. However,
evidence did not support the hypothesis that delayed parturition in pregnant Ptgfr~/— mice
results from a defect in specific aspects of cervical ripening. Rather, macrophages are
recruited into the cervix in pregnant Ptgfr~/~ mice with the same time course as in wild-type
controls and parallel previous findings in pregnant C3H/HeN mice [35]. Immigration of
macrophages into the cervix peaked by Day 18 of pregnancy in Ptgfr~~ mice relative to that
earlier in pregnancy and in nonpregnant controls. Even though parturition did not occur, the
population of macrophages declined to the baseline seen in nonpregnant mice. This pattern
of macrophage traffic in the cervix occurred, as previously reported, with sustained
production of progesterone by the corpus luteum [38]. Thus, the actions of PGF,qipha cannot
account for trafficking of macrophages into or out of the cervix of pregnant Ptgfr—/~ mice.
Whether prostaglandins are involved in the final stage of cervical dilation before birth [14]
remains to be determined.

In the absence of PGF,q1pna receptor-mediated actions, restructuring of the cervix appeared
to coincide with immigration of macrophages into the cervical stroma. The stimulus for
recruitment of macrophages may be amplified because the peak in resident macrophages in
cervices of Day 18 pregnant Ptgfr~/~ mice was several times higher than that in current or
previous controls on the same day after breeding. These increases in macrophage numbers
correlated with increased OD, an indication of decreased collagen structure (i.e., reduced
birefringence reflecting collagen fibers that are fragmented, loosely packed, and dilated).
The time course of cervical restructuring as pregnancy neared normal term in wild-type
controls was directly comparable to that in Ptgfr~~ mice that did not progress to birth, as
well as that previously reported for remodeling of the prepartum cervix in C3H/HeN mice
[35, 41] and in the pregnant rat [27, 44]. With evidence that birefringence was reduced due
to collagen disarray and decreased content in cervices from both controls that gave birth and
pregnant Ptgfr~/~ mice that did not deliver, the findings suggest that this phase of cervical
remodeling may be independent of actions mediated by PGFqpn, receptors. To complete
the ripening process, activities mediated by PGFq1pna are necessary for dilation and
effacement, as well as to discontinue quiescence of the uterine myometrium [15].

An accurate estimate of resident immune cells in the cervix depends upon the consideration
that there is a significant hypertrophy of reproductive tissues with pregnancy. In a variety of
viviparous species, the volume of the cervix increases with the progression of pregnancy
[45-47]. The present investigation of Ptgfr~/~ mice and wild-type controls replicates the
finding that the cervix from nonpregnant mice contains more than twice the number of cell
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nuclei per area compared with that seen in pregnant mice near term [35, 41]. Taking cell
density in the cervix into consideration, variability in the density of macrophages per
volume of tissue among individuals and within groups was reduced. Of particular
significance is that enhanced numbers of resident macrophages in the cervix on Day 18
versus Day 19 of pregnancy in Ptgfr~/— mice were independent of a change in cell nuclei
density. Rather, traffic of immune cells into the cervix was likely to have increased. The
present findings thus are consistent with reports that immune cells, and macrophages in
particular, have an enhanced presence in the cervix during the peripartum period [19].
Although one report has indicated no change in neutrophil or eosinophil numbers in the
uterine cervix from pregnant mice before birth [48], morphologically identified cells were
counted in a suspension of tissue with a hemacytometer. Compared to the stereological
analysis of resident immune cells in cervix sections in the present study in mice or by others
in humans [17, 36], it is not known whether this approach accurately reflects the census of
immune cells in the cervix given the dramatic hypertrophy of this tissue with pregnancy.

Certainly, withdrawal of progesterone is critical for ripening of the cervix and parturition [9,
15]. As term approaches in mice, progesterone in circulation declines from the peak on Day
16 of pregnancy to a baseline by the day of birth [6]. The withdrawal from high systemic
concentrations of progesterone coincides with restructuring of collagen and immigration of
macrophages in the cervix of wild-type controls by Day 18 of pregnancy in the present
study. However, this same pattern of remodeling and immigration occurred in Ptgfr=/~
mice, even though progesterone in circulation remained elevated [4, 38]. These findings
raise the possibility that recruitment of macrophages during this phase of cervical
restructuring may be independent of a change in progesterone in systemic circulation.

Progesterone is crucial for cervical ripening. Ovariectomy of pregnant Ptgfr~'~ mice
removed the major source for progesterone production and prevented restructuring of
collagen fibers as in ovary-intact Ptgfr~~ mice with delayed birth on Day 21 of pregnancy.
Rather, the collagen matrix remained remodeled while progesterone declined. Only after
birth was an increase in macrophages found in the cervices of ovariectomized Ptgfr=/~ mice.
Conceivably, this progesterone withdrawal may promote final ripening of the cervix by
activating, but not necessarily recruiting, macrophages. In guinea pigs, progesterone
withdrawal induces parturition in association with collagenolysis, decreased collagen
content, and infiltration of leukocytes in the cervix [49]. By contrast, treatment with
progesterone delays parturition in ovariectomized pregnant Ptgfr~/~ mice [40] and inhibits
remodeling of the cervix in ovariectomized pregnant rats [50]. Moreover, recent findings in
mice indicate that inflammation-induced preterm ripening of the cervix and immigration of
macrophages can be prevented by treatment with medroxyprogesterone acetate [51]. It
remains to be determined whether progesterone treatments affect macrophage traffic in the
cervix or can forestall premature ripening of the cervix in patients at risk for preterm
delivery [52-54].

In addition to systemic withdrawal of progesterone, findings by Condon et al. raise the
possibility that a local progesterone withdrawal may be a common unifying mechanism to
promote uterine contractility and the onset of labor in mice [7], as has been suggested to
occur in the uterus of parturient women [9]. Whether a shift to a predominantly inhibitory
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progesterone receptor isoform is part of the mechanism that regulates ripening of the cervix
at term remains to be explored. However, support for this contention is suggested by
evidence that PGF,,jpha Promotes the expression of inhibitory progesterone receptor
isoforms in myometrium from women with postpartum or chorioamnionitis [7, 11, 12].
Collectively, these findings raise the possibility that prostaglandin actions on the late-term
pregnant cervix may be upstream from local progesterone withdrawal, which then promotes
remodeling of the cervix in preparation for birth.

With actions by prostaglandins and withdrawal of progesterone as critical components of a
final common mechanism for parturition, innervation has been proposed to influence
processes that remodel the cervix. In the present study, the density of nerve fibers in the
cervix of pregnant Ptgfr—/~ as well as wild-type mice increased by Day 18 after breeding
compared with nonpregnant controls. Increased innervation coincided with an expanded
presence of macrophages. These findings parallel previous results in peripartum C3H/HeN
mice [41]. The hypertrophy of innervation in the cervix near term may, acting through
neuromediators or neuropeptides, promote sensory and effector functions that are
proinflammatory (i.e., serve as chemoattractants for immune cells or to increase vascular
permeability) [41, 55]. However, hypertrophy of nerve fibers alone was not sufficient to
activate the cascade of processes in pregnant Ptgfr~/~— mice with delayed parturition. The
relationship of increased nerve fiber density, neural activities, and immune cell recruitment
with the final common mechanism that ripens the cervix has yet to be defined.

In summary, both wild-type controls and mice lacking the prostaglandin Faqipna receptor
demonstrate an increased presence of macrophages and nerve fibers, as well as reduced
collagen structure in the cervix late in pregnancy. These findings are consistent with the
hypothesis that recruitment of macrophages and hypertrophy of innervation are important
for cervical remodeling before term. Neither the lack of PGFq1pn, receptor-mediated effects
nor absence of progesterone withdrawal prevented processes that promote restructuring of
the cervix. The next phase of the final common pathway that initiates parturition appears to
require prostaglandins and progesterone withdrawal to activate inflammatory processes to
complete cervical ripening for birth. Whether effects of prostaglandins upon
proinflammatory signals that initiate parturition in mice are solely mediated by a systemic
reduction in progesterone following luteolysis, or reflect a local progesterone withdrawal in
the cervix, remain to be determined.
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FIG. 1.
Photomicrographs of BM8 stained macrophages in cervices of Ptgfr~/~ mice that were

ovary intact (Nonpregnant and Pregnant D18 (day 18 of pregnancy)), ovariectomized, and
pregnant (Ovx D20), or postpartum (Ovx D21). Postbreeding day is indicated. The areas
within the white boxes in the left panels are magnified and presented in the right panels.
Scale bar = 50 um (left) and 25 pm (right), and applies to photomicrographs in each column.
Macrophages with similar morphology and density were present in cervices from wild-type
controls (data not shown).

Biol Reprod. Author manuscript; available in PMC 2014 November 19.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yellon et al.

500

Macrophages
(% relative to NP)
N W b
o o o
o o o

-
o
o

FIG. 2.

B prgf-/-
mwT

NP

D15

ab |
l )
- *
D18 D19

cd

D21

Ovx Ptgfr-I-

\
EEEEEE\ -

Z

D2

(]

D21

Page 14

Mean number of macrophages in the cervix of Ptgfr~~ mice and wild-type (+SEM, n = 3-5
per group) adjusted for hypertrophy of pregnancy and normalized to nonpregnant controls in

each strain (NP). Postbreeding day is indicated. Wild-type D19 and Ptgfr~/~ Ovx D21

groups were postpartum. Statistical symbols indicate P < 0.05 when comparing a specified

group to the same strain of NP mice (a) or mice on Days 15 (b), 18 (c), or 19 (d) of

pregnancy, or to Ovx Ptgfr~/~ mice (f) on Day 20 of pregnancy (ANOVA for Ptgfr~/~ mice,
F =41.42, df 4; or for wild-type controls, F = 3.65, df = 3). *A significant difference of P <
0.05 between Ptgfr~/~ vs. NP control (t = 3.38, df = 5).
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FIG. 3.
Photomicrographs of cervices from Ptgfr~/~ mice at different stages of pregnancy stained

with picrosirius red to visualize collagen. Coronal sections of cervices were obtained from
Ptgfr~/~ mice that were nonpregnant (NP), pregnant on Day 18 or 21 of postbreeding (d18
or d21), or ovariectomized on Day 20 (Ovx d20). Using polarized light, birefringence was
evident as intense orange on a light yellow background before conversion to grayscale. After
conversion to a grayscale image, regions of dense, highly structured collagen were dark (i.e.,
high birefringence with low light transmittance), whereas bright areas represent reduced
collagen structure and scattered fibrils. Picrosirius red stained collagen structure to a similar
extent in cervices from wild-type controls (data not shown) as to those photomicrographs
shown here for Ptgfr =/~ mice. Bar = 50 pm.
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FIG. 4.
Mean OD + SEM normalized to cell density of picrosirius red-stained sections of cervix

from nonpregnant or pregnant Ptgfr~/~ and wild-type mice (n = 3-5 per group; three
sections were analyzed per mouse). Analysis of a reversed grayscale image by National
Institutes of Health ImageJ software indicated higher mean OD on D18 and PP compared
with NP and D15 groups. Higher OD values denote regions of reduced birefringence,
indicative of reduced collagen and diffuse structure. Symbols denote P < 0.05 when a
specific group in the same strain was compared to NP mice (a), or groups D15 (b), D18 (c),
D19 (d), or D21 (e) of pregnancy (for Ptgfr~/~ mice, ANOVA F = 21.59, df = 4; for wild-
type mice, chi-square=13.15, df = 3). *P < 0.05 to NP Ptgfr~/~ when compared controls;
**P < 0.05 when compared to D19 WT controls.
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FIG.5.
Photomicrograph of peripherin-stained nerve fibers in the cervix of nonpregnant and

pregnant Ptgfr~/~ mice. Groups are the same as those described in Figure 3. Luminal
epithelium is in the upper left portion of each panel. Stained fibers are dark in between light
gray hematoxylincounterstained cells (i.e., dark brown cells among violet-colored nuclei
before conversion to grayscale). Arrows denote examples of fibers that are sparse with
varicosities or cut in the plane of section in nonpregnant (NP) and pregnant D21 mice
compared with the prevalent thick or bundled fibers on Day 18 of pregnancy. Morphology
and density of peripherin fibers were similar in cervices from wild-type controls (data not
shown). Bars = 50 pm.
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FIG. 6.
Mean density of peripherin-stained nerve fibers in cervix of Ptgfr =~ and wild-type mice

(#SEM, n = 3-5 per group) adjusted for hypertrophy of pregnancy (cell nuclei number/um?3
+ 103). Under bright-field microscopy, boxes in an eyepiece reticle grid (10 + 10 boxes) that
contained immunoreactive nerve fibers were counted, and area of innervated tissue was
calculated as described previously in [41] and in Materials and Methods. Group designations
are the same as in previous figures. P < 0.05 with respect to group NP (a) or D18 (b) of
pregnancy same strain (ANOVA F > 5.2, df = 4), or asterisk (*) compared with wild-type
mice same group (t = 4.23), or double asterisk the (**) vs. wild-type mice from D18 group
(F=5.2,df = 3).
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