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Chlamydia muridarum Induction of Glandular Duct Dilation in Mice
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Although Chlamydia-induced hydrosalpinx in women and mice has been used as a surrogate marker for tubal infertility, the
medical relevance of nontubal pathologies, such as uterine horn dilation, developed in mice following chlamydial infection re-
mains unclear. We now report that the uterine horn dilation correlates with glandular duct dilation detected microscopically
following Chlamydia muridarum infection. The dilated glandular ducts pushed the uterine horn lumen to closure or dilation
and even broke through the myometrium to develop extrusion outside the uterine horn. The severity scores of uterine horn dila-
tion observed macroscopically correlated well with the number of cross sections of the dilated glandular ducts counted under
microscopy. Chlamydial infection was detected in the glandular epithelial cells, potentially leading to inflammation and dilation
of the glandular ducts. Direct delivery of C. muridarum into the mouse uterus increased both uterine horn/glandular duct dila-
tion and hydrosalpinx. However, the chlamydial plasmid, which is essential for the induction of hydrosalpinx, was not required
for the induction of uterine horn/glandular duct dilation. Screening 12 strains of mice for uterine horn dilation following C. mu-
ridarum infection revealed that B10.D2, C57BL/10J, and C57BL/6] mice were most susceptible, followed by BALB/cJ and A/J
mice. Deficiency in host genes involved in immune responses failed to significantly alter the C. muridarum induction of uterine
horn dilation. Nevertheless, the chlamydial induction of uterine horn/glandular duct dilation may be used to evaluate plasmid-

independent pathogenicity of Chlamydia in susceptible mice.

hlamydial infection in the lower genital tract can ascend to
cause pathologies in the upper genital tract, leading to mani-
festations such as pelvic inflammatory disease and infertility (1, 2).
An extensively investigated pathology is the long-lasting hydrosal-
pinx that can be induced by Chlamydia trachomatis infection in
women (3, 4) and Chlamydia muridarum infection in female mice
(5-9). Thus, the C. muridarum mouse genital tract infection
model has been extensively used to investigate the mechanisms of
C. trachomatis-induced hydrosalpinx in women. In addition to
hydrosalpinx, dilation of the uterine horn has also been frequently
detected in C. muridarum-infected mice (6, 7, 10-15). C. tracho-
matis genital tract infection in women is known to induce acute
cervical and endometrial pathologies, including cervicitis and en-
dometritis (16-18). However, it is unclear whether the mouse
uterine horn dilation model can be used to investigate the patho-
genesis of C. trachomatis-induced acute endometrial inflamma-
tion in women. Thus, it is necessary to characterize the C. muri-
darum-induced uterine horn dilation. Many previous mouse
model-based studies grouped both hydrosalpinx and uterine horn
dilation as upper genital tract pathology (19, 20) and focused only
on the fertility outcome (21-23) or patency of the upper genital
tract (6) without differentiating uterine horn dilation from hydro-
salpinx (8, 24-28). Although a previous study reported that inter-
feron regulatory transcription factor 3 (IRF3) protected mice
from uterine horn pathology during C. muridarum infection (13)
and efforts have also been made to define host factors involved in
C. muridarum induction of uterine horn dilation (29), the patho-
logical basis of uterine horn dilation remains unclear. To under-
stand whether and how C. muridarum infection induces uterine
horn dilation and whether it can be used as a model for investi-
gating C. trachomatis pathogenesis, we set out to define the path-
ological basis of uterine horn dilation in the current study.
Mice have along duplex uterus, referred to as the uterine horn.
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The endometrial layer of the uterus/uterine horn consists of a
simple columnar lumenal epithelium surrounded by stromal cells
containing glands lined by cuboidal glandular epithelium. Mice
undergo adenogenesis postnatally by budding from the lumenal
epithelium (30). Progesterone has been shown to inhibit uterine
gland development in the neonatal mouse uterus (31, 32), while
estrogen seems to be required for maintaining uterine gland func-
tion in adult mice (33). Aged mice can spontaneously develop
cystic endometrial hyperplasia (34), which involves dilation and
proliferation of the glandular ducts. The glandular duct cysts vary
in size but are restricted within the endometrium. Adenomyosis
refers to the invasion of hyperplastic glands into the myometrium
(35), which can be difficult to differentiate from endometriosis
(36) when the dislocated endometrial tissue is still associated with
the uterus. Hydrometra may also cause uterine horn dilation (34),
which is, however, due to uterine horn lumenal distension with-
out involving the uterine glands. Finally, uterine tumors with or
without gland involvment can cause uterine horn dilation. For
example, BALB/c mice commonly develop uterine stromal pol-
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yps, which consist of polypoid protrusions of the stroma covered
with normal uterine mucosa. However, tumor tissues can be dif-
ferentiated microscopically. Since the causes of mouse uterine pa-
thology are complex and some can occur in the absence of infec-
tion, it is important to define the pathological basis of uterine horn
dilation in mice infected with C. muridarum.

In the current study, we found that the long-lasting uterine
horn dilation that developed 60 days after C. muridarum infection
correlated well with glandular duct dilation. The glandular epithe-
lial cells were highly susceptible to C. muridarum infection, and
directly inoculating C. muridarum into the uteruses of mice in-
creased both the incidence and severity of the glandular duct di-
lation. However, the chlamydial plasmid, known to be essential
for the induction of hydrosalpinx, was not required for the induc-
tion of glandular duct dilation. Thus, the dilation of the uterine
horn and glandular duct can be a unique pathology distinct from
hydrosalpinx, which may be used as a distinct model for evaluat-
ing chlamydial pathogenicity.

MATERIALS AND METHODS

C. muridarum and mouse infection. C. muridarum organisms were
propagated and purified in HeLa229 cells (human cervical carcinoma
epithelial cells; ATCC catalog number CCL2) as described previously
(37). The wild-type C. muridarum strain Nigg was acquired from Robert
Brunham at the University of Manitoba (38). The plasmid-free C. muri-
darum strain CMUT3.G5 was derived from the wild-type C. muridarum
and plaque purified as described previously (15, 39). For C. muridarum
infection in mice, the organisms were used to infect 6- to 7-week-old
female mice via either the intrauterine or intravaginal route with 2 X 10°
inclusion-forming units (IFU), as described previously (8, 25, 40). The
following strains of wild-type and knockout (KO) mice used in the cur-
rent study were all purchased from Jackson Laboratories (Bar Harbor,
ME): C57BL/6] (JAX [Jackson Laboratories] stock number 000664),
BALB/cJ (000651), C3H/He] (000659), TRIF KOs (005037), TIRAP
KOs (017629), JNK2 KOs (004321), interleukin 1 receptor type I (IL-
1R1) KOs (003245), IL-10 KOs (002251), and gamma interferon (IFN-vy)
KOs (002287; 2 died before sacrifice). The pathology data for the remain-
ing strains of mice used in the current study were acquired from the
images and/or tissues of mice sacrificed in previous studies (8, 15, 24, 26,
28, 41). The infection procedures were as follows. Five days prior to in-
fection, each mouse was injected with 2.5 mg medroxyprogesterone
(Depo-Provera; Pharmacia Upjohn, Kalamazoo, MI) subcutaneously to
increase mouse susceptibility to infection. Control uninfected mice were
also injected with progesterone. After infection, the mice were monitored
for vaginal live-organism shedding and sacrificed 60 to 80 days postinfec-
tion for observation of gross genital tract pathologies. Some mice were
sacrificed on day 7 or 14 postinfection for detection of chlamydial infec-
tion in the uterine tissues. The animal experiments were carried out in
accordance with the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The protocol was
approved by the Committee on the Ethics of Laboratory Animal Experiments
of the University of Texas Health Science Center at San Antonio.

For monitoring live-organism shedding from swab samples, vaginal/
cervical swabs were taken every 3 or 4 days for the first week and then
weekly thereafter until negative shedding was observed at 2 consecutive
time points. To quantitate live chlamydial organisms, each swab was
soaked in 0.5 ml of sucrose-phosphate-glutamic acid (SPG) and vortexed
with glass beads, and the chlamydial organisms released into the superna-
tant were titrated on HeLa cell monolayers in duplicate. The infected
cultures were processed for immunofluorescence assay as described be-
low. Inclusions were counted in five random fields per coverslip under a
fluorescence microscope. For coverslips with less than 1 IFU per field,
entire coverslips were counted. Coverslips showing obvious cytotoxicity
of HeLa cells were excluded. The total number of IFU per swab was cal-
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culated based on the mean number of IFU per view, number of views per
coverslip, dilution factor, magnification, and inoculation volumes. Where
possible, a mean number of IFU per swab was derived from the serially
diluted and duplicate samples for any given swab. The calculated total
number of IFU per swab was converted into log,, units and used to cal-
culate the mean and standard deviation across mice of the same group at
each time point.

Mouse genital tract gross pathology evaluation. Mice were sacrificed
60 to 80 days after infection to evaluate both the gross pathology of uterine
horn dilation and the histological pathology of glandular duct dilation.
Before removing the genital tract tissues from the mice, an in situ gross
examination was performed under a stereoscope (Olympus, Center Val-
ley, PA) for evidence of hydrosalpinx, uterine horn dilation, and other
gross abnormalities. The genital tract tissues were then excised in their
entirety from the vagina to the ovary and laid on a blue photography mat
for acquisition of digital images. The oviduct hydrosalpinges were visually
scored based on their dilation size using a scoring system as described
previously (14). For the current study, the genital tract images were used
for scoring uterine horn dilation based on the following criteria. Each
horn was divided into 4 equal sections or portions. Based on the number
of sections occupied by the dilated areas, the horn was scored from 0 to 4:
0, no dilation; 1, horn with visible dilation, but the area was =<1 section; 2,
horn with a dilated area of >1 but =2 sections; 3, horn with a dilated area
of >2 but =3 sections; 4, horn with a dilated area of >3 sections. The sum
of the severity scores from both horns of the same mouse were used as the
score for the given mouse for subsequent statistical analyses. Mice with
any level of identifiable uterine horn dilation were counted as uterine horn
dilation positive.

Mouse genital tract histological pathology evaluation. For histolog-
ical scoring of glandular duct dilation, the excised mouse genital tract
tissues were fixed in 10% neutral formalin, embedded in paraffin, and
serially sectioned longitudinally at 5-pwm widths. Efforts were made to
include the cervix, both uterine horns, oviducts, and lumenal structures of
each tissue in each section. The sections were stained with hematoxylin
and eosin (H&E) as described previously (6). For the current study, the
H&E-stained sections were scored for severity of glandular duct dilation
by counting the cross sections of dilated glandular ducts in each uterine
horn under a4 X objective lens. The counting is straightforward, using the
following steps: (i) identify the remaining myometrium in both sides of
the uterine horn wall; (ii) try to find the remaining uterine horn lumen
with epithelial folds; (iii) try to examine only the uterine and uterine horn
regions and avoid the oviduct regions, which should be easy to differen-
tiate. With a clear orientation of the uterine horn structure, the dilated
glandular ducts that were large and pushed the rest of the stromal cells
toward either the horn lumen or the myometrium or both were conve-
niently counted as dilated glandular ducts. We did not count the dilated
uterine horn lumen, although the horn lumen dilation could be a conse-
quence of the severe glandular duct dilation. We focused only on the
dilated glandular ducts to avoid skewing the counting. The dilated horn
lumenal epithelium and dilated glandular duct epithelium can be differ-
entiated under a 40X or larger objective lens. Efforts were also made to
differentiate the dilated glandular ducts from cystic endometrial hyper-
plasia, which occurred spontaneously in all mice at the age when the mice
were sacrificed in the current study. Although the cystic ducts were larger
than the normal glandular ducts, they were much smaller than the dilated
ducts associated with chlamydial infection. Most importantly, the cystic
ducts were numerous and restricted within the endometrium without
significant physical impacts on either the uterine horn lumen epithelium
or myometrium. Although some pathologists might diagnose the dilated
glandular ducts that were surrounded by smooth muscle cells as adeno-
myosis, we counted them as dilated glandular ducts because, although
adenomyosis can be affected by hormones (35), the mice used in the
current study were always sacrificed 60 days or more after injection and
the mice were pretreated with progesterone only 5 days prior to infection.
In addition, control uninfected mice were also injected with progesterone.
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FIG 1 C. muridarum induction of uterine horn dilation evaluated macroscopically. (a) C57BL/6] mice were sacrificed on days 60 to 80 after intravaginal
inoculation with or without C. muridarum for examining upper genital tract pathology, including uterine horn dilation. Based on the portion of the uterine horn
occupied by the dilated areas (representative dilation areas in each horn are indicated by arrows) as described in Materials and Methods, the severity of uterine
horn dilation was semiquantitatively scored for each uterine horn, as indicated by the white numbers. (b to f) Among the 88 C57BL/6] mice infected with C.
muridarum, 41 (46.6%) failed to develop any uterine dilation (b) and 16 (18.2%) developed uterine dilation with a severity score of 1 to 2 (¢), 8 (9.1%) with a score
of >2to4 (d), 5 (5.7%) with a score of >4 to 6 (e), and 18 (20.1%) with a score of >6 to 8 (f), as indicated. The hydrosalpinx detected for each oviduct is marked
with a white arrowhead. Note that 70 of the 88 mice were from previous studies, and the uterine horn dilation was scored based on stored images from previous

studies, as indicated in Table 1. The remaining 18 infected mice and the 6 no-infection controls were from the current study.

More importantly, it is possible that chlamydial infection of the glandular
epithelial cells may cause adenomyosis. Since most dilated glandular ducts
did not have the typical characteristics of adenomyosis, we decided to use
“glandular duct dilation” to describe all dilated glandular ducts poten-
tially induced by chlamydial infection, which may include adenomyosis.
The numbers of cross sections counted from both sides of the uterine
horns from the same mouse were added to represent the severity of the
glandular duct dilation for the given mouse.

Immunofluorescence assay. The sections made from some mouse
genital tract tissue blocks as described above were processed for immuno-
histochemical detection of C. muridarum as described previously (12). A
primary antibody raised by immunization of rabbits with purified C. mu-
ridarum elementary bodies (unpublished data) was used to detect C. mu-
ridarum organisms, which were further visualized with goat anti-rabbit
IgG conjugated with Cy2 (green; Jackson ImmunoResearch, West Grove,
PA). Hoechst DNA dye (blue; Sigma-Aldrich, St. Louis, MO) was used to
visualize nuclei. To localize the chlamydial inclusions in the context of
tissue structure, after the immunolabeled sections were subjected to flu-
orescence microscopy observation and image acquisition, the same sec-
tions were further treated with H&E staining (H&E staining removed all
fluorescence signals, which was why we took the fluorescence images prior
to the H&E staining) to reveal the tissue structure and cellular distribu-
tion. In this way, the chlamydial-inclusion-positive cells could be identi-
fied in the H&E images. The immunofluorescence images were acquired
using an Olympus AX-70 fluorescence microscope equipped with multi-
ple filter sets and Simple PCI imaging software (Olympus) as described
previously (37), while the H&E images were acquired under visible light.
The images were processed using the Adobe Photoshop program (Adobe
Systems, San Jose, CA).

June 2015 Volume 83 Number 6

Infection and Immunity

Statistical analyses. The semiquantitative pathology scores were ana-
lyzed using the Wilcoxon rank-sum test and the incidence rates using
Fisher’s exact test. The correlation coefficient was calculated using
CORREL in Excel, and its significance was analyzed using the P Value
Calculator for Correlation Coefficients software from the Free Statistics
Calculators website.

RESULTS

C. muridarum induces uterine horn dilation in mice following
intravaginal infection. Intravaginal infection with C. muridarum
is known to induce both uterine horn dilation and oviduct hydro-
salpinx. In the current study, we carefully evaluated uterine horn
dilation in C57BL/6] mice with or without C. muridarum infec-
tion (Fig. 1). A scoring scheme consisting of 0 to 4 points per horn
(with a maximum of 8 points per mouse) was used to semiquan-
titatively describe the severity of the uterine horn dilation. We
found that none of the 6 C57BL/6] mice without C. muridarum
infection (but with progesterone pretreatment) developed any
significant uterine horn dilation. All 88 C57BL/6] mice intravagi-
nally infected with C. muridarum displayed similar levels of live-
organism shedding over the time course (data not shown). Forty-
seven of the 88 infected mice developed varying degrees of uterine
horn dilation: 16 (18.2%) developed uterine dilation with a sever-
ity score of up to 2, 8 (9.1%) with a score of >2to 4, 5 (5.7%) with
>4 t0 6, and 18 (20.1%) with >6 to 8. Most mice displayed dila-
tion scores in the range of either up to 2 or >6, suggesting that this
semiquantitative method can sensitively differentiate varying de-
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FIG 2 C. muridarum induction of glandular duct dilation observed microscopically. (a) Representative genital tract tissue from a mouse with a uterine horn
dilation severity score of 2. (b) The corresponding H&E-stained slide was scanned. One of the areas with visually detectable uterine horn dilation (box b1) was
subjected to microscopic observation under a 4X objective lens. In the enlargement of the bl boxed area, the myometrium is labeled with a red M, and the inner
circular smooth muscle cells (CM; short red arrows) and the outer longitudinal smooth muscle cells (LM; long red arrows) are differentiated. The uterine horn
lumen (UL; green arrows) is labeled. The cross sections of dilated glandular ducts are indicated by white arrows. The three boxed areas were subjected to further
microscopic observation under a 40X objective lens. In the enlargement of the bla boxed area, the white arrows point to the glandular epithelia from two dilated
glandular ducts facing in opposite directions. Sandwiched between the two glandular epithelia is a narrow layer of longitudinal smooth muscle (long red arrow).
The two glandular epithelia look very similar (white arrows). In the enlargement of the b1b boxed area, the glandular epithelia (the white arrows indicate dilated
glandular duct epithelia, and the blue arrows indicate normal glandular ducts) and uterine lumenal epithelia (green arrows) are shown. Normal glandular ducts
(blue arrows) and blood vessels (yellow arrows) in the endometria are indicated on both sides of the lumen. However, the dilated glandular duct epithelium
(white arrows; mainly consisting of cuboidal epithelial cells) on the left side appeared to be distinctly different from the uterine horn lumenal epithelia (green
arrows; ciliated simple columnar epithelial cells can be identified). In the enlargement of the blc boxed area, another example of two uterine horn epithelia (green
arrows) being pushed close to each other by the dilated glandular duct on top (white arrows) is shown. The myometrium (red arrows) is filled with blood vessels

(yellow arrows), but no endometrium was identified beneath the bottom lumenal epithelium.

grees of uterine horn dilation. Since >50% of the mice were in-
duced to develop uterine horn dilation by C. muridarum infection
and none of the uninfected mice developed any significant uterine
dilation, we concluded that the uterine horn dilation was induced
by C. muridarum infection. The hydrosalpinx from the same set of
mice was also noted, and some of the results were previously pub-
lished (8, 15, 26, 28, 41). Although mice with more severe uterine
horn dilation seemed to lack hydrosalpinx in the oviduct in some
cases, there was no significant correlation between uterine horn
dilation and oviduct hydrosalpinx when all 88 mice were taken
into consideration. Thus, uterine horn dilation and hydrosalpinx
seemed to be two distinct gross pathologies in the upper genital
tract induced by lower genital tract infection with C. muridarum.

C. muridarum-induced uterine horn dilation correlates well
with dilated glandular ducts. Having semiquantitatively evalu-
ated the C. muridarum-induced uterine horn dilation, we then
carefully examined the dilated uterine horn tissues under micros-
copy (Fig. 2). The overall structure of the uterine horn with visible
dilation could still be clearly identified microscopically under a
4X objective lens, with the myometrium localized between the
serosa or perimetrium and the endometrium, or the basement
membrane when the endometrium no longer existed. The re-
maining uterine horn lumen and lumenal epithelium, along with
mucosal folds, were also easily localized, although the lumen was
no longer contiguous. In the particular tissue shown, two cross
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sections of dilated glandular ducts were identified, with the larger
one below the smaller one. The bottom (larger) one appeared to
push the uterine horn lumen below to close, while the top
(smaller) dilated duct was already localized outside the muscle
layer and extruded beyond the boundary of the uterine horn wall.
In addition, the two dilated duct sections appeared to squeeze the
muscle layer into a thin strip between them. Further observation
under higher magnification (a 40X objective lens) revealed a clear
difference in the epithelial structure between the dilated ducts and
the uterine horn lumen. The ciliated simple epithelial cells were
abundantly associated with the luminal epithelium, while more
cuboidal epithelial cells were identified in the glandular epithe-
lium. These observations indicated that the dilated ducts came
from the glandular ducts, which was consistent with a common
finding that multiple dilated-duct cross sections were detected in
the tissue sections cut longitudinally.

To test whether all uterine horn dilation induced by C. muri-
darum infection is a result of glandular duct dilation, we micro-
scopically examined most mouse genital tract tissues used in the
current study under a 4X objective lens. The dilated glandular
duct cross sections were readily identified as the cause of the uter-
ine horn dilation. As shown in Fig. 3, either a single dilated glan-
dular duct invaded the uterine horn lumen or multiple dilated
glandular ducts expanded against both the lumen and myome-
trium sides. The dilated glandular duct was also found to break
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FIG 3 Microscopic identification of cross sections of dilated glandular ducts in dilated uterine horn tissue. (a) A dilated glandular duct pushed the uterine horn lumenal
epithelia close together (UL and green arrows). A normal glandular duct (blue arrow) is shown in contrast to the dilated glandular duct. The myometrium (M and red
arrows) is marked to orient the overall structure of the uterine horn. (b) Multiple cross sections of dilated glandular ducts. (c) The dilated glandular duct appears to pierce
the myometrium and burst outside the uterine horn. (d) The dilated glandular ducts cause dilation of the uterine horn lumen.

through the myometrium and burst outside the uterine horn. In
more severe cases, the dilated glandular ducts could both cause the
uterine horn lumen to dilate and form protrusions outside the
horn. We further semiquantitatively scored the severity of glan-
dular duct dilation by counting the cross sections of dilated glan-
dular ducts in each uterine horn under a 4X objective lens. We
found that mice with more severe uterine horn dilation also de-
veloped higher glandular duct dilation scores (Fig. 4). The uterine
horn dilation was significantly correlated with the number of cross
sections of dilated glandular duct detected under microscopy,
with a correlation coefficient of 0.87 (P < 0.01), which further
supported our conclusion that glandular duct dilation forms the
structural basis of uterine horn dilation.

C. muridarum readily infects glandular duct epithelial cells.
Since we demonstrated above that glandular duct dilation corre-
lates well with uterine horn dilation, we next tested whether the C.
muridarum organisms could infect glandular duct epithelial cells
following intravaginal inoculation. The inoculated C57BL/6 mice
were sacrificed on day 7 or 14 for immunohistochemical detection
of C. muridarum in the genital tract tissues (Fig. 5). Comparison of
the H&E staining with immunolabeling of C. muridarum organ-
isms allowed us to localize the chlamydial antigen-positive cells.
The C. muridarum organisms were detected in both the uterine
horn lumenal and glandular duct epithelial cells. Further exami-
nation of the glandular ducts positive for C. muridarum labeling
under a 40X objective lens confirmed that the C. muridarum in-
clusions were mainly localized in the glandular epithelial cells. It is
worth noting that, although the amount of infection in the lumi-
nal epithelial cells was more extensive than that in glandular epi-
thelial cells on day 7 after intravaginal infection, most lumenal
epithelial infection was cleared by day 14, which correlated with
the presence of massive inflammatory infiltrates in the lumen.
Interestingly, the C. muridarum infection in the glandular epithe-
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lial cells remained intensive on day 14 after infection. The glandu-
lar epithelial cells seemed to also produce larger chlamydial inclu-
sions on day 14. These observations implied that the glandular
epithelial cells might be more permissive to C. muridarum infec-
tion.

w 12 R=0.87, p<0.01
o 12 Il Uterine Dilation
8 10 under naked eye
n 8 [CJGlandular Duct
b Dilation under
6 microscopy
4
2
0

NI 0
(n=6) (26) (10) (5)
Score groups based on uterine dilation

>0-2 >2-4 >4-6 >6-8
4) (%)

FIG 4 Correlation of uterine horn dilation observed macroscopically with the
number of cross sections of dilated glandular duct detected microscopically. The
genital tract tissues from 56 of the 94 mice with or without C. muridarum infec-
tion, as described in the legend to Fig. 1, were examined under a microscope to
enumerate the cross sections of dilated glandular tracts. The total number of
dilated glandular duct cross sections from both uterine horns of the same
mouse was used to semiquantitatively score the severity of glandular duct
dilation of that mouse. The glandular duct dilation scores, along with the
corresponding uterine horn dilation scores observed with the naked eye, were
plotted along the y axis. The 56 mice were grouped based on the severity scores
of uterine horn dilation as described in the legend to Fig. 1. The mouse groups
and the numbers of mice in each group (in parentheses) are shown along the x
axis. Note that the 6 noninfected (NI) mice failed to develop any uterine horn
dilation or glandular duct dilation, and among the 50 infected mice, more
severe uterine dilation was always accompanied by more severe glandular duct
dilation. The correlation coefficient was 0.87 (CORREL in Excel), with a P
value of <0.01 (Free Statistics Calculators). The error bars indicate standard
deviations.
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FIG 5 Immunohistochemical detection of C. muridarum in glandular duct epithelial cells. C57BL/6 mice intravaginally infected with C. muridarum were
sacrificed on days 7 (a, al, b,and bl) and 14 (c, c1, d, and d1) after infection for immunohistochemical detection of C. muridarum in the genital tract tissues. The
H&E staining images (a and c), taken under a 10X objective lens, revealed the overall structure of the uterine horn with the horn lumen with (c) or without (a)
extensive inflammatory infiltration (UL and white arrows) and glandular ducts (a to d, red arrows). The same section was immunofluorescence labeled with an
antibody against C. muridarum organisms (green) and the Hoechst DNA dye (b, b1, d, and d1, blue) prior to the H&E staining. C. muridarum organisms were
detected along both the uterine horn lumenal epithelial cells (green inclusions indicated by yellow arrows) and glandular duct epithelial cells (green inclusions
indicated by red arrows). A representative glandular duct positive for C. muridarum labeling (a to d, white boxes) was selected for further observation under a
40X objective lens (al to d1). The locations of some inclusions, marked with white asterisks, from the immunofluorescence-labeled slides (bl and d1) are

indicated in the corresponding H&E slides (al and c1), which revealed that the asterisk-marked green inclusions were in the glandular duct epithelial cells.

C. muridarum induction of uterine horn/glandular duct di-
lation is independent of plasmid but can be enhanced by directly
inoculating C. muridarum organisms into the uterus. Since the
chlamydial cryptic plasmid is a known virulence factor required
for C. muridarum to induce hydrosalpinx in mice (15, 24, 42), we
tested whether the plasmid was also necessary for the induction of
uterine horn/glandular duct dilation. When C57BL/6] mice in-
fected with wild-type C. muridarum or the plasmid-free C. muri-
darum clone CMUT3.GS5 either intravaginally or intrauterinally
were observed for upper genital tract pathology, we found that all
groups developed significant uterine horn dilation regardless of
the organisms used for infection (Fig. 6). The above observation
demonstrated that the plasmid-encoded or -regulated virulence
factors were not necessary for C. muridarum induction of uterine
horn/glandular duct dilation. This conclusion is consistent with
the observation that the plasmid-free C. muridarum organisms
also readily infected the glandular duct epithelial cells (Fig. 7),
indicating that the plasmid-free organisms possess the same abil-
ity to invade glandular duct epithelial cells and potentially cause
glandular duct dilation.

Despite the induction of robust uterine horn/glandular duct
dilation, the plasmid-free organisms failed to induce any signifi-
cant hydrosalpinx (Fig. 6), suggesting that uterine dilation and
hydrosalpinx are two independent macroscopic pathologies with
different degrees of dependence on the plasmid. However, intra-
uterine infection (by delivering the organisms directly into the
upper genital tract) did increase both uterine horn/glandular duct
dilation and hydrosalpinx, suggesting that both the uterine and
oviduct pathologies are affected by chlamydial ascending infec-
tion. These observations together further supported the concept
that uterine horn dilation is a unique upper genital tract pathology
induced by chlamydial infection and can be used as a pathology
marker for studying the plasmid-independent pathogenic mech-
anisms.

Determining the host factors required for C. muridarum in-
duction of uterine horn dilation. We first compared 12 strains of
inbred mice for their susceptibilities to C. muridarum induction of
uterine horn dilation (Table 1). Since uterine horn dilation corre-
lated well with glandular duct dilation, we used only uterine horn
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FIG 6 Effect of plasmid depletion and infection routes on C. muridarum
induction of glandular duct dilation. Four groups of C57BL/6] mice, with 4
mice in each of the first two groups (a, al, b, and b1) and 10 mice each in the
third and fourth groups (c, cl, d, and d1), were infected with wild-type C.
muridarum (CMwt) (a, al, ¢, and c1) or the plasmid-free C. muridarum clone
CMUTS3.G5 (pf) (b, bl, d, and d1) either intravaginally (a, al, b, and bl) or
intrauterinally (¢, c1, d, and d1). Sixty days after infection, mice were sacrificed
to observe upper genital tract pathology, as described in Materials and Meth-
ods. For uterine horn dilation under the naked eye, the white arrows indicate a
representative dilated area from each horn, and the dilation severity score for
each uterine horn is shown by a white number. To examine glandular duct
dilation, the uterine horn dilation lesion areas (boxed and labeled al to d1)
were subjected to microscopic observation under a 4X objective lens. One
representative dilated glandular duct is marked with a white double-headed
arrow in each representative H&E image. Both the incidence rates and severity
scores of either uterine horn or glandular duct dilation from each group are
shown under the corresponding images. Note that 50% or more of the mice
developed significant uterine horn and glandular duct dilation regardless of
the plasmid deficiency (compare panels aand al withband bl or cand c1 with
d and d1). Intrauterine infection did increase both the incidence rates and
severity scores of the dilation (compare panels a and al with cand c1 or b and
bl with d and d1).
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FIG 7 Immunohistochemical detection of plasmid-free C. muridarum in
glandular duct epithelial cells. C57BL/6 mice intravaginally infected with the
plasmid-free C. muridarum were sacrificed on day 14 after infection for im-
munohistochemical detection of C. muridarum in the genital tract tissues. (a)
The H&E staining images taken under a 10X objective lens revealed the overall
structure of the uterine horn, with the horn lumen (UL) marked. (b) The same
section was immunofluorescence labeled with an antibody against C. muri-
darum organisms (green) and the Hoechst DNA dye (blue) prior to H&E
staining. C. muridarum organisms were detected along both the uterine horn
lumenal epithelial cells (yellow arrows) and glandular duct epithelial cells
(green inclusions indicated by red arrows). (al and b1) A representative glan-
dular duct positive for C. muridarum labeling (boxes in panels a and b) was
selected for further observation under a 40 X objective lens. The location of the
inclusion marked with a white arrow in the immunofluorescence-labeled slide
(b1) is indicated in the H&E slide (al).

dilation to monitor chlamydial pathogenicity in the upper genital
tract in this set of experiments. We found that, following intravag-
inal infection, the B10.D2, C57BL/10J, and C57BL/6] mice devel-
oped the most severe uterine horn dilation, with incidences of
67%, 60%, and 53%, respectively, and mean severity scores of 2.53
or higher; they were followed by BALB/cJ (33%) and A/] (10%)
mice. The CBA/J mice developed a minimal level of uterine horn
dilation. No uterine horn dilation was induced in the remaining 6
strains (DBA1/J, DBA2/J, SJL/J, C3H/HeN, C3H/HeJ, and NOD/

Chlamydia Induction of Glandular Duct Dilation

ShiLt]). The hydrosalinx data from the same mice are also listed in
Table 1. It is worth noting that all 12 strains of mice developed
hydrosalpinx following C. muridarum infection, with CBA/J and
SJL/J mice most susceptible while the A/J, DBA/1], and DBA/2]
mice were least susceptible, as described previously (8). There was
no significant correlation between the uterine horn dilation and
hydrosalpinx.

To further determine the roles of host factors in C. muridarum
induction of uterine horn dilation, we screened 10 different
groups of mice, each with deficiency in one gene involved in either
the innate inflammatory or adaptive immune response (Table 2).
We found that all the mice, regardless of gene deficiency, devel-
oped significant uterine horn dilation following intravaginal in-
fection with C. muridarum. The MyD88 KOs and IL-1R1 KOs
were most susceptible, followed by the IL-10 KOs, TIRAP KOs,
and C5 KOs. However, there was no significant difference between
any of these groups and their corresponding controls, suggesting
that either additional host factors play more important roles or
redundant pathways are involved in C. muridarum induction of
uterine horn dilation. The hydrosalpinx incidence and severity
scores for the mice listed in Table 2 are summarized in Table 3. As
reported previously, mice deficient in complement factor C5
failed to develop hydrosalpinx (26), and deficiency in IL-1R1 also
significantly reduced the development of hydrosalpinx (43).
However, mice deficient in MyD88 developed more severe hydro-
salpinx (12). There was no significant alteration in hydrosalpinx
development in other gene-deficient mice after C. muridarum in-
fection. Again, there was no significant correlation between uter-
ine horn dilation (Table 2) and hydrosalpinx (Table 3).

DISCUSSION

In the current study, we have characterized the pathological basis
of the gross pathology of uterine horn dilation by establishing a
correlation of glandular duct epithelial cell infection with C. mu-
ridarum and glandular duct dilation with uterine horn dilation.
First, mice similarly pretreated with progesterone without chla-
mydial infection failed to develop either uterine horn or glandular
duct dilation, excluding the possibility of spontaneous uterine
horn/glandular duct dilation in the mice used in the current study.
Second, glandular duct dilation was always detected in the lesion
area, with visible uterine horn dilation from mice intravaginally

TABLE 1 C. muridarum induction of uterine horn dilation in 12 strains of mice

o dilati
JAX stock  No. of Uterine dilation

Hydrosalpinx

Strain no. mice Incidence (%)  Severity Incidence (%)  Severity Reference or source
B10.D2-Hcl H2d 000463 24 66.7 4.04 = 3.38 41.7 1.33 = 1.79 26
H2-T18c¢/nSnJ
C57BL/10] 000665 5 60 3.40 = 3.51 60.0 2.40 £3.29 8
C57BL/6J 000664 88 53.4 253 +3.11 67.9 352+ 281 8(n=3),41 (n=19), 15 (n = 15), 28 (n = 25),
26 (n = 8), current study (n = 18)
BALB/c] 000651 86 32.6 1.62 =2.77 75.6 3.14 = 2.85 15 (n =7), current study (n = 79)
Al] 000646 10 10 0.60 =190 10.0 040 =126 8
CBA/] 000656 20 0.05 0.10 = 0.45 90.0 4.95 £ 2.67 15(n=10),8 (n = 10)
C3H/HeJ 000659 32 0 0 80.6 3.56 = 2.45 15 (n = 24),24 (n = 3), current study (n = 5)
DBA/1] 000670 20 0 0 20.0 0.45+094 40(n=26),8(n=14)
SJL/] 000686 15 0 0 80.0 5.00 = 3.12 15(n =10),8 (n =5)
DBA/2] 000671 10 0 0 30.0 0.60 = 1.07 8
NOD/ShiLt] 001976 5 0 0 40.0 0.80 = 1.10 8
C3H/HeN CRHeNCrl 5 0 0 40.0 2.00 £3.46 8
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TABLE 2 Effect of host gene deficiency on C. muridarum induction of uterine horn dilation

KO group Wild-type controls”
Mouse JAX stock Total no. Uterine horn dilation Total 1o, Uterine horn dilation Reference or
group no. of mice % Score of mice % Score source
MyD88 KO 009088 10 70 4+ 349 9 66.7 3.67 *3.43 12
TIRAP KO 017629 9 77.8 4.67 £3.43 11 54.6 2.64 *3.53 Current study
TLR2 KO 004650 14 64.3 3.00 £ 3.21 28
TRIF KO 005037 11 36.4 2.00 = 3.10 Current study
JNK2 KO 004321 15 33.3 1.33 £2.19 14 57.1 1.50 + 2.24 Current study
C3 KO 003641 8 62.5 2.63 £3.16 8 50 1.75 £ 2.76 26
C5 KO 000461 23 69.6 4.61 = 3.58 24 66.7 4.00 = 3.28 26
IL-1R1 KO 003245 10 80 6.40 *3.73 10 80 6.20 * 3.29 Current study
IL-10 KO 002251 5 80 4.60 = 2.97 5 60 1.60 * 1.67 Current study
IEN-y KO 002287 3 66.7 1.67 = 2.08 Current study

“JAX no. 000664 for all except C5 KO control (000461).

infected with C. muridarum, although mild glandular duct dila-
tion might not be sufficient to cause visible uterine horn dilation.
The visible uterine horn dilation was correlated with glandular
duct dilation. Third, following an intravaginal infection with C.
muridarum, the severity of uterine horn dilation was significantly
correlated with the severity of glandular duct dilation, suggesting
that the semiquantitative scores we established for the two are
interchangeable. Fourth, induction of both uterine horn and glan-
dular duct dilations was independent of the chlamydial plasmid
but was enhanced by intrauterine inoculation, further strengthen-
ing the correlation between the two dilations. Finally, the glandu-
lar epithelial cells were not only permissive to C. muridarum in-
fection, but also allowed the C. muridarum organisms to survive
longer in the glandular duct. The plasmid-free C. muridarum or-
ganisms both infected glandular duct epithelial cells and induced
glandular duct dilation. The organisms in the glandular epithelial
cells might be more difficult to clear than those in the lumenal
epithelial cells. These observations and analyses together suggest
that it is possible for C. muridarum to induce inflammatory block-
age in the glandular duct and cause dilation of the glandular duct,
finally resulting in visible uterine horn dilation that lasts for along
time (more than 60 days).

Endometrial glands can be affected by hormones (30, 35, 44).
In the current study, all mice were pretreated with progesterone 5
days prior to chlamydial infecton. The question is whether the

injected progesterone contributed to the C. muridarum-induced
dilation of the uterine horn/glandular duct. It is unlikely that the
long-lasting uterine horn/glandular duct dilation observed in the
current study was caused by the pretreatment with progesterone,
because the same strain of mice without chlamydial infection but
with similar progesterone pretreatment failed to develop any sig-
nificant uterine horn or glandular duct dilation when examined
65 days after the pretreatment (Fig. 1). In addition, many other
strains of mice, including C3H/Hej, C3H/Hen, DBA/1]J and -2J,
SJL/J, and NOD/Shilt], all failed to develop uterine dilation de-
spite both pretreatment with progesterone and infection with C.
muridarum (Table 1). Thus, induction of uterine horn dilation
seems to be determined by both the host genetics and chlamydial
infection, but not the progesterone administered 65 days earlier.
This conclusion does not conflict with the general assumption
that mice both pretreated with progesterone and infected with C.
muridarum develop more robust upper genital tract pathologies
than those only infected with C. muridarum. This is because the
progesterone pretreatment can significantly promote sexually
transmitted infections by suppressing host immune responses
(45). Thus, the progesterone may contribute to chlamydial induc-
tion of the uterine horn/glandular duct dilation and hydrosalpinx
by increasing mouse susceptibility to C. muridarum infection in
the upper genital tract. This assumption is supported by the ob-
servation that live infection in the upper genital tract is required

TABLE 3 Effect of host gene deficiency on C. muridarum induction of hydrosalpinx

KO group Wild-type controls”
Mouse Jax stock Total no. Hydrosalpinx Total no. Hydrosalpinx Reference or
group no. of mice % Score of mice % Score source
MyD88 KO 009088 10 90 4.2 *+3.08 9 55.6 1.78 £ 2.05 12
TIRAP KO 017629 9 77.8 4.11 = 3.33 11 67.7 3.4 X349 Current study
TLR2 KO 004650 14 64.3 2.36 = 1.98 28
TRIF KO 005037 11 63.6 291 * 3.02 Current study
JNK2 KO 004321 15 73.3 4.40 = 3.40 14 85.7 4.07 £ 2.43 Current study
C3 KO 003641 8 87.5 4.63 =283 8 87.5 3.75 =243 26
C5 KO 000461 23 0.0 0*0 24 41.7 1.33 £ 1.79
IL-1R1 KO 003245 10 30.0 1.00 = 1.73 10 50.0 2.60 = 3.27 Current study
IL-10 KO 002251 5 80.0 1.80 = 1.10 5 80.0 3.20 £ 1.79 Current study
IEN-y KO 002287 3 66.7 5.33 * 4.62 Current study

“JAX no. 000664 for all except C5 KO control (000461).
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for C. muridarum induction of pathologies in the upper genital
tract (9, 15). Although there is an association of the use of the
progesterone receptor modulators (as contraceptives) with inac-
tive endometrium cyst-dilated glands in women (44), there has
been no direct evidence of the induction of uterine horn/glandular
duct dilation in mice by progesterone. On the contrary, proges-
terone has been shown to inhibit uterine gland development in the
neonatal mouse uterus (31, 32), while estrogen seems to be re-
quired for maintaining uterine gland function in adult mice (33).
Since glandular duct dilation was detected 60 days after infection
while the control mice pretreated similarly with progesterone but
without infection failed to develop any significant glandular duct
dilation (Fig. 1), we can conclude that the long-lasting uterine
glandular duct dilation observed in the current study is likely
caused by chlamydial infection.

Both uterine horn dilation and oviduct hydrosalpinx have
been frequently observed in mice infected with C. muridarum.
Many previous studies have focused only on hydrosalpinx (5-7,
15, 24, 42), due to the fact that hydrosalpinx observed in women
under laparoscopy correlates with tubal factor infertility (46). The
current study has correlated uterine horn dilation with glandular
duct dilation, which has laid the foundation for further addressing
whether the C. muridarum-induced uterine horn dilation has any
relevance to C. trachomatis pathogenesis in women. Although no
women have ever been diagnosed with glandular duct dilation,
diseases that involve glandular duct dilation, such as adenomyo-
sis, are quite common in women (47). Adenomyosis is an impor-
tant clinical challenge in gynecology. Hysterectomy is often used
to treat fully developed adenomyosis in premenopausal and peri-
menopausal women. The question is whether C. trachomatis in-
fection in women has anything to do with adenomyosis. So far,
there is no epidemiological evidence for a linkage between C. tra-
chomatis infection and adenomyosis because no studies on the
subject have ever been carried out. However, absence of evidence
does not necessarily represent evidence of absence. Our current
mouse data seem to suggest that it may be worth the effort to
investigate the possible association of chlamydial infection with
uterine adenomyosis. This suggestion is supported by the obser-
vation that C. trachomatis infection in the genital tract has also
been shown to induce endometrial histopathologies in women
(16, 17). Neutrophil infiltration was found in the lumen of endo-
metrial glands in women with upper genital tract infection (16).

The next question is how chlamydial infection induces the di-
lation of the uterine glandular duct. Defining the chlamydial vir-
ulence factors and host determinants that contribute to the C.
muridarum induction of glandular duct dilation will help advance
our understanding of chlamydial pathogenicity. Although the
plasmid is necessary for C. muridarum induction of hydrosalpinx
(15, 42) and the plasmid-encoded Pgp3 is a key virulence factor
(24), we found that C. muridarum induction of glandular duct
dilation was independent of the chlamydial plasmid. This finding
is significant in the following 3 respects. First, the fact that the
chlamydial plasmid is required for the induction of oviduct hy-
drosalpinx but not glandular duct dilation suggests that the plas-
mid may play a more important role in promoting C. muridarum
ascension from the uterus into the oviduct rather than from the
lower genital tract into the uterus. This is because both pathologies
require adequate numbers of live organisms to reach to the corre-
sponding tissue sites. Second, the plasmid-encoded factors may
contribute more significantly to tubal inflammation than the in-
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flammation in the uterine glandular ducts, which suggests that
uterine glandular duct dilation and hydrosalpinx may involve dif-
ferent host mechanisms. Third, the uterine/glandular dilation in-
dependence of plasmid may allow us to use this model to evaluate
the roles of virulence factors encoded in the chlamydial chromo-
some in chlamydial pathogenesis in the absence of interference
from the plasmid-encoded factors. Interestingly, although intra-
vaginal inoculation of human C. trachomatis in mice induced only
minimal pathologies in the upper genital tract, intrauterine inoc-
ulation of C. trachomatis induced very extensive uterine horn di-
lation (48). This observation is consistent with one of our findings,
that intrauterine infection can enhance the induction of uterine
horn/glandular duct dilation, and also suggests that the uterine
horn dilation model may be used to study C. trachomatis patho-
genesis in mice. More importantly, the ability of C. trachomatis
infection to induce robust uterine horn dilation in mice may sug-
gesta potential association of C. trachomatis infection with uterine
pathologies involving glandular duct dilation, such as adenomy-
osis in women.

To identify the host factors required for C. muridarum induc-
tion of uterine horn dilation, we compared 12 different strains of
inbred mice and found that B10.D2, C57BL/10J, and C57BL/6]
mice were most susceptible, followed by BALB/cJ, A/J, and CBA/]
mice. However, no significant uterine dilation was induced in the
remaining mice, including DBA1/J, DBA2/J, SJL/J, C3H/HeN,
C3H/HeJ, and NOD/ShiLt] mice. This susceptibility profile was
different from the susceptibility to hydrosalpinx induction, since
both C3H/HeJ and SJL/] mice were among the strains highly sus-
ceptible to developing hydrosalpinx upon chlamydial infection
(8). These comparisons and analyses have provided additional
evidence that uterine horn dilation is a unique disease distinct
from hydrosalpinx. When 10 different groups of mice, each with
deficiency in one gene involved in either the innate inflammatory
or adaptive immune response, were screened for C. muridarum
induction of uterine horn dilation, all the mice, regardless of gene
deficiency, developed significant uterine horn dilation following
intravaginal infection with C. muridarum, suggesting that either
additional host factors play more important roles or redundant
pathways are involved in C. muridarum induction of uterine horn
dilation. Thus, much more effort is still required to define host
factors participating in the C. muridarum induction of uterine
horn dilation in mice. More information on how C. muridarum
induces uterine horn dilation in mice should facilitate the inves-
tigation of the association of glandular dilation or adenomyosis
with C. trachomatis infection in women.
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