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Abstract

To test the hypothesis that macrophages are essential for remodeling the cervix in preparation for
birth, pregnant homozygous CD11b-dtr mice were injected with diphtheria toxin (DT) on days 14
and 16 postbreeding. On day 15 postbreeding, macrophages (F4/80+) were depleted in cervix and
kidney, but not in liver, ovary, or other non-reproductive tissues in DT—compared to saline—treated
dtr mice or wild-type controls given DT or saline. Within 24 h of DT-treatment, the density of cell
nuclei and macrophages declined in cervix stroma in dtr mice versus controls, but birefringence
of collagen, as an indication of extracellular cross-linked structure, remained unchanged. Only
in the cervix of DT-treated dtr mice was an apoptotic morphology evident in macrophages. DT-
treatment did not alter the sparse presence or morphology of neutrophils. By day 18 postbreeding,
macrophages repopulated the cervix in DT-treated dtr mice so that the numbers were comparable
to that in controls. However, at term, evidence of fetal mortality without cervix ripening occurred in
most dtr mice given DT—a possible consequence of treatment effects on placental function. These
findings suggest that CD11b+ F4/80+ macrophages are important to sustain pregnancy and are
required for processes that remodel the cervix in preparation for parturition.

Summary Sentence

Conditional depletion of macrophages in CD11b-dtr mice during the critical period for cervix re-
modeling interfered with ripening and the progress of pregnancy.

Key words: parturition, diphtheria toxin, collagen, monocytes, ripening, preterm birth.

Introduction

More than 10% of all pregnancies worldwide end prematurely (<37
weeks gestation), while at term medical interventions occur in up-
wards of 30% of deliveries in developed countries [1, 2]. Whether
advanced in preterm birth or delayed and possibly incomplete in
some women at term, cervix remodeling is essentially a gatekeeper

for birth in viviparous species [3–5]. Although availability of biopsies
limited studies of the cervix in women to the peripartum period and
preterm birth [6], the shift from soft to ripening in rodents is associ-
ated with morphological and other biomolecular changes many days
before birth. Analogous to an inflammatory process [7–11], ripen-
ing is characterized by increased biomechanical compliance [12, 13],
degradation of cross-linked extracellular collagen [14–16], reduced
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cell nuclei density [5, 17, 18], and increased presence of mature
macrophages [17, 19]. Similar to other mammals, this transition
occurs while progesterone is at or near peak concentrations in circu-
lation and well before uterine contractile activity increases with labor
[4, 20]. Although progesterone promotes the progressive softening
and structural changes in the extracellular matrix that occur before
ripening [5, 21], loss of progesterone efficacy, so-called progesterone
withdrawal [4, 22–24], and evidence for local inflammation appear
to be critical for ripening and birth both at term, as well as with
preterm birth [17, 19, 25, 26].

The importance of inflammatory processes that control remod-
eling and degradation of the extracellular collagen matrix led us to
consider the conditional depletion of myeloid cells as an approach to
understand organ-specific functions of tissue-resident macrophages.
Macrophages and their production of proinflammatory factors, as
well as neutrophils to a lesser and later extent, but not other lym-
phocytes, are associated with cervix ripening [4]. Although mice are
typically insensitive to diphtheria toxin (DT) [25], in transgenic mice
with the human DT receptor linked to the lineage-specific CD11b
promoter, a temporary conditional depletion of macrophages oc-
curs systemically and, to an extent, in certain organs in response
to injection of a small amounts of DT [27–29]. Specifically, DT-
treatment of non-pregnant or male dtr mice, selectively and acutely,
induces apoptosis in some myeloid cells and macrophages in partic-
ular that express CD11b receptors in the kidney, peritoneal cavity,
and skin while an abundance of macrophages persist in liver and
spleen [30–33]. In these studies, this model helped identify a role for
macrophages, whether tissue resident or from circulation, in the gen-
esis and resolution of inflammation-induced disease in the lung, kid-
ney, and liver of non-pregnant mice. For the ovary, DT-treatment of
non-pregnant dtr mice established an essential role for macrophages
to maintain ovarian vascularity and corpus luteum function [30, 33].
Use of this model for studying inflammatory processes that are asso-
ciated with cervix remodeling as pregnancy nears term and parturi-
tion is lacking. Given the heterogeneity of functions and phenotype
of macrophages in various anatomical locations and physiological
states, the main objective of this study was to test the hypothesis
that macrophages are essential to ripen the cervix in preparation
for birth. Findings indicate that fewer and impaired macrophages
in the cervix of DT-treated pregnant CD11b-dtr mice may forestall
characteristics of ripening that occur before birth in controls. In ad-
dition, adverse consequences of DT-treatment on fetal viability have
broader implications for the importance of macrophages to sustain
pregnancy.

Materials and methods

Experimental design
Transgenic homozygous male and female CD11b-dtr (dtr) mice and
wild-type (WT) controls of the FVB strain were obtained from
a breeding colony at the University of Edinburgh. Origin of this
murine model for macrophage depletion has been previously de-
scribed [30–32, 34]. In previous reports, no signs of diminished
well-being were found following DT injections in dtr mice or WT
controls. Other approaches may differentially deplete macrophages
from some tissues or circulation, but lack the specificity to eliminate
a particular subtype or to affect the physiological functions related
to the F4/80 phenotype [29, 35]. All mice were bred and maintained
in the vivarium with free access to food and water in 12 h of light
per day (lights on at 7am). Experiments were in compliance with UK

Figure 1. A Timeline of injection of saline (Sal) or diphtheria toxin (DT) admin-
istered intraperitoneal on days 14 and 16 postbreeding into homozygous dtr
mice. X indicated day of euthanasia when blood and tissues were collected
for study (n = 4–10 mice/group). B. Serum progesterone concentrations on
days 15 and 18 postbreeding in Saline- or DT-treated dtr mice. Treatments
described in Methods. P > 0.05 two-way ANOVA (n = 4–5 mice/group).

Home Office guidelines under approved Project licenses and Veteri-
narian supervision.

For this study, the approach was to treat pregnant dtr transgenic
mice with DT to conditionally deplete macrophages during the
critical period for ripening of the cervix. The focus on resident
macrophages in the cervix stems is in part from previous studies in
multiple strains of pregnant mice [4] and a 2012 flow cytometry
study [36]. Residency in various tissues by other myeloid cells that
express CD11b receptors does not change in response to DT in
previous studies [29, 30]. Moreover, lymphocytes and NK cells are
scarce or absent in the cervix stroma of mice [37]. Saline-treated dtr
mice served as controls for DT-treatment. As an additional control,
FVB mice, the background strain for this dtr transgenic model, were
similarly treated with saline or DT during pregnancy. Accordingly,
groups of dtr or WT mice were injected on days 14 and 16 postbreed-
ing with saline vehicle or DT (20 ng/g body weight in 0.1 ml vehicle
i.p.; D0564; Sigma Aldrich). Given evidence for repopulation of
tissue resident macrophages following depletion [29, 30], this treat-
ment regimen, based upon a previous protocol [34], was intended to
extend macrophage depletion beyond the acute response, assessed
on day 15 postbreeding, through the prepartum period when the
cervix transitions from soft to ripening [4]. Mice were euthanized
on days 15, 18, and 19 postbreeding (Figure 1A Treatment schema)
to assess the acute and prolonged responses to DT injections, i.e.,
D15 group (after treatment on day 14 postbreeding) and D18 or
D19 groups (after treatment on days 14 and 16 postbreeding), re-
spectively. Immediately postmortem, an intra-cardiac blood sample
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was collected for serum progesterone assay (DEV9988 ELISA kit,
Dimeditec Diagnostics). Assay sensitivity was 0.12 ng/ml with
inter- and intra-assay variability of <12%. The cervix, including
a portion of attached vagina, uterus, and ovaries, as well as liver,
kidney, placenta, spleen, and thymus were harvested, fixed in
fresh 4% paraformaldehyde, and transferred within 24 h to 70%
ethanol.

Tissue processing and analyses
All tissues were paraffin-embedded, sectioned (6 μm), and stained
by immunohistochemistry to identify F4/80-stained macrophages
(1:800 dilution, T-2006; Bachem) or neutrophils (7/4-neutrophil,
1:50, MCA771GA, Bio-Rad) and counterstained with methyl green
to visualize cell nuclei as previously described [17, 19]. Sections were
imaged with an Aperio ScanScope microscope (Leica Biosystems)
and 8–16 photomicrographs (300 × 417μm) taken from each of
two longitudinal sections of cervix/mouse to survey an area from the
ectocervix to striated transition zone before appearance of uterine
glands and smooth muscle. Cell nuclei and macrophages in stroma
were counted using NIH Image J. Blood vessel lumen, epithelia, and
other atypical structures were excluded from counted areas. As in
previous studies, macrophages were defined as brown stain within
the confines of a delineated cell membrane in close proximity to
a methyl-green-stained cell nucleus. In addition to further under-
standing the effects of DT on macrophages in the cervix of day 15
dtr mice compared to saline-treated or WT controls, cell morphol-
ogy was assessed for distinctive characteristics of apoptosis [38].
An impaired macrophage was defined as monomorphic cell body
with reduced pseudopodia, indistinct methyl-green-counterstained
nucleus boundary, or evidence of nuclear condensations (blebbing)
as previously described [39].

Other sections were stained with picrosirius red to identify colla-
gen in cross-linked structures [4]. Assessment of optical density (OD)
of circular polarized light birefringence from picrosirius red stained
sections has proven useful as a measure that is inversely proportional
to fibrillary collagen in cross-linked structure in tissues including
cervix [4, 40, 41]. Collagen and number of macrophages/area were
normalized to cell nuclei density for each animal to account for
variability in cellular hypertrophy within sections, as well as among
sections and individuals due to heterogeneity of cervix anatomy with
respect to progression of remodeling with pregnancy and treatment.
Levene’s test was used to determine whether data were normally
distributed (Levene’s test P > 0.05). Differences were evaluated by
Student t-test or one-way ANOVA followed by LSD or Tukey’s post-
hoc test for individual comparisons (SPSS Statistics Software, IBM).
P < 0.05 was considered significant.

Results

Effects of DT on serum progesterone, pregnancy, and
parturition
Serum progesterone concentrations were not significantly different
in CD11b-dtr mice whether treated with saline or DT (Figure 1B).
Compared to saline controls, progesterone in circulation of CD11b-
dtr mice on day 15 postbreeding was not affected by DT-treatment
given 24 h earlier on day 14 of pregnancy. Serum progesterone con-
centrations were also equivalent in CD11b-dtr mice given saline or
DT on the morning of day 18 postbreeding, i.e., 96 h and 48 h
after the first and second treatment with saline or DT. Thus, DT

had no acute or more long-term effect on systemic concentrations of
progesterone as compared to saline-treated controls.

In pregnant dtr mice on day 15 postbreeding (D15), 24 h after
saline injection, the reproductive tract appeared indistinguishable
from that in WT controls. The uterus was vascularized with mul-
tiple distinct fluid-filled sacs, each containing a fetus that appeared
viable (Figure 2A top panel). By comparison in 3 of 11 DT-treated
dtr mice, the uterus contained fewer segments. For example, 24 h
after DT injection, the 2 segments in each uterine horn of this dtr
mouse each containing two fetal compartments (see arrows in Fig-
ure 2B bottom panel) separated by a vascular-dense zone (presum-
ably fetal membranes from postmortem observation). Based upon
shape and firmness to touch, the uterus seemed contracted. The
reproductive tract and uterine contents in the other eight of DT-
treated dtr mice were similar to that in saline controls. For all dtr
mice, irrespective saline or DT-treatment, the cervix appeared un-
ripe as a dense firm fibrous structure and preterm birth did not
occur.

With the progress of pregnancy, the reproductive tract in saline-
treated dtr mice on day 18 postbreeding (D18) was unremarkable
for this gestational age (Figure 2B top panel). By contrast, five of
seven dtr mice injected with DT on days 14 and 16 postbreeding,
i.e., 4 and 2 days earlier, had compacted uterus that contained,
at each implantation site, a gelatinous encapsulated dark haemor-
rhagic mass that was likely, as previously described, the resorbing
remnants of fetal tissues [42]. These observations suggested fetal
mortality had occurred without preterm birth. The gross uterine
morphology in the remaining 2 DT-treated dtr mice was indistin-
guishable from saline controls. On the morning of day 19 post-
breeding, all 5 saline-treated dtr mice had given birth to viable pups
(each showed movement and contained milk in stomach) while 7
of 10 DT-treated mice had not delivered by that evening when the
study was concluded as per protocol. The uterus in each of these
seven DT-treated mice was compact and contained resorbing tissue
(presumably fetuses). Of the 3 DT-treated dtr mice that delivered on
day 19 postbreeding, 2 litters had one stillborn pup each, while in
the third litter, 2 of 10 pups were stillborn and 8 had been canni-
balized based upon number of implantation sites in this dam’s post-
partum uterus. Based upon evidence of resorption and dark color
of encapsulate at intrauterine implantation sites, less than 30% of
DT-treated dtr dams sustained pregnancy past day 18 postbreeding
(Figure 3C).

Short-term effects of DT on cervix morphology
In WT mice, 24 h after treatment with saline or DT on day 14 post-
breeding, there were no differences on the distribution, morphology,
or density of cell nuclei or macrophages in the cervix stroma (Figure
3A top panels and insets). Similarly, for dtr mice, saline treatment
did not appear to alter the distribution, morphology, or density of
cell nuclei of macrophages compared to WT controls. However, a
difference in density and morphology of macrophages in dtr versus
WT was apparent (Figure 3A bottom panels and insets). Strain differ-
ences are consistent findings in previous studies of WT background
controls and genetically altered mutant mice [16, 43]. For dtr mice
after DT injection, macrophages were smaller, most without elon-
gated pseudopodia, and sparsely distributed compared to the same
field of view in D15 saline-treated dtr mice. Analysis of macrophage
morphology indicated most had presented apoptotic characteristics
of compacted cell body, rounded shape, nucleus condensation, and
indistinct nucleus boundary compared to saline or WT controls
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Figure 2. A Representative photographs of the reproductive tract from dtr mice on day 15 (D15) postbreeding that had been injected 24 h earlier with Saline (7
of 7) or DT (3 of 11). Distinct uterine compartments, each with a single fetal sac, are indicated by white arrows in saline-treated mice compared with compact
compartments demarcated by a sinuous vascularized boundary in DT-treated dtr mice. B Photographs of dtr mice on day 18 postbreeding treated with saline (5
of 5; 1 day before expected delivery) or DT (5 of 7) given 4 and 2 days earlier on days 14 and 16 postbreeding. Note the 9 fetal compartments in the saline-injected
mouse compared to the estimated 11 compact segments with resorbing fetuses in the DT-treated dtr mouse. C Histogram of the percentage of viable pregnancy
in DT-treated dtr mice based upon morphology and firmness of uterus, as well as assessment of fetal viability with respect to presence of dark deoxygenated
blood, compactness, resorption, and diminished segment size. On day 19 postbreeding, all saline dtr controls gave birth in the morning (<9a), while 7 of 10
DT-treated CD11b-dtr mice had not delivered by 4 pm in the afternoon when the study concluded.

Figure 3. A Photomicrographs of cervix sections on day 15 (D15) from wild-
type (WT) or dtr mice that were stained for F4/80 macrophages (Mϕ) and
counterstained with methyl green to identify cell nuclei (CN) as described in
Methods. Scale bar = 50 μm or 6.5 μm (inset). B Histograms of the density
of cell nuclei/volume and macrophages/cell nuclei/volume of WT (left) or dtr
mice (right) injected 24 h earlier with saline (Sal) or DT.∗P < 0.05 D15 WT vs
dtr mice Mϕ/CN, aP < 0.05 vs day 15 saline dtr mice (Student t-test, n = 4–9
mice/group).

(Supplement Figure 1). As in previous studies, macrophages per field
were normalized to cell nuclei density to account for heterogeneity
of tissue morphology within cervix sections and among mice.
Treatment with DT had no effect on the density of cell nuclei or
macrophages in the cervix from WT mice compared to that in
saline-treated controls (Figure 3B). By contrast, in DT-treated dtr
mice, the density of cell nuclei and macrophages were reduced
compared to that in saline dtr controls.

Among all groups, neutrophils were sparse and diffusely dis-
tributed throughout the cervix in WT and dtr mice 24 h after saline
or DT-treatment. There were no differences in appearance of neu-
trophils in the cervix with respect to distribution, cellular morphol-
ogy, evidence of apoptosis, or stain/cell with respect to treatment
(data not shown).

Longitudinal sections from the external to internal os, allowed
assessment of cell nuclei and macrophage densities in cervix sub-
regions that were categorized as ectocervix (vaginal tissue present),
endocervix, and transition zone before appearance of smooth muscle
bundles or endometrial glands of uterus. There were no statistical
differences in densities of cell nuclei or macrophages (normalized to
cell nuclei) between the different subregions with respect to saline
or DT-treatment. However, across all three subregions, the density
of macrophages was reduced in DT- versus saline-treated dtr mice
(Supplement Figure 2).

For cross-linked collagen fibers in the extracellular stroma, DT in-
jection had no effect on picrosirius red stain birefringence (Figure 4).
Optical density was not different 24 h after DT or saline treatment in
WT controls or dtr mice. This was not unexpected given the latency
between treatment and assessment. Thus, the apparent effects of
DT on macrophage morphology and reduction in macrophages/area
of cervix stroma were not associated with a change in cross-linked
collagen in the extracellular matrix.
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Figure 4. Photograph of a picrosirius red-stained section of cervix from a
dtr mice on day 15 postbreeding, 24 h after injection of Saline (Sal) or DT.
The 9 non-overlapping boxes represent the area analyzed for optical density
(9 photomicrographs in each of 3 sections/cervix). Scale bar = 50 μm. The
histogram is the optical density assessment of polarized light birefringence
(OD/CN), an indication of collagen content and structure degradation. Details
provided in Methods and previous studies [19, 41] P > 0.05 for all comparisons
(two-way ANOVA, n = 4–9 mice/group).

Figure 5. A Photomicrographs of cervix sections stained for cell nuclei and
macrophages from a day 18 (D18) postbreeding saline (Sal)- or DT-treated
dtr mouse. Scale bar = 50 μm. B Histograms of the density of cell nuclei
or macrophages/cell nuclei/area in the cervix stroma of dtr mice on day 18
postbreeding that had been injected 4 and 2 days earlier with saline or DT
(n = 5–7 mice/group). Note scale change for macrophages/CN compared to
Figure 4, an indication of increased abundance as pregnancy neared term.
P > 0.05 vs Sal group (Student t-test).

Long-term effects of DT-treatments on cervix
morphology
On day 18 postbreeding, no apparent effects of saline or DT-
treatment on days 14 and 16 were evident in WT mice for cellular
morphology, distribution, or staining of cells in the cervix stroma
(data not shown). Similar variations in these morphological char-
acteristics appeared to be within the typical range in saline-treated
controls and DT-treated dtr mice (Figure 5A). Specifically, the densi-
ties of cell nuclei and macrophages/cell nuclei in the prepartum cervix
at term were not different with respect to treatment (Figure 5B). For
collagen as well, OD of picrosirius red-stained collagen was not dif-
ferent in cervix sections from groups of day 18 mice irrespective of
treatment (data not shown; P > 0.05 Student t-test). For groups of
mice on day 19 postbreeding, evaluation of photomicrographs indi-
cated no difference in cell nuclei, macrophage, or optical densities

with respect to treatment even though 7 of 10 DT-treated DT mice
had not delivered.

In other tissues, treatment with DT had varied effects on the
presence of F4/80-stained macrophages in dtr mice. Consistent with
previous reports in non-pregnant or male mice, fewer macrophages
were found in the kidney within 24 h of DT injection in dtr mice
compared to saline controls on day 15 postbreeding (Figure 6). For
liver, macrophages were evenly dispersed and neither depleted nor
morphology appeared to be affected by DT-treatment. In the ovary,
macrophages were predominantly located in interstitial tissue be-
tween corpora luteum. Although distribution of macrophages var-
ied within each ovary and among dtr mice in each group, neither the
abundance nor morphology of cell nuclei or macrophages appeared
to be affected by DT-treatment compared to that in ovaries from
saline controls. In thymus, macrophages were sparsely distributed
in sections from dtr mice on day 15 postbreeding, predominantly
in the capsule and cortex regions of the tissue. The distribution
and residency by macrophages appeared similar regardless of saline
or DT-treatment in dtr mice. By day 19, macrophages seemed more
abundant in these regions as well as in more peripheral and medullary
areas (data not shown).

In the placenta of dtr mice on day 15 postbreeding, macrophages
were widely distributed across subregions. The greater prevalence
of macrophages in the labyrinth and chorionic plate did not appear
to be affected by treatment with DT compared to that of saline dtr
mice (Figure 7). Other effects of DT-treatment were apparent in the
subset of dtr mice with evidence of fetal demise, i.e., dark deoxy-
genated blood, or compacted uterus. In these DT-treated dtr mice,
the decidua was condensed with greater vascularity, and nearby, an
increased presence of deoxygenated dark red blood cells. The sparse
presence of resident macrophages limited an accurate census/region,
though stain per cell appeared reduced compared to saline controls or
DT-treated dtr mice in which pregnancy was sustained (Figure 7 right
panels). Neutrophils were also sparsely distributed throughout the
placenta and morphologically similar in shape, size, and staining of
the nucleus irrespective of treatment (data not shown). No morpho-
logical characteristics of apoptosis were observed in macrophages
or neutrophils in placenta across treatment groups or with respect
to fetal morbidity after DT-treatment in dtr mice. Thus, DT-treated
dtr mice with evidence of pregnancy loss may be associated with a
change in placental morphology that may reflect impaired function.

Discussion

The hypothesis that macrophages promote remodeling of the cervix
was tested by conditional depletion of resident CD11b macrophages
in dtr mice with the human DT receptor linked to CD11b cells.
These findings are the first to establish that treatment with DT
depleted F4/80-stained-differentiated macrophages in the cervix of
pregnant dtr mice. By comparison, DT had no effects on the census
of macrophages in saline-treated dtr mice or in WT mice that lack the
DT receptor. The impact of DT to reduce the density of macrophages
in cervix stroma within 24 h of DT-treatment in pregnant dtr mice
was also found to induce characteristic apoptotic morphology in
most remaining F4/80-stained cells. However, no such effects of
DT were evident in controls or in neutrophils in any group. This
finding contrasts with results in multiple strains of mice in which cell
density is temporally associated with reduced cross-linked collagen
in the cervix stroma between days 15 and 17 of pregnancy [4]. This
period when the cervix transitions from soft to ripening coincides
with an increase in density of macrophages that is proposed to
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Figure 6. Photomicrographs of other tissues from saline- or DT-treated dtr mice on day 15 postbreeding stained for F4/80 macrophages and cell nuclei. Scale
bar is 50 μm. Note the diminished density of macrophages in kidney, but not liver or ovary.

Figure 7. Photomicrographs of placenta sections from CD11b-dtr mice on D 15 postbreeding treated 24 h earlier with DT without or with evidence of fetal
morbidity (described in Figure 2 legend). Sub-regions are demarcated by brackets, i.e., Troph = Trophoblast layer, Spongiotroph = Spongiotrophoblast layer.
Boxes are magnified at right. Scale bar is 500 μm or 25 μm in right 4 panels.

be driven by local factors that promote phenotypic activities and
extracellular collagen degradation. Thus, results in the present study
suggest a deficit in macrophages throughout various subregions
and impaired activities within 24 h of DT-treatment may eliminate
an essential drive for collagen degradation and prepartum cervix
remodeling.

In a broader context, other consequences of macrophage deple-
tion on pregnancy in this model complicate interpretation of find-
ings. Evidence for repopulation of macrophages in the cervix of dtr
mice, 2 days after the second DT injection on day 16 postbreed-
ing, may interfere with the ripening process and account for delayed
parturition beyond that in controls in 70% of DT treated mice.
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Specifically, the phenotype of repopulated macrophage may not be
the same as that in residence of the cervix during normal term. In the
present study, the cervix presented a firm unripe appearance similar
to that in controls on days 15 and 18 postbreeding that gave birth
at term. Moreover, premature cervix ripening clearly did not occur
even though cell nuclei density declined. This finding raises the pos-
sibility that inflammation resulting from macrophage depletion and
presumed impaired function of monomorphic stained cells may not
be the same as inflammatory processes during the shift from soft to
ripening before term in the cervix. Further investigation is needed
to determine if during this prepartum transition is associated with
alterations in macrophage morphology that characterize phenotypic
inflammatory (M1) or wound-healing (M2) activities [44, 45].

Another consideration is the unanticipated effects of macrophage
depletion that was associated with fetal morbidity and loss of preg-
nancy without preterm birth. The consequences of this pregnancy
loss on resident immune cells and cervix structure are not known.
In 54% (15/28) of DT-treated dtr mice, evidence for preterm la-
bor was suggested by the observation of compact fetal sacks and
shortened uterine horns. Although reduced cell nuclei density is
found with inflammation induced by infection in gut smooth muscle
[46], whether products of macrophage apoptosis induce a similar
inflammatory reaction by repopulating recruited macrophages is not
known. Moreover, the apparent reduced thickness of decidua and in-
creased vascularity in the trophoblast layers of placenta in fetal mor-
bidity and pregnancy loss in dtr mice after the initial DT-treatment
provides anecdotal evidence that placental function may be compro-
mised. CD11b monocytes have been proposed as communicators
of sprouting vessels in decidua, and depletion of this cell may have
had unintended consequences [47]. Further analyses of macrophages
and placenta from DT-treated dtr mice would be worthwhile to un-
derstand the relationship of immune cell trophoblast interactions to
maintain fetal well-being and sustain pregnancy.

Other contributions of this study include the recognition that the
cervix is a separate and distinct component of the reproductive tract
during pregnancy. Continued use of the term uterine cervix is diffi-
cult to justify because the cervix is highly innervated compared to the
uterus [48, 49]. In addition, despite a heterogeneity in structure, the
present study suggests more prepartum uniformity in morphological
remodeling from the ectocervix (interface with the external vagi-
nal biome), to endocervix (internal conduit to the maternal womb),
and isthmus (transitional region into the lower uterus). Subregional
differences in collagen organization and smooth muscle content in
the cervix were well-recognized [50] and are consistent with find-
ings that cross-linked collagen is decreased before labor and birth in
mice [4, 13, 41]. This period when the cervix transitions from soft to
ripening coincides with reduced cell density and increase macrophage
density, evidence of an inflammatory process that is proposed to re-
flect a uniformity of prepartum remodeling that precedes dilation,
effacement, and a transformation into the lower uterine segment, a
term that lacks any reported structural identity across species. These
latter changes in peripartum cervix morphology have been associ-
ated with an increased presence of neutrophils [17, 51], but little or
no change in residency in the present study or previous studies do
not suggest a role for this immune cell in the transition to ripening
[19]. The possibility that immune cells other than macrophages may
contribute to preterm or postterm cervix remodeling in pathophysi-
ological conditions remains to be a focus of study.

In summary, this study focused on the importance of resident
macrophages in the overarching concept that inflammation drives
the shift from a soft to ripening cervix while progesterone in circu-

lation is at or near peak concentrations of pregnancy. This period
in rodents and, in all likelihood, other mammalian species including
human occurs at an earlier time than previously appreciated and
extends from Csapo’s progesterone block hypothesis that proges-
terone becomes unable to sustain an unripe cervix [23]. The present
findings advance the importance of the presence and function of suf-
ficient numbers of F4/80 macrophages for the ripening process given
that their depletion/impairment after DT-treatment was not associ-
ated with ripening or birth acutely or in most dtr mice at term. The
implication is that macrophages may be effector cells in the ripening
process because of known capabilities to produce molecules includ-
ing prostaglandins, vasodilators, inflammatory cytokines, and colla-
gen degrading enzymes. These actions may be guided, in part, by the
convergence of local factors that regulate differentiated-macrophage
phenotypes, and perhaps more importantly, by the stromal cells that
integrate various inputs to diminish PR-mediated effects to sustain
an unripe cervix [52]. The contribution of other hormones to sustain
pregnancy, as well as fetal development, parturition, and newborn
well-being are also important considerations for further study. Thus,
focus on signals that drive macrophage-mediated inflammation and
regulate PR activity of stromal cells hold promise as sentinels or
points for interventions that may promote barrier functions of an
unripe cervix and prolongation of a pregnancy at risk for preterm
birth.

Supplementary data

Supplementary data are available at BIOLRE online.

Supplement Figure 1. Histograms of percentage (%) of macrophages
with evidence of apoptosis. Macrophage morphology was evaluated
in photomicrographs of cervix from the 4 groups in Figure 3, i.e.,
D15 saline- or DT-treated WT or CD11b dtr mice (2 sections each,
n = 3–5/group). Macrophages lacking pseudopodia, with nucleus
condensate, and indistinct nucleus boundary were scored as impaired
compared to polymorphic-shaped cells with well-delineated nucleus.
∗P < 0.05 one-way ANOVA.
Supplement Figure 2. Histograms of macrophages/cell nuclei/area
in the stroma ectocervix (Ecto), endocervix (Endo), or transition
zone(TZ) before presence of uterine smooth muscle or glands of
wild-type (WT) and dtr mice on day 15 postbreeding that had been
injected 24 h earlier with saline (Sal) or DT (n = 3–5/group, ∗P < 0.05
DT vs Sal). Cell nuclei densities for subregions of cervix in these day
15 groups are in the same range as that for Figure 3. P > 0.05 DT
vs Saline group within each strain (Student t-test).
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