
Intrauterine Infection with Plasmid-Free Chlamydia muridarum
Reveals a Critical Role of the Plasmid in Chlamydial Ascension and
Establishes a Model for Evaluating Plasmid-Independent Pathogenicity

Jianlin Chen,a,b Zhangsheng Yang,a Xin Sun,a,b Lingli Tang,a,c Yiling Ding,b Min Xue,b Zhiguang Zhou,d Joel Baseman,a

Guangming Zhonga

Department of Microbiology & Immunology, University of Texas Health Science Center at San Antonio, San Antonio, Texas, USAa; Departments of Obstetrics and
Gynecology,b Laboratory Diagnosis,c and Endocrinology,d 2nd Xiangya Hospital, Central South University of China, Changsha, Hunan, China

Intravaginal infection with plasmid-competent but not plasmid-free Chlamydia muridarum induces hydrosalpinx in mouse
upper genital tract, indicating a critical role of the plasmid in chlamydial pathogenicity. To evaluate the contribution of the plas-
mid to chlamydial ascension and activation of tubal inflammation, we delivered plasmid-free C. muridarum directly into the
endometrium by intrauterine inoculation. We found that three of the six mouse strains tested, including CBA/J, C3H/HeJ, and
C57BL/6J, developed significant hydrosalpinges when 1 � 107 inclusion-forming units (IFU) of plasmid-free C. muridarum were
intrauterinally inoculated. Even when the inoculum was reduced to 1 � 104 IFU, the CBA/J mice still developed robust hydrosal-
pinx. The hydrosalpinx development in CBA/J mice correlated with increased organism ascension to the oviduct following the
intrauterine inoculation. The CBA/J mice intravaginally infected with the same plasmid-free C. muridarum strain displayed re-
duced ascending infection and failed to develop hydrosalpinx. These observations have demonstrated a critical role of the plas-
mid in chlamydial ascending infection. The intrauterine inoculation of the CBA/J mice with plasmid-free C. muridarum not
only resulted in more infection in the oviduct but also stimulated more inflammatory infiltration and cytokine production in the
oviduct than the intravaginal inoculation, suggesting that the oviduct inflammation can be induced by plasmid-independent
factors, which makes the hydrosalpinx induction in CBA/J mice by intrauterine infection with plasmid-free C. muridarum a
suitable model for investigating plasmid-independent pathogenic mechanisms.

Hydrosalpinx can be induced by lower genital tract (LGT) in-
fection with either Chlamydia trachomatis in women or Chla-

mydia muridarum in mice, leading to tubal factor infertility in
both women (1, 2) and mice (3, 4). Thus, intravaginal inoculation
of mice with C. muridarum has been used to study the mecha-
nisms of C. trachomatis pathogenesis and immunity (3, 5–7). We
recently optimized the C. muridarum mouse model by visually
detecting long-lasting hydrosalpinges 8 weeks after infection (8–
12). The C. muridarum murine model-based studies have led us to
hypothesize that both adequate ascension to and induction of the
appropriate inflammatory responses in the upper genital tract
(UGT) are necessary for hydrosalpinx development. However, the
virulence factors required for the C. muridarum pathogenicity
that lead to tissue inflammation and pathology have not been
identified.

C. trachomatis contains a highly conserved plasmid containing
8 open reading frames designated plasmid-encoded glycoprotein
1 to 8 (Pgp1 to -8, respectively) (13–16). This plasmid may play a
significant role in C. trachomatis pathogenesis since plasmid-free
C. trachomatis exhibited significantly reduced pathogenicity in oc-
ular tissues of primates (17) and genital tract tissues of mice (18).
These findings are consistent with a previous observation that
induction of hydrosalpinx in mice by intravaginal infection with
C. muridarum was plasmid dependent (19). We have recently con-
firmed the plasmid-dependent pathogenicity of C. muridarum in
multiple strains of mice (9). Although the plasmid is required for
overall chlamydial pathogenicity, it remains unclear whether the
plasmid contributes to the promotion of chlamydial ascending
infection, exacerbation of host inflammation in the oviduct, or
both. It has been shown that intrauterine inoculation of mice with

plasmid-competent C. muridarum can significantly enhance C.
muridarum pathogenicity because intrauterine inoculation can
bypass the cervical barrier and directly deliver C. muridarum or-
ganisms to the endometrial epithelia, leading to more efficient
chlamydial ascension to the oviduct (20). When 11 different
strains of mice were compared for their susceptibility to hydrosal-
pinx induction by intravaginal infection with plasmid-competent
C. muridarum (10), we showed that CBA/J and SJL/J mice were
highly susceptible and BALB/c, C57BL/6J, C57BL/10J, C3H/HeJ,
and C3H/HeN mice were moderately susceptible, while the re-
maining mice, including the NOD/ShiLtJ, DBA/1J, DBA/2J, and
A/J strains, were relatively resistant. Despite the diverse range of
mouse susceptibilities to hydrosalpinx induction by intravaginal
infection, higher incidence and more severe hydrosalpinges were
induced in most mice when the 11 strains were infected via intra-
uterine inoculation. Thus, intrauterine infection can consistently
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enhance C. muridarum pathogenicity. We hypothesized that in-
trauterine infection with plasmid-free C. muridarum may lead to
hydrosalpinx, especially in highly susceptible mouse strains, such
as CBA/J and SJL/J. Comparison of hydrosalpinx induction be-
tween intravaginal and intrauterine infections with plasmid-com-
petent C. muridarum has led us to demonstrate a critical role of
ascending infection in chlamydial pathogenicity (10). We hypoth-
esized that comparison of the upper genital tract pathology in-
duced by plasmid-free C. muridarum inoculated intravaginally
versus intrauterinally might allow us to determine the role of the
plasmid in ascending infection.

Although the plasmid-dependent virulence factors are critical
for chlamydial pathogenicity, plasmid-independent virulence fac-
tors may also play important roles in chlamydial pathogenesis. For
example, plasmid-free Chlamydia caviae GPIC was reported to be
as virulent as plasmid-competent GPIC (21). Mutations found in
the chromosome-carried genes of C. trachomatis (CT135) and C.
muridarum (TC0236) can enhance chlamydial infectivity inde-
pendently of the plasmid (22, 23). Thus, both plasmid-dependent
and -independent virulence factors can contribute to chlamydial
pathogenicity. However, the failure of plasmid-free C. muridarum
to induce hydrosalpinx when the organisms were delivered via
intravaginal infection has made it difficult to use the mouse model
for investigation of plasmid-independent pathogenicity. We hy-
pothesized that intrauterine infection of susceptible mice with
plasmid-free C. muridarum might lead to the induction of hydro-
salpinx, which may provide an appropriate model for studying the
pathogenic mechanisms of plasmid-free C. muridarum.

In the present study, we tested the above hypothesis by deliv-
ering plasmid-free C. muridarum cells directly into the upper gen-
ital tract of 6 different strains of mice by intrauterine inoculation.
Three strains, including CBA/J, C3H/HeJ, and C57BL/6J, devel-
oped significant hydrosalpinges at a high infection dose. When the
inoculum was reduced by 1,000-fold, CBA/J mice still developed
significant hydrosalpinx. These observations have not only dem-
onstrated a critical contribution of the plasmid to the chlamydial
ability to overcome cervical barriers for ascension to the upper
genital tract but also allowed us to use the intrauterine infection of
CBA/J mice with plasmid-free C. muridarum to investigate the
mechanisms of plasmid-independent pathogenicity.

MATERIALS AND METHODS
Chlamydia muridarum and mouse infection. The Chlamydia muri-
darum organisms were propagated and purified in HeLa 229 cells (human
cervical carcinoma epithelial cells; ATCC catalog no. CCL2), as described
previously (24). The wild-type plasmid-competent Chlamydia muri-
darum (CMwt) strain Nigg was acquired from Robert Brunham (25). The
plasmid-free C. muridarum CMUT3 strain was derived from the CMwt
strain and plaque purified as described previously (9, 26). The plasmid-
free C. muridarum CM972 strain was generously provided by C. M.
O’Connell (27). 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 different amounts of live organisms (as indicated
in individual experiments) following protocols described previously (10,
20, 28). The following 6 strains of mice used in the present study were
all purchased from Jackson Laboratories (Bar Harbor, ME): CBA/J (stock
no. 000656), C3H/HeJ (stock no. 000659), C57BL/6J SJL/J (stock no.
000686), DBA/2J (stock no. 000671), and A/J (stock no. 000646). Five
days prior to infection, each mouse was injected with 2.5 mg medroxy-
progesterone (Depo-Provera; Pharmacia Upjohn, Kalamazoo, MI) sub-
cutaneously to increase mouse susceptibility to infection. After infection,
mice were monitored for vaginal live organism shedding and sacrificed on

day 60 postinfection for observation of gross genital tract pathologies. In
parallel experiments, groups of mice were sacrificed on different days
postinfection for quantitation of live organisms recovered from different
segments of the genital tract.

For monitoring of live organism shedding from swab samples, vagi-
nal/cervical swabs were taken every 3 to 4 days for the first 2 weeks and
weekly thereafter until negative shedding was observed for 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 inclusion-form-
ing unit (IFU) per field, entire coverslips were counted. Coverslips show-
ing obvious cytotoxicity of HeLa cells were excluded. The total number of
IFU per swab was calculated based on the mean IFU per view, the number
of views per coverslip, the dilution factor, magnification, and inoculation
volumes. Where possible, a mean IFU-per-swab value was derived from
the serially diluted and duplicate samples for any given swab. The calcu-
lated total number of IFU per swab was converted into log10 and used to
calculate the mean and standard deviation (SD) value across mice of the
same group at each time point.

To monitor ascending infection, mice infected in parallel experiments
were sacrificed on day 14 after infection. Whole genital tracts were sterilely
harvested, and each tract was divided into three portions, including vagi-
na/cervix (VC), uterine/uterine horn (UH), and oviduct/ovary (OV). VC
was defined as the lower genital tract (LGT), while both UH and OV were
defined as the upper genital tract (UGT). Tissue segments were homoge-
nized in 0.2 ml cold SPG using a 2-ml tissue grinder (catalog no. K885300-
0002; Fisher Scientific, Pittsburg, PA). After brief sonication and centrif-
ugation at 3,000 rpm for 5 min to pellet large debris, the supernatants were
titrated for live C. muridarum organisms on HeLa cells as described above.
The results were expressed as log10 IFU per tissue segment.

Mouse genital tract pathology evaluation. Mice were sacrificed 60
days after infection to evaluate urogenital tract tissue pathology. Before
the genital tract tissues were removed from the mice, an in situ gross
examination was performed under a stereoscope (Olympus, Center Val-
ley, PA) for evidence of hydrosalpinx formation and any other gross ab-
normalities. 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 described pre-
viously (12). The presence of no oviduct dilation or swelling found by
stereoscope inspection was defined as “no hydrosalpinx” and assigned a
score of 0, hydrosalpinx only visible after amplification was given a score
of 1, hydrosalpinx clearly visible to the naked eye but smaller than the
ovary was given a score of 2, hydrosalpinx with a size similar to that of
ovary was given a score of 3, and hydrosalpinx larger than the ovary was
given a score of 4. Both the incidence and severity scores of oviduct hy-
drosalpinx were analyzed for statistical differences between groups of
mice.

For histological scoring and inflammatory cell counting, the excised
mouse genital tract tissues, after being photographed, were fixed in 10%
neutral formalin, embedded in paraffin, and serially sectioned longitudi-
nally at 5-�m widths. Efforts were made to include 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
elsewhere (3). The H&E-stained sections were scored for severity of in-
flammation and oviduct dilation based on the modified schemes estab-
lished previously (3, 29) by researchers who were blind to the mouse
group designations. Scores from both sides of the oviducts were added to
represent the oviduct pathology for a given mouse, and the individual
mouse scores were calculated into medians for each group.

Inflammatory cell infiltration was scored as follows for the oviduct
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tissue: 0, no significant infiltration; 1, infiltration at a single focus; 2,
infiltration at two to four foci; 3, infiltration at more than four foci; and 4,
confluent infiltration.

Dilatation was scored as follows for the oviduct lumen: 0, no signifi-
cant dilatation; 1, mild dilation of a single cross section; 2, one to three
dilated cross sections (with the largest diameter smaller than that of the
ovary on the same side); 3, more than three dilated cross sections (with the
largest diameter equal to that of the ovary on the same side); and 4, con-
fluent pronounced dilation (with the largest diameter larger than that of
the ovary on the same side).

Immunofluorescence assay. HeLa cells grown on coverslips were
fixed with 4% (wt/vol) paraformaldehyde (Sigma) dissolved in phos-
phate-buffered saline (PBS) for 30 min at room temperature, followed by
permeabilization with 2% (wt/vol) saponin (Sigma) for an additional 30
min. After washing and blocking, the cell samples were subjected to anti-
body and chemical staining. Hoechst 33342 (Sigma) was used to visualize
DNA. A rabbit anti-chlamydial organism antibody plus a goat anti-rabbit
IgG secondary antibody conjugated with Cy2 (green) (Jackson Immuno-
Research Laboratories, Inc., West Grove, PA) were used to visualize chla-
mydial organism-containing inclusions. Immunofluorescence images
were acquired using an Olympus AX-70 fluorescence microscope
equipped with multiple filter sets and Simple PCI imaging software
(Olympus) as described previously (24). The images were processed using
the Adobe Photoshop program (Adobe Systems, San Jose, CA). For titra-
tion of the live organisms recovered from a given sample, the mean num-
ber of inclusions per view was derived from counting five random views.
The total number of live organisms recovered from a given sample was
calculated based on the mean inclusions per view, number of views per
coverslip under a given magnification, dilution factor, and inoculum vol-
ume and expressed as log10 IFU per sample.

Multiplex array for profiling cytokines in oviduct tissue. Oviduct/
ovary tissues harvested from mice infected with C. muridarum were ho-
mogenized as described previously (20, 29). The homogenates were used
for simultaneous measurements of 32 mouse cytokines (23 of plex group
I [catalog no. M60-009RDPD] plus 9 of plex group II [catalog no. MD0-
00000EL]) using a multiplex bead array assay (Bio-Plex 200 system; all
from Bio-Rad, Hercules, CA) by following the manufacturer’s instruc-
tions. All cytokines are expressed in picograms per milliliter. The mean
concentrations from mice infected intravaginally or intrauterinally were
used for calculating the ratios, and the differences in cytokine concentra-
tions between the two groups of mice were analyzed using Student’s t test.

RESULTS
CBA/J mice are most susceptible to hydrosalpinx induction by
intrauterine infection with plasmid-free C. muridarum. The
failure of intravaginal infection with plasmid-free C. muridarum
to induce hydrosalpinx in mice (9, 19) makes it difficult to use the
murine model to study plasmid-independent pathogenicity. Since
intrauterine infection with plasmid-competent C. muridarum sig-
nificantly enhanced the chlamydial pathogenicity in mouse upper
genital tract (10, 20), we used an intrauterine route to infect 6
different strains of mice with plasmid-free C. muridarum and
monitored the mice for hydrosalpinx development (Fig. 1A). We
chose these 6 strains because each two strains represented one of
the three categories of mouse susceptibility to the induction of
hydrosalpinx by intravaginal infection with plasmid-competent
C. muridarum (10). CBA/J and SJL/J mice were the only two
strains found to be in the “highly susceptible” category. C3H/HeJ
and C57BL/6J were 2 of the 5 strains in the category “susceptible,”
while DBA2/J and A/J were 2 of the 4 strains in the category “re-
sistant.” We found that CBA/J, C3H/HeJ, and C57BL/6J mice all
developed significant hydrosalpinges when each mouse was in-
trauterinally inoculated with 1 � 107 IFU of the plasmid-free C.
muridarum CMUT3 organisms. However, when the inoculum

size was reduced to 2 �105 IFU, only CBA/J (but not C3H/Hej or
C57BL/6J) mice developed hydrosalpinx. Thus, CBA/J mice ap-
peared to be most susceptible to the pathogenic effects of plasmid-
free C. muridarum. This finding was somewhat surprising to us
since SJL/J mice were also highly susceptible to the induction of
hydrosalpinx by intravaginal infection with plasmid-competent
C. muridarum (10) but failed to respond to the intrauterine infec-
tion with plasmid-free C. muridarum. We further titrated the in-
fection doses required for hydrosalpinx induction in CBA/J mice

FIG 1 Oviduct gross pathology induced by plasmid-free C. muridarum. (A)
CBA/J (a and d), C3H/HeJ (b and e), C57BL/6J (c and f), SJL/J (g), DBA/2J (h),
and A/J (i) mice were infected intrauterinally with 1 � 107 (a to c and g to i) or
2 � 105 (d to f) IFU of plasmid-free C. muridarum CMUT3 and sacrificed 60
days after infection for observation of hydrosalpinx. A representative image
of the whole genital tract from each group is presented in the left columns, with
the vagina oriented on the left and the oviduct/ovary on the right. Images for
the areas covering the oviduct/ovary portions are amplified and shown to the
right of the corresponding whole genital tract images, with hydrosalpinx
indicated by red arrows and hydrosalpinx severity scores indicated by white
numbers. The sample size, hydrosalpinx incidence rates, and severity scores
(means � standard errors) from each group are listed under the correspond-
ing images. (B) CBA/J mice were infected intrauterinally with plasmid-free C.
muridarum CMUT3 at 1 � 104 (a), 2 � 105 (b), 1 � 106 (c), or 1 � 107 (d),
plasmid-free C. muridarum CM972 at 2 � 105 (e), or plasmid-competent C.
muridarum (CMwt) at 2 � 105 (f). These groups were also sacrificed 60 days
after infection for observation of hydrosalpinx. The images and data are pre-
sented in the same way as described in the legend to panel A.
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(Fig. 1B). We found that 100% of CBA/J mice developed signifi-
cant hydrosalpinx when the inoculum was either 1 � 106 or 2 �
105 IFU. Even an inoculum of 1 � 104 IFU induced 60% of CBA/J
mice to develop hydrosalpinx. We then compared the plasmid-
free CMUT3 strain generated in the authors’ laboratory with the
plasmid-free CM972 strain derived from a different laboratory
(27) for their abilities to induce hydrosalpinx in CBA/J mice. The
wild-type plasmid-competent C. muridarum strain was used as a
positive control. We found that intrauterine infection with either
the plasmid-free C. muridarum CMUT3 or CM972 organisms in-
duced significant hydrosalpinx with a severity score of around 3
and incidence rates of 80% or higher, while the plasmid-compe-
tent C. muridarum strain induced a severity score of �7 and a
100% incidence rate. The gross pathology was also confirmed un-
der microscopy (Fig. 2). Intrauterine but not intravaginal infec-
tion with the plasmid-free CMUT3 or CM972 organisms induced
significant oviduct lumenal dilation. As a control, the plasmid-
competent C. muridarum organisms induced severe oviduct dila-
tion regardless of the infection routes. These observations have
demonstrated that CBA/J mice are highly susceptible to hydrosal-

pinx induction via intrauterine infection with plasmid-free C. mu-
ridarum, which may be used for investigation of plasmid-inde-
pendent pathogenic mechanisms.

The ascension of plasmid-free C. muridarum to mouse ovi-
duct is enhanced by intrauterine inoculation. We first compared
the time courses of live organism shedding from the lower genital
tract between mice infected with C. muridarum with or without
plasmid either intravaginally or intrauterinally (Fig. 3). There was
no significant difference in shedding courses between intravaginally
and intrauterinally infected mice regardless of the organisms used.
This observation suggests that C. muridarum organisms main-
tained similar levels of infectivity in mouse lower genital tracts,
whether the initial infection site was in the lower genital tract
vagina/cervix mucosal epithelial cells or the upper genital tract
endometrial epithelial cells. We further compared the oviduct in-
fections of the plasmid-free CMUT3 organisms inoculated via ei-
ther the intravaginal or intrauterine route (Fig. 4). The numbers of
live organisms recovered from the oviduct but not the uterine/
uterine horn or vagina/cervix tissues were significantly higher in
the intrauterinally infected mice than in the intravaginally in-

FIG 2 Microscopic observation of oviduct dilation induced by plasmid-free C. muridarum. (A) The oviduct tissues of CBA/J mice infected intravaginally (i.vag.
[a to c]) or intrauterinally (d to f) with 2 � 105 IFU of plasmid-free C. muridarum CMUT3 (a and d) or CM972 (b and e) or plasmid-competent wild-type C.
muridarum (CMwt [c and f]) were harvested and subjected to H&E staining for microscopic evaluation of oviduct dilation. Representative images from each
group taken under a 4� objective lens are shown. Uterine horn (UH), oviduct, and ovary tissues are marked in white letters. Dilated oviducts are indicated with
white lines with arrowheads at both ends. The horizontal bar at the right bottom of each image represents a physical distance of 0.5 mm. (B) Severity of lumenal
dilation was scored as described in Materials and Methods and listed along the y axis. With intravaginal infection (i.vag.), open triangles represent CMUT3, open
squares represent CM972, and open diamonds represent the wild-type plasmid-competent C. muridarum strain, while with intrauterine infection, the corre-
sponding solid symbols were used. Note that both the plasmid-free CMUT3 and CM972 organisms induced significant oviduct dilation with intrauterine but not
intravaginal infection. *, P � 0.05; **, P � 0.01 (Wilcoxon rank sum test).
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fected mice. The increased oviduct infection correlated well with
the induction of hydrosalpinx by the intrauterine inoculation
with the plasmid-free C. muridarum in CBA/J mice. However,
when the levels of organism recovery from oviduct tissues were

compared between different strains of mice, no significant corre-
lation was found between the oviduct infection and hydrosalpinx
induction. As shown in Fig. 5, although the numbers of live plas-
mid-free C. muridarum organisms recovered from the oviducts of
CBA/J and C57BL/6J (highly susceptible or susceptible to hydro-
salpinx induction by plasmid-free organisms) appeared to be
higher than those recovered from the SJL/J and DBA2/J mice (re-
sistant to hydrosalpinx induction by plasmid-free organisms),
there was no significant difference. The biggest difference was be-
tween the CBA/J and SJL/J mice (P � 0.076, Mann-Whitney test).
Thus, besides ascending infection, mouse strain background
genes may also affect how mice respond to the oviduct infection,
leading to the varied outcomes in hydrosalpinx incidence and/or
severity among different mouse strains.

Oviduct inflammatory responses are enhanced by intrauter-
ine infection with plasmid-free C. muridarum. When the ovi-
duct tissues from CBA/J mice were evaluated for inflammatory
histopathology under microscopy, we found that the inflamma-
tory infiltration was significantly more severe in mice infected
intrauterinally with either the plasmid-free CMUT3 or CM972
strain (Fig. 6). We further compared the cytokine levels in the
CBA/J mouse oviduct tissue homogenates harvested on day 14
from mice infected with CMUT3 via either the intravaginal or
intrauterine route (Table 1). We found that 12 out of the 32 cyto-
kines measured were significantly higher in mice intrauterinally
infected with CMUT3. These 12 cytokines include proinflamma-
tory cytokines interleukin-1� (IL-1�) and IL-1	, Th1-promoting
cytokine IL-12, Th17 cytokine IL-17, chemokines KC (keratino-
cyte chemoattractant), monocyte chemoattractant protein 1
(MCP-1), macrophage inflammatory protein 1� (MIP-1�) and
-	, RANTES, MIG (monokine induced by IFN-
), leukemia in-
hibitory factor (LIF), and vascular endothelial growth factor
(VEGF). Although there was no significant difference for the re-
maining cytokines, most of them displayed higher levels in the
oviducts of mice infected intrauterinally. It is worth noting that
the concentrations of most cytokines detected from the oviducts

FIG 3 Live chlamydial organism shedding from mouse lower genital tract
following C. muridarum infection. CBA/J mice were infected intravaginally (a1
to c1 and a2 to c2) or intrauterinally (d1 to f1 and d2 to f2) with plasmid-free
C. muridarum CMUT3 (a1 and a2 and d1 and d2), plasmid-free CM972 (b1
and b2 and e1 and e2), or plasmid-competent wild type C. muridarum (CMwt
[c1 and c2 and f1 and f2]) as described in the Fig. 2 legend. On different days
after infection, as shown along the x axis, vaginal swabs were taken for titration
of live organisms on HeLa cell monolayers. The live organisms recovered from
swabs were expressed as log10 IFU along the y axis (a1 to c1 and d1 to f1). The
percentage of mice remaining positive for shedding live organisms at each time
point was plotted along the y axis (a2 to c2 and d2 to f2). Note that similar live
organism shedding courses were found in all mouse groups.

FIG 4 Live chlamydial organism recovery from genital tract tissues of CBA/J
mice following C. muridarum infection. CBA/J mice were infected intravagi-
nally (a and b) or intrauterinally (c and d) with plasmid-free C. muridarum
CMUT3 (a and c) or plasmid-competent C. muridarum (CMwt [b and d]) at
the dose of 2 � 105 IFU per mouse and sacrificed on day 14 after infection.
Vaginal swabs were taken prior to mouse sacrifice. The entire genital tract
tissue was harvested from each mouse and divided into the lower genital tract
vagina/cervix (VC) and the upper genital tract uterus/uterine horn (UH) and
oviduct/ovary (OV) sections as listed along the x axis. Each tissue section was
homogenized for titration of live C. muridarum organisms. Log10 IFU were
used to calculate mean and SD for each group as displayed along the y axis.
Note that the number of live organisms recovered from the oviduct of mice
infected intrauterinally with CMUT3 was significantly higher than that from
intravaginally infected mice. *, P � 0.056 (two-tailed Mann-Whitney test).

FIG 5 Live chlamydial organism recovery from genital tract tissues of 4 strains
of mice following C. muridarum infection. Each mouse was infected intrauteri-
nally with 1 � 107 IFU of plasmid-free C. muridarum CMUT3 (panels a for
CBA/J, b for C57BL/6J, c for SJL/J, and d for DBA/2J). Mice were sacrificed on
day 14 after infection to harvest the genital tract tissues, which were divided
into the lower genital tract vagina/cervix (VC) and the upper genital tract
uterus/uterine horn (UH) and oviduct/ovary (OV) sections, as listed along the
x axis. Each tissue section was homogenized for titration of live C. muridarum
organisms. Log10 IFU were used to calculate the mean and SD for each group
as displayed along the y axis. *, P � 0.075 (two-tailed Mann-Whitney test).
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of plasmid-competent C. muridarum-infected mice were signifi-
cantly higher than those from the plasmid-free C. muridarum-
infected mice, which is consistent with the general concept that
the plasmid-competent C. muridarum organisms are more effec-
tive in both ascending infection and stimulating tubal inflamma-
tion. Nevertheless, the fact that the plasmid-free C. muridarum
still stimulated significant cytokines in the oviduct tissues suggests
that plasmid-independent chlamydial factors are capable of acti-
vating inflammatory pathways in the oviduct, which makes the
CBA/J mouse model suitable for investigation of the chlamydial
plasmid-independent pathogenic mechanisms.

DISCUSSION

The Chlamydia-induced pathology in the upper genital tract fol-
lowing lower genital tract infection is dependent on both adequate
ascension of chlamydial organisms to the upper genital tract and
activation of the appropriate inflammatory responses in the ovi-
duct (8–11, 30). The chlamydial plasmid has been shown to be an
essential determinant for chlamydial pathogenicity (9, 19). Al-
though recent successes in transforming Chlamydia (26, 31–34)
have made it possible to map the plasmid-dependent virulence
factors, the relative contributions of the plasmid to the ascension
of chlamydial organisms and the activation of host inflammation
in the oviduct remain unclear. The data from the present study
together with previous observations have led us to conclude that
the plasmid plays a critical role in the ability of C. muridarum to

overcome the cervical barrier to reach the upper genital tract.
First, plasmid-competent C. muridarum induced hydrosalpinx
(10) (Fig. 1B and 2), while plasmid-free C. muridarum failed to do
so when inoculated intravaginally (9) (Fig. 2), demonstrating that
the plasmid is required for hydrosalpinx induction. Second, al-
though intravaginal infection with plasmid-free C. muridarum
failed to induce hydrosalpinx, intrauterine inoculation did cause
hydrosalpinx at least in some mouse strains (Fig. 1). Since the
intrauterine inoculation bypassed the cervical barrier and directly
delivered the chlamydial organisms into the upper genital tract,
the above observation indicated a critical role of the plasmid in
chlamydial ascension through the cervical barrier. Finally, the in-
trauterinally delivered plasmid-free C. muridarum strain was de-
tected in the oviduct in significant amounts (Fig. 4) and induced
significant levels of inflammatory cytokines in the oviduct (Fig. 6
and Table 1), suggesting that the plasmid-free C. muridarum or-
ganisms possess the ability to induce hydrosalpinx-causing in-
flammation in the oviduct as long as these plasmid-free organisms
are enabled to overcome the cervical barrier.

Our conclusion on a critical role of the chlamydial plasmid in
aiding chlamydial ascension does not necessarily suggest that the
plasmid does not play a role in activating tubal inflammation. On
the contrary, careful comparison between mice intrauterinally in-
fected with the plasmid-free C. muridarum strains and those in-
fected with plasmid-competent C. muridarum strain revealed an
important role of the plasmid in the induction of tubal inflamma-

FIG 6 Oviduct inflammatory infiltration induced by C. muridarum infection. (A) The oviduct tissues of CBA/J mice infected intravaginally (i.vag [a to c]) or
intrauterinally (d to f) with CMUT3 (a and d), CM972 (b and e), or CMwt (c and f) were harvested and subjected to H&E staining for microscopic evaluation of
inflammatory infiltration as described in the Fig. 2 legend. Representative images from each group taken under 10� (left [a to f]) and 100� (right [a1 to f1])
objective lenses, respectively, are shown. White rectangles in the 10� images indicate the same areas from which the right images were taken under a 100� lens.
(B) The severity of inflammatory infiltration was semiquantitatively scored as described in Materials and Methods and listed along the y axis. Open triangles
represent CMUT3, open squares represent CM972, and open diamonds represent plasmid-competent C. muridarum (CMwt), while with intrauterine infection,
the corresponding solid symbols were used. Note that both the plasmid-free CMUT3 and CM972 organisms induced significantly more inflammatory infiltration
when infected intrauterinally than intravaginally. *, P � 0.05; **, P � 0.01 (Wilcoxon rank sum test).
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tion. First, hydrosalpinx induced by plasmid-competent C. muri-
darum was significantly more severe than that induced by plas-
mid-free C. muridarum (Fig. 1B, panel f versus panels b and e).
Second, although the intrauterinally inoculated plasmid-free C.
muridarum strains induced significantly higher levels of inflam-
matory cytokines in the oviduct than the intravaginally inoculated
plasmid-free C. muridarum strains (Table 1), these cytokine levels
remained significantly lower than those induced by the plasmid-
competent C. muridarum strain (Table 1) (10, 30). Thus, the plas-
mid-dependent factors must play a significant role in activating
tubal inflammation. The chlamydial plasmid not only contains 8
open reading frames (13–16) but also regulates several dozen
genes in the chromosome (26, 32, 33, 35). The recent success in
transforming Chlamydia (26, 31-33, 36) should facilitate the iden-
tification of the plasmid-dependent virulence factors. Indeed, the
plasmid-encoded Pgp3, an immunodominant (37), trimeric (38,

39), and secretion (14) protein, has been shown to play a signifi-
cant role in C. trachomatis L2 infection of the mouse genital tract
(40) and C. muridarum induction of hydrosalpinx (41).

Screening of 11 strains of mice for their susceptibility to the
induction of hydrosalpinx by intravaginal and intrauterine infec-
tion with the plasmid-competent C. muridarum strain (10) has led
us to conclude that both the mouse’s ability to prevent ascending
infection/clear upper genital tract infection and the mouse’s re-
sponsiveness in terms of the types of inflammation in response
to the chlamydial infection in the oviduct may determine the
mouse’s susceptibility to hydrosalpinx induction. For example,
the DBA/2J mice prevented hydrosalpinx mainly by controlling
ascending infection since intrauterine infection converted this
strain from the “resistant” to the “highly susceptible” phenotype,
while the A/J mice blocked hydrosalpinx development by control-
ling the oviduct inflammation since even intrauterine infection

TABLE 1 Cytokines from oviduct homogenates harvested 14 days after intravaginal or intrauterine infection with C. muridarum with or without
plasmid

Cytokinea

Cytokine concn (pg/ml)b

Ratio of intrauterine
to intravaginalc P valued

Plasmid-competent C. muridarum,
intravaginal (n � 8)

Plasmid-free C. muridarum

Intravaginal (n � 5) Intrauterine (n � 5)

IL-1� 3,917.9 � 2,760.8 7.1 � 4.5 50.4 � 25.2 7.1 0.01
IL-1	 5,359.7 � 3,966.1 35.5 � 22.9 151.8 � 64.1 4.3 0.01
IL-2 12.9 � 10.8 0.9 � 1.4 0 0.16
IL-3 9.7 � 7.4 0.5 � 0.7 0.6 � 0.8 1.2 0.85
IL-4 30.4 � 21.1 1.8 � 2.2 2.1 � 1.8 1.2 0.82
IL-5 22.0 � 18.7 0 2.5 � 5.5 0.35
IL-6 201.5 � 155.4 0 0
IL-9 309.0 � 257.9 20.0 � 37.9 0 0.35
IL-10 57.4 � 28.0 14.1 � 8.2 22.9 � 6.5 1.6 0.1
IL-12(p40) 365.3 � 229.4 35.0 � 19.6 225.6 � 143.4 6.4 0.02
IL-12(p70) 271.9 � 179.0 1.5 � 3.4 2.8 � 4.0 1.9 0.59
IL-13 650.1 � 174.2 371.3 � 243.7 594.0 � 383.0 1.6 0.3
IL-17 250.4 � 179.0 6.0 � 3.6 14.4 � 2.7 2.4 <0.01
Eotaxin 910.6 � 609.6 944.1 � 904.6 620.4 � 850.7 0.7 0.58
G-CSF 6,016.4 � 6,218.6 115.8 � 66.7 18.7 � 82.0 1.6 0.2
GM-CSF 108.4 � 91.2 0 11.3 � 25.3 0.35
IFN-
 154.5 � 111.2 3.4 � 7.7 0 0.35
KC 790.7 � 633.3 2.9 � 4.3 21.9 � 15.3 7.5 0.03
MCP-1 4,401.2 � 3,033.3 136 � 88.6 942.7 � 674.8 6.9 0.03
MIP-1� 401.7 � 297.3 3.2 � 7.2 34.4 � 23.8 10.7 0.02
MIP-1	 220.7 � 138.2 28.4 � 16.4 53.6 � 10.8 1.9 0.02
RANTES 581.9 � 374.1 14.5 � 5.8 181.3 � 113.0 12.5 0.01
TNF-� 87.2 � 75.7 0 0
IL-15 404.0 � 297.4 60.9 � 32.0 57.8 � 32.2 0.9 0.88
IL-18 444.1 � 343.2 14.7 � 20.2 39.4 � 29.6 2.7 0.16
FGF-basic 2,343.1 � 651.0 1,422.7 � 932.3 1,304.6 � 391.8 0.9 0.8
LIF 140.6 � 103.4 2.7 � 3.1 10.4 � 3.9 3.9 0.01
M-CSF 259.4 � 164.0 30.8 � 18.3 101.8 � 117.4 3.3 0.22
MIG 149,151.1 � 102,714.6 644.7 � 327.5 13,791.8 � 13,080.8 21.4 0.05
MIP-2 3,961.5 � 4,127.7 1.7 � 1.3 31.6 � 38.8 18.2 0.12
PDGF-BB 0 120.2 � 268.8 0 0.35
VEGF 3,446.0 � 3,052.1 860.6 � 292.0 1,270.5 � 252.0 1.5 0.04
a Cytokines were from oviduct tissues of mice infected with C. muridarum. G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating
factor; TNF-�, tumor necrosis factor alpha; FGF-basic, basic fibroblast growth factor; PDGF-BB, platelet-derived growth factor with two B chains.
b Oviduct tissue homogenates were produced from CBA/J mice infected intravaginally with plasmid-competent C. muridarum (n � 8) or plasmid-free C. muridarum CMUT3 (n �
5) or intrauterinally with CMUT3 (n � 5) on day 14 after infection for simultaneous measurement of 32 cytokines using a multiplex bead array assay. The infection dose was 2 �
105 IFU per mouse. Cytokine concentrations are listed as means � standard deviations.
c The means from the two groups of mice were used to calculate the ratio of intrauterine to intravaginal.
d Student’s t test was used for comparison between the plasmid-free C. muridarum-infected groups. Note that concentrations of 12 of the 32 cytokines were significantly higher in
the oviducts of mice infected intrauterinally (P values highlighted in boldface).
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failed to induce hydrosalpinx in this strain. However, in the pres-
ent study, neither strain was induced to develop hydrosalpinx by
intrauterine infection with plasmid-free C. muridarum, suggest-
ing that these 2 strains either efficiently cleared the upper genital
tract infection with plasmid-free C. muridarum or, more impor-
tantly, failed to respond to the stimulation with plasmid-indepen-
dent virulence factors, although the DBA/2J mice were able to
develop hydrosalpinx-causing inflammation to the upper genital
tract infection with the plasmid-competent C. muridarum strains.
Thus, we conclude that a plasmid-dependent factor is required for
induction of hydrosalpinx in DBA/2J mice, while no C. muri-
darum factors coded in either the chromosome or plasmid can
induce hydrosalpinx in A/J mice. The C57BL/6J and C3H/HeJ
mice reduced hydrosalpinx by decreasing ascending infection
since intrauterine infection converted these mice from the “sus-
ceptible” to “highly susceptible” phenotype. However, these two
strains of mice only developed very low levels of hydrosalpinx with
a mean severity score of �2 when the dose of the intrauterine
infection with the plasmid-free C. muridarum strain was increased
to 1 � 107 IFU, suggesting that these two mouse strains were
relatively resistant but more responsive than the DBA/2J and A/J
mice to the oviduct stimulation by the plasmid-free C. muridarum
strain; The CBA/J and SJL/J mice developed maximal levels of
hydrosalpinx following an infection with plasmid-competent C.
muridarum regardless of the routes, suggesting that these two
strains were both inefficient at preventing ascending infection and
hyperresponsive to chlamydial stimulation in the oviduct. Sur-
prisingly, only the CBA/J mice maintained the high susceptibility,
while the SJL mice became highly resistant when these mice were
intrauterinally challenged with the plasmid-free organisms, sug-
gesting that the SJL/J mice are only responsive to plasmid-depen-
dent virulence factors, while CBA/J mice can respond to the plas-
mid-independent organisms or both. Another possibility is that
the SJL/J mice may be able to efficiently clear the upper genital
tract infection of the plasmid-free but not plasmid-competent or-
ganisms, while CBA/J mice may fail to clear either. This hypothesis
seemed to be supported by the finding that no significant live
plasmid-free organisms were recovered from the SJL/J mouse ovi-
ducts, while obvious live organisms were detected in the oviducts
of CBA/J mice following an intrauterine infection. Although the
difference was not significant, probably due to the small size, the
SJL/J mice obviously prevented or cleared the oviduct infection by
the intrauterinally inoculated plasmid-free C. muridarum, while
the CBA/J mice were more permissive to the plasmid-free C. mu-
ridarum infection in the oviduct, leading to the development of
hydrosalpinx.

It is interesting that intrauterine inoculation with plasmid-free
C. muridarum induced hydrosalpinx in CBA/J, C3H/HeJ, and
C57BL/6J mice, while intrabursal inoculation with the same plas-
mid-free C. muridarum organisms failed to do so in SJL/J, C3H/
HeJ, and BALB/c mice (9). The question is why the intrauterine
inoculation appears to be more efficient than intrabursal inocula-
tion in inducing hydrosalpinx. Three major possibilities are spec-
ulated below. The first possibility is a delivery efficiency issue.
Intrauterine injection directly delivers the chlamydial organisms
into the fresh sterile endometrial epithelia (without prior inflam-
mation), which maximizes the chance for the delivered chlamyd-
ial organisms to find epithelial cells for infection. However, in-
trabursal injection only delivers the organisms into the bursal area
surrounded by fatty tissues. This is the space between the tubal

fimbriae and ovary. The chlamydial organisms need to pass
through the fimbriae to enter the oviduct or move into the ovary
in order to find cells for infection. Not all injected organisms can
make the journeys in either direction. Thus, the net number of
organisms that can find epithelial cells for infection is much lower
than that delivered via intrauterine inoculation, even though the
same numbers of organisms are injected in both methods. In ad-
dition, our final readout is hydrosalpinx (but not fertility), which
requires the infection of oviduct cells, while the ovarian infection
may not significantly affect the development of hydrosalpinx, al-
though ovarian infection can cause infertility. Thus, when the
same numbers of organisms are injected via the two different
routes, intrauterine inoculation can maximize the chance for chla-
mydial organisms to infect host cells. After replication in the en-
dometrial epithelial cells, the progenies may invade tubal epithe-
lial cells and end up with higher numbers of organisms in the tube,
leading to more severe hydrosalpinx. The second possibility is a
local tissue environmental issue. The endometrial environment
may be less detrimental than the intrabursal/tubal area for chla-
mydial survival. The constitutively expressed immune effectors in
the tube may be able to inactivate live chlamydial organisms more
efficiently than those in the endometrial tissue. More importantly,
invasion of the tubal epithelial cells may represent a more severe
danger for the host than the invasion of the endometrial epithelial
cells. Thus, the host may mount more rapid and robust responses
to eliminate the infection during intrabursal infection. The net
result is less organism survival in the tube when the same number
of organisms is injected. In contrast, following an intrauterine
infection, more organisms are able to grow in the endometrial
epithelial cells and the progenies may enter into the tube with
higher numbers. The third possibility is the hypothesis that the
endometrial epithelia may have selected the chlamydial organisms
for adaptation to grow in the endometrial tissues and also allowed
the chlamydial organisms to optimize their gene expression for
invasion of tubal epithelial cells. During natural infection, after
the chlamydial organisms are introduced into the lower genital
tract, some can pass through the cervical barrier and replicate in
the endometrial tissues. The progenies produced in the endome-
trial epithelial cells can both enter the tubal epithelia and descend
back to the lower genital tract to spread to other individuals. This
person-to-person spreading may allow the descended chlamydial
organisms to accumulate mutations that favor their growth in the
endometrial tissues. However, the chlamydial organisms that have
replicated in the tubal epithelial cells may not be able to descend all
the way into the lower genital tract to pass to the next person. The
tubal infection may be a dead end for chlamydial infection. The
limited chance for the tubal progenies to reach to the lower genital
tract may be the reason why it is has been difficult to use the
vaginal shedding to predict tubal pathology. Evolutionally, there is
little chance for the chlamydial organisms produced in the tube to
accumulate mutations that favor their growth in the fallopian tube
or oviduct cells (because of lack of passage to the next person). As
a result, the oviduct epithelial cells may always be a “new environ-
ment” to the chlamydial organisms. As a result, chlamydial organ-
isms may have adapted to grow in the endometrial but not tubal
epithelial cells. As stated above, after endometrial replication,
more organisms may eventually end up in the tube, leading to
more severe tubal pathology. We are in the process of testing the
above hypotheses.

In the present study, we have demonstrated the contribution of
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plasmid-independent factors to C. muridarum induction of hy-
drosalpinx, which is consistent with our recent finding that corre-
lated mutations in chromosomal genes with C. muridarum atten-
uation in mice (42). In some cases, chromosomal gene mutations
can also lead to enhanced infectivity (22, 23). The observation that
plasmid-free C. caviae GPIC was as virulent as plasmid-competent
GPIC (21) suggests that the C. caviae species mainly depends on its
chromosome-encoded factors to exert its pathogenicity. Thus, in-
vestigation of both plasmid-dependent and -independent viru-
lence factors is required for full understanding of the chlamydial
pathogenic mechanisms. However, due to the fact that intravagi-
nal infection with plasmid-free C. muridarum often failed to in-
duce hydrosalpinx in mice (9, 19), even in the most susceptible
CBA/J mice (9, 10), it has been difficult to evaluate the plasmid-
independent virulence factors by using the murine model. In the
present study, we found that intrauterine infection with plasmid-
free C. muridarum induced significant hydrosalpinx in 3 of the 6
tested mouse strains. The CBA/J mice still developed robust hy-
drosalpinx even when the inoculum was reduced to 1 � 104 IFU.
Thus, we propose that intrauterine infection of CBA/J mice with
plasmid-free C. muridarum can be a suitable model for investigat-
ing the plasmid-independent pathogenesis.
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