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In Vivo and Ex Vivo Imaging Reveals a Long-Lasting Chlamydial
Infection in the Mouse Gastrointestinal Tract following Genital Tract
Inoculation
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Intravaginal infection with Chlamydia muridarum in mice can ascend to the upper genital tract, resulting in hydrosalpinx, a
pathological hallmark for tubal infertility in women infected with C. trachomatis. Here, we utilized in vivo imaging of C. muri-
darum infection in mice following an intravaginal inoculation and confirmed the rapid ascent of the chlamydial organisms from
the lower to upper genital tracts. Unexpectedly, the C. muridarum-derived signal was still detectable in the abdominal area 100
days after inoculation. Ex vivo imaging of the mouse organs revealed that the long-lasting presence of the chlamydial signal was
restricted to the gastrointestinal (GI) tract, which was validated by directly measuring the chlamydial live organisms and ge-
nomes in the same organs. The C. muridarum organisms spreading from the genital to the GI tracts were detected in different
mouse strains and appeared to be independent of oral or rectal routes. Mice prevented from orally taking up excretions also de-
veloped the long-lasting GI tract infection. Inoculation of C. muridarum directly into the upper genital tract, which resulted in a
delayed vaginal shedding of live organisms, accelerated the chlamydial spreading to the GI tract. Thus, we have demonstrated
that the genital tract chlamydial organisms may use a systemic route to spread to and establish a long-lasting infection in the GI

tract. The significance of the chlamydial spreading from the genital to GI tracts is discussed.

hlamydia muridarum has been extensively used for studying

the mechanisms of Chlamydia trachomatis pathogenesis and
immunity (1-4) because intravaginal infection of mice with the C.
muridarum organisms results in hydrosalpinges and infertility (1,
5). Itis now known that both adequate ascension of C. muridarum
to the upper genital tract and activation of an appropriate tubal
inflammatory response are necessary for C. muridarum induction
of hydrosalpinx (6-9). However, the precise pathogenic mecha-
nisms remain unknown.

It has been shown that C. muridarum organisms spread to ex-
tragenital tract organs, including the gastrointestinal (GI) tract
when examined within 14 days after inoculation (10, 11). The
spreading becomes more obvious in mice deficient in genes cod-
ing for important host defense molecules such as interleukin-12
(IL-12) (12), gamma interferon (IFN-v) (10, 13, 14), or the im-
munoglobulin mu chain (15). When the fate of C. muridarum
organisms was monitored in the corresponding organs/systems in
which the organisms were initially inoculated, the orally inocu-
lated C. muridarum organisms established a long-lasting infection
in the GI tract (lasting up to 260 days) while the intranasally,
conjunctivally, or intravaginally inoculated organisms were
cleared from the corresponding organs/systems within a month
(16). Interestingly, the long-lasting GI tract infection did not
cause any significant inflammatory pathology. Recently, Yeruva et
al. (17) reported that C. muridarum organisms introduced into
the mouse GI tract via an intragastric inoculation not only per-
sisted in the GI tract for more than 100 days but were also more
resistant to antibiotic treatment (17). These observations have led
to the hypothesis that long-lasting chlamydial infection in the GI
tract may serve as a reservoir for reinfecting the genital tract (18).
Consistent with this hypothesis are the findings that GI tract in-
fection with Chlamydia trachomatis has been detected not only in
men having sex with men (MSM) (19, 20) but also in women (21).
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These women may acquire the GI tract infection orally (22). The
oral transmission hypothesis is further supported by the observa-
tion that chlamydial DNA has been detected in pharyngeal sam-
ples (23). Chlamydia trachomatis antigens have been detected in
enteroendocrine cells and macrophages of the small bowel in pa-
tients with severe irritable bowel syndrome (24), although the
association of chlamydial infection in the GI tract with intestinal
inflammatory diseases remains unclear (25, 26). The high preva-
lence of C. trachomatis infection in the GI tract (21, 27, 28) has
prompted screening for chlamydial infection in both cervicovagi-
nal and rectal swabs from both sexually active men and women
(29, 30). Large-scale screenings of both cervicovaginal and rectal
swabs not only will provide information for treatment and fol-
low-up but may also aid in our understanding of the exact rela-
tionships between the vaginal and rectal C. trachomatis organisms
in humans. The frequent detection of Chlamydia abortus in mul-
tiple organs of large animals (31) indicates that the C. abortus
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organisms may also be able to spread systemically in large animals
just as the C. muridarum organisms do in mice.

The previous studies summarized above have shown that the
genital C. muridarum can spread to the rest of the body, including
the GI tract during the first few weeks of the infection (11-15), and
that the orally or intragastrically inoculated C. muridarum can
persist in the GI tract for long periods of time (16-18, 32). It
remains unknown whether the genital C. muridarum spreading to
the GI tract can also lead to the long-lasting infection in the GI
tract. Addressing this question will allow us to identify a signifi-
cant source of the long-lasting chlamydial infection in the GI tract,
which may lay a foundation for further understanding the roles of
the chlamydial GI tract infection in chlamydial pathogenicity.

To investigate chlamydial pathogenic mechanisms, we have
recently engineered a luciferase-expressing C. muridarum strain
(33). In cells infected with luciferase-expressing C. muridarum,
luciferase gene expression and enzymatic activity (measured as
bioluminescence intensity) correlated well with C. muridarum re-
ticulate body (RB) proliferation. Since C. muridarum mature ele-
mentary bodies (EBs) display minimal levels of bioluminescence
and the bioluminescence signals from the replicating RBs have a
short half-life, the bioluminescence signal can be used for moni-
toring active chlamydial replication. More importantly, following
an intravaginal inoculation with the luciferase-expressing C. mu-
ridarum, the bioluminescence signal is detected using an in vivo
whole-body imaging technology in the areas where the lower and
upper genital tracts are expected to be located. In the current
study, we engineered a new version of the luciferase-expressing C.
muridarum strain and used the same in vivo imaging technology
for monitoring the traffic of the luciferase-expressing C. muri-
darum in real time. We found a rapid ascending of C. muridarum
from the lower to the upper genital tracts following an intravaginal
inoculation, which is consistent with what we previously reported
(33). However, when we monitored the C. muridarum infection
beyond the usual 1-month period, we found significant biolumi-
nescent signal detectable in the mouse abdominal area for >100
days. Ex vivo imaging of the mouse organs revealed that the long-
lasting presence of C. muridarum was restricted to the GI tract
only. These imaging results were validated by directly measuring
the chlamydial live organisms and genomes in the same organs.
Thus, we have provided the first experimental evidence that the
genital tract chlamydial organisms can spread to and establish a
long-lasting infection in the GI tract. This observation warrants
further investigation of the significance of the genital tract chla-
mydial spreading to the GI tract.

MATERIALS AND METHODS

Chlamydial organism growth. Chlamydia muridarum strain Nigg organ-
isms (initially acquired from Robert C. Brunham’s lab at the University of
Manitoba in 1999) were propagated and purified in HeLa cells (human
cervical carcinoma epithelial cells, ATCC catalog number CCL2) as de-
scribed previously (34). The full-genome sequence of this C. muridarum
strain, designated Nigg3 or CMGO, is available under GenBank accession
number CP009760.1. A clone was isolated from the Nigg3 or CMGO stock
using a plaque assay (35), and the clone designated Nigg3G0.1.1 or G0.1.1
for short (36) was used in the current study. The full genome sequence of
Nigg3G0.1.1 is available under GenBank accession number CP009608.1.
The Nigg3 stock was also used to cure of plasmid and two plasmid-free
clones were established (designated Nigg3-CMUT3G5 or CMUT3G5 and
Nigg3-CMUT3G42.2.1 or CMUT3G42.2.1). The full genome sequence of
CMUT3GS5 is available under GenBank accession number CP006974.1,
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while sequencing of the genome of CMUT3G42.2.1 is under way. The
clone CMUT3G42.2.1 was previously used for transformation with a lu-
ciferase expression plasmid designated pGFP-luci-CM (33). For the cur-
rent study, the CMUT3GS5 clone was used for transformation with the
same pGFP-luci-CM plasmid (33) as described previously (37, 38). Thus,
the luciferase-expressing C. muridarum clone used in the current study
was designated Nigg3-CMUT3G5-pGFP-Luci or G5-pGFP-Luci for
short. The genome sequences of G0.1.1 and G5-pGFP-Luci are nearly
identical with the only exception in the gene coding for TC0412. The
GO0.1.1 clone carries an insertion of the nucleotide “T” after the 84th po-
sition, while the G5-pGFP-Luci has the same nucleotide insertion after the
435th position. Both resulted in downstream frame shifts and premature
determination codons in the gene coding for TC0412. Although different
mutations in this gene from C. trachomatis were found to affect the infec-
tivity of C. trachomatis in the mouse lower genital tract (39), mutations in
this gene were shown to have no significant effect on either the infectivity
or the pathogenicity of C. muridarum in the mouse genital tract (36). Both
the GO.1.1 and G5-pGFP-Luci C. muridarum organisms were propagated
in HeLa cells and purified as elementary bodies as mentioned above. Ali-
quots of the purified EBs were stored at —80°C until use.

Mouse infection. Purified C. muridarum EBs (clone G0.1.1 or G5-
pGFP-Luci) were used to infect 6- to 7-week-old female mice (Jackson
Laboratories, Inc., Bar Harbor, ME) intravaginally, intrauterinally, or in-
trabursally with 2 X 10® inclusion-forming units (IFUs) as described pre-
viously (8, 9). The following three mouse strains were used in the current
study: CBA/J (Jackson Laboratories stock number 000656), C57BL/6]
(stock number 000664), and C3H/HeJ (stock number 000659). Five days
prior to infection, each mouse was injected with 2.5 mg medroxyproges-
terone (Depo-Provera; Pharmacia Upjohn, Kalamazoo, MI) subcutane-
ously to increase mouse susceptibility to infection. For some experiments,
mice were fitted with 3-cm-diameter Elizabethan collars (Kent Scientific,
Torrington, CT) to prevent autoinoculation with genital or rectal secre-
tion. The presence of the collar on the mice’s necks was monitored daily,
and mice that lost their collar were immediately excluded from the exper-
iment. After infection, mice were subjected to in vivo imaging, monitored
for vaginal and rectal live-organism shedding, and sacrificed on different
days postinfection for ex vivo imaging and quantitating C. muridarum live
organisms or genome copies in different organs or tissue.

All animal experiments were carried out in accordance with the rec-
ommendations in the Guide for the Care and Use of Laboratory Animals
(56). The protocol was approved by the Committee on the Ethics of Lab-
oratory Animal Experiments of The University of Texas Health Science
Center at San Antonio.

In vivo and ex vivo imaging. Mice infected with the luciferase-ex-
pressing C. muridarum clone G5-pGFP-Luci were imaged using the
Xenogen IVIS imaging system (PerkinElmer, Hopkinton, MA) on differ-
ent days after infection. Prior to imaging, 500 pl of p-luciferin (40 mg/ml
in sterile phosphate-buffered saline [PBS]) was intraperitoneally injected
into each mouse. Twenty-five minutes after the injection, mice were anes-
thetized with 2% isoflurane. Bioluminescence images of the whole mouse
bodies were captured as descried previously (33). Immediately after the
whole-body imaging, mice were sacrificed by using an overdose of isoflu-
rane followed by cervical dislocation. The mouse organs were taken out
and placed in 100-mm petri dishes for ex vivo imaging. The intensity of
bioluminescence was analyzed by using Living Image software from
PerkinElmer.

Titrating live chlamydial organisms recovered from swabs and tis-
sue homogenates. For monitoring live-organism shedding from swab
samples, cervicovaginal and anorectal swabs were taken every 3 to 4 days
for the first week and weekly thereafter. To quantitate live chlamydial
organisms, each swab was soaked in 0.5 ml of sucrose-phosphate-glu-
tamic acid (SPG) and vortexed with glass beads, and the chlamydial
organisms released into the supernatants were titrated on HeLa cell
monolayers in duplicate. The infected cultures were processed for immu-
nofluorescence assay as described below. Inclusions were counted in five
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random fields per coverslip under a fluorescence microscope. For cover-
slips with less than one IFU per field, entire coverslips were counted.
Coverslips showing obvious cytotoxicity of HeLa cells were excluded. The
total number of IFUs per swab was calculated based on the mean IFUs per
view, the ratio of the view area to that of the well, the dilution factor, and
inoculation volumes. When possible, a mean IFU/swab was derived from
the serially diluted and duplicate samples for any given swab. The total
number of IFUs/swab was converted into log,, and used to calculate the
mean and standard deviation for mice of the same group at each time
point.

For quantitating live organisms from mouse organs and tissue seg-
ments, immediately after ex vivo imaging, each organ or tissue segment
was transferred to a tube containing 0.5 ml SPG. Each genital tract was cut
into 5 segments/portions, including vagina/cervix (CV), left uterine horn
(L-uh), right uterine horn (R-uh), left oviduct/ovary (L-ov), and right
oviduct/ovary (R-ov). Each GI tract was divided into 5 segments, includ-
ing stomach, small intestine (SI), cecum, colon, and anorectum (rectum).
The organs and tissue segments were homogenized in cold SPG using a
2-ml tissue grinder (catalog number K885300-0002; Fisher Scientific,
Pittsburgh, PA) or an automatic homogenizer (Omni Tissue Homoge-
nizer, TH115; Omni International, Kennesaw, GA). The homogenates
were further briefly sonicated and spun at 3,000 rpm for 5 min to pellet the
remaining large debris. The supernatants were titrated for live C. muri-
darum organisms on HeLa cells as described above. The results were ex-
pressed as log,, [FUs per organ or tissue segment.

The immunofluorescence assays used for titrating live organisms were
carried out as described previously (8, 36, 40). For titrating the live organ-
isms recovered from a given sample, the mean number of inclusions per
view was derived from counting five random views. The total number of
live organisms in a given sample was calculated based on the mean inclu-
sions per view, the ratio of the view area to that of the well, the dilution
factor, and the inoculum volume and expressed as log,, IFUs per sample.

Titrating the number of C. muridarum genomes in the mouse sam-
ples using qPCR. To quantitate the genome copies of C. muridarum, a
portion of each tissue homogenate was transferred to the lysis buffer pro-
vided with Quick-gDNA miniPrep kit (catalog number 11-317C; Genesee
Scientific, San Diego, CA) and subjected to DNA extraction according to
the manufacturer’s instructions. Each DNA preparation was eluted in
100 pl elution buffer, and 2 pl was used for quantitative PCR (qPCR).
The following primers derived from the Chlamydia 16S rRNA coding
region were used: forward primer (5'-CGCCTGAGGAGTACACTCGC-
3AGGA), reverse primer (5'-CCAACACCTCACGGCACGAG-3'), and
double-quenched probe (5'-CACAAGCAGTGGAGCATGTGGTTTAA-
3") (Integrated DNA Technologies, Coralville, IA). PCR was carried out in
a total volume of 10 pl in a CFX96 Touch Deep Well Real-Time PCR
detection system with iQ Supermix real-time PCR reagent (Bio-Rad, Her-
cules, CA). Genome copy numbers for a given sample in triplicate were
calculated based on a standard plasmid DNA prep in the corresponding
samples. The qPCR conditions included an initial denaturation step at
95°C for 3 min, followed by 40 cycles of amplification at 95°C for 15 s and
60°C for 1 min.

Statistical analyses. Quantitative data, including the number of live
organisms (IFUs) and genome copies, were analyzed using the Kruskal-
Wallis test. Qualitative data, including incidence rates, were analyzed us-
ing Fisher’s exact test. Semiquantitative data were analyzed using the Wil-
coxon rank sum test.

RESULTS

Intravaginal inoculation with C. muridarum leads to a long-
lasting infection in the GI tract of CBA/J mice. We used a whole-
body in vivo imaging technology for monitoring the distribution
of the luciferase-expressing C. muridarum organisms in CBA/J
mice following an intravaginal inoculation (Fig. 1). The lucifer-
ase-generated bioluminescence signal was detected as early as day
3 after the intravaginal inoculation, and the signal ascended to the
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FIG 1 In vivo imaging of mice intravaginally infected with a C. muridarum
strain that expresses a luciferase gene. CBA/J mice (n = 5) were intravaginally
infected with luciferase-expressing C. muridarum. (A) On different days after
infection as indicated at the top, a whole-body in vivo imaging technology was
used to detect the luciferase-generated bioluminescence signals as displayed in
red/green/blue colors (in the order of decreasing intensity, subpanels a to f).
The mouse pelvic/abdominal areas marked with red squares were enlarged and
are shown in subpanels al to {1 beneath the corresponding whole-mouse body
images. Images taken from 1 of the 5 mice were shown. All mice displayed
similar distribution patterns of the bioluminescence signals, which remained
detectable in all 5 mice on day 100. Note that the bioluminescence signal was
detected as early as day 3 in the vagina/cervix area after the intravaginal inoc-
ulation and the signal ascended to the lower abdominal area by day 7 and
persisted there for >100 days. (B) The cervicovaginal swabs were taken from
the same mice on different days after the intravaginal inoculation (as indicated
along the x axis at the bottom of the figure) for titrating live organisms (dis-
played along the y axis in log; , scale). Note that live organisms were recovered
as early as day 3 and maintained significantly high levels up to day 28. How-
ever, by day 35, most mice were cleared of genital tract infection.

lower abdominal area by day 7 in most mice. However, the signal
persisted in the abdominal area 100 days after the inoculation,
while the same mice cleared infection from the lower genital tract
by day 35. We then used an ex vivo imaging for identifying the
source organs of the bioluminescence signals (Fig. 2). The or-
gans, including lungs, heart, spleen, liver, stomach-small intes-
tine-large intestine-anorectum (gastrointestinal [GI] tract),
kidneys, and ovary-oviduct-uterine horns-uterine-cervix-va-
gina (genital tract), from each mouse were arrayed in a petri dish
for the ex vivo imaging. The bioluminescence signal was detected
in both the lower (day 3) and upper (days 7 and 28) genital tract
tissues during the first 4 weeks after the intravaginal inoculation.
However, starting on day 28, most signals were localized to the GI
tract tissues, including the rectum, cecum, colon, and stomach.
The signals remained exclusively in the GI tract as time pro-
gressed. Since the bioluminescence signal correlates with active
replication of chlamydial organisms (33), these findings suggest
that C. muridarum spreads from the genital to the GI tracts and
establishes a long-lasting infection in the GI tract.

The above-described imaging observations were further vali-
dated by detecting the C. muridarum organisms in the same
mouse organs (Fig. 3). The homogenates of different segments of
the genital and GI tracts as well as kidney, liver, spleen, heart, and
lung from each mouse were carefully titrated for chlamydial live
organisms and genomes. Both C. muridarum live organisms and
genomes were detected in all organs on day 7 after intravaginal
infection. By day 28, live organisms were no longer detectable in
the lung, heart, or spleen tissues but displayed high titers in the
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FIG 2 Ex vivo imaging of organs from mice intravaginally infected with luciferase-expressing C. muridarum. CBA/] mice were intravaginally infected with
luciferase-expressing C. muridarum organisms, and on different days after infection as indicated at the top, a whole-body in vivo imaging was taken (a to f) as
described in Fig. 1 legend. At the same time, a group of 4 or 5 mice were sacrificed at each time point for harvesting the internal organs, including lungs, heart,
spleen, liver, stomach-small intestine-cecum-large intestine-anorectum (gastrointestinal tract, or GI), kidneys, and ovary-oviduct-uterine horns-uterine-cervix-
vagina (genital tract). Organs from the same mouse were arrayed in a petri dish as shown in panels al to fl. Ex vivo imaging was immediately taken to acquire
bioluminescence images as shown in panels a2 to f2. Areas marked with red (genital tract) or blue (GI tract) squares were enlarged and are presented in panels
a3ato f3a or a3b to £3b, respectively. Blue arrows point to cecum or colon, green arrows to stomach, and pink arrows to anorectum. At each time point, only one
representative mouse-derived in vivo whole-body image and one ex vivo imaging of the organs from the same mouse are shown. Similar distribution patterns of
the bioluminescence signals were found among all mice sacrificed at each time point. Note that although the bioluminescence signals were detectable only in the
genital tract within the first 28 days after the intravaginal inoculation, the signals continued to be detected in the GI tract (and only in the GI tract) at the other

time points.

genital and GI tract tissues. However, by day 56, live organisms
were detected only in the GI tract tissues. Although chlamydial
genomes were still detectable in the genital tract tissues, these ge-
nomes did not represent viable organisms. By day 70, chlamydial
genomes were no longer detectable in the genital tract tissues.
However, significant levels of both chlamydial live organisms and
genomes were detected in the GI tract at all times. These titration
results have largely confirmed the observations obtained with the
imaging technology. Thus, we can conclude that the genital C.
muridarum can establish a long-lasting infection exclusively in the
GI tract. A closer examination of the GI tract chlamydial organ-
ism/genome recovery (Fig. 3) and ex vivo imaging (Fig. 2) seemed
to reveal a discrepancy between the stomach and lower GI tract.
Our organism/genome recovery data were consistent with what
Yeruva et al. reported, i.e., that the lower GI tract, primarily the
cecum/colon, was the major source of the GI tract chlamydial
organisms (17, 32). However, the ex vivo imaging revealed
dominant signals in the stomach but minimal signals in the
lower GI tract (Fig. 2). This discrepancy was likely caused by
the different accessibilities of the C. muridarum-expressed lu-
ciferase by the intraperitoneally delivered substrate p-luciferin.
We speculate that D-luciferin may access the luciferase ex-
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pressed by chlamydial organisms in the stomach much more
easily than that expressed in the lower GI tract due to anatomic
differences between the upper and lower GI tracts. For exam-
ple, the submucosal blood vessels in the stomach may be more
extensive and closer to the epithelial cells than those in the
lower GI tract, which may promote the access of b-luciferin to
Chlamydia-expressed luciferase.

The genital C. muridarum spreading to establish a long-last-
ing infection in the GI tract is independent of mouse strain
backgrounds. Having observed the genital-to-GI tract spreading
by C. muridarum in CBA/J mice, we further tested whether the
spreading also occurred in other mouse strains. We used the same
imaging technology and chlamydial organism detection from the
tissue homogenates for monitoring the in vivo distribution of the
luciferase-expressing C. muridarum in C57BL/6] mice (Fig. 4).
The whole-body in vivo imaging identified the luciferase-gener-
ated bioluminescence signal in the abdominal area on days 28, 70,
and 100 after intravaginal inoculation. Further ex vivo imaging of
the mouse organs revealed the bioluminescence signal in both
genital and GI tracts on day 28 but only in the GI tract on days 70
and 100. These observations were validated by titrating both C.
muridarum live organisms and genomes from the same organs.
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FIG 3 Recovery oflive C. muridarum organisms and genomes from organs of
mice intravaginally infected with luciferase-expressing C. muridarum. CBA/J
mice were intravaginally infected with luciferase-expressing C. muridarum or-
ganisms, and on different days after infection as indicated in the corresponding
panels, a group of 4 or 5 mice were sacrificed at each time point for harvesting
organs as described in the Fig. 2 legend. The same organs after ex vivo imaging
(Fig. 2 legend) were subjected to tissue homogenization in 0.5 ml SPG buffer.
The homogenates from vagina-cervix (CV), right uterine horn (R-uh), left
uterine horn (L-uh), right ovary and oviduct (R-ova), left ovary and oviduct
(L-ova), kidney, rectum, cecum, colon, small intestine (SI), stomach, liver,
spleen, heart, and lung (listed along the x axis at the bottom of the figure) were
titrated for both chlamydial live organisms (a to f) and genome copies (al to
f1). The titers were expressed as total number per organ/tissue (log,,) and are
displayed along the corresponding y axis (left for IFUs and right for genome
copies). Organs/tissues belonging to the genital and gastrointestinal tracts
were marked with “Genital” and “GI,” respectively. Note that both live organ-
isms and genomes were detected in all organs on day 7 after intravaginal in-
fection. By day 28, live organisms were no longer detectable in lung, heart, or
spleen. By day 56, live organisms were detected only in the GI tract tissues from
stomach to rectum, and by day 70, live organisms were restricted primarily to
colon, cecum, and rectum. The detection of chlamydial genomes was more
sensitive and remained positive in the entire GI tract tissues by day 100.

The live organisms were detected in both the genital and GI tracts
on day 28 but were restricted to the GI tract by days 70 and 100.
The C. muridarum genome detection was more sensitive, with a
positive detection in all organs on day 28. However, the chlamyd-
ial genomes were detectable only in the GI tract by days 70 and 100
after the intravaginal inoculation.

The total number of IFUs recovered from all GI tract segments
from a given mouse correlated well with the number of IFUs re-
covered from the anorectal swab from the same mouse (Fig. 5).
This analysis suggests that the GI tract infection with C. muri-
darum can be monitored by detecting the chlamydial live organ-
isms in the rectal swabs. We then compared the live-organism
recoveries from both vaginal and rectal swabs in three mouse
strains, including CBA/J, C57BL/6], and C3H/He] (Fig. 6). By day
35 after intravaginal infection, most mice cleared infection in the
lower genital tracts regardless of their strain backgrounds. How-
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ever, significant levels of live organisms were detected in the rectal
swabs of all mouse strains throughout the observation period.
These findings have demonstrated that the intravaginally inocu-
lated C. muridarum organisms persist in the mouse GI tract for
long periods of time regardless of the mouse strain.

The C. muridarum spreading from the genital to GI tracts is
independent of oral or rectal routes. The C. muridarum genomes
were detected in multiple organs during the first 4 weeks (Fig. 3
and 4), and the live infectious organisms were seen in all the or-
gans examined during the first 2 weeks after intravaginal infection
(Fig. 3), which is consistent with what was previously reported by
Cotter et al. (10) and Perry et al. (11). These observations demon-
strated that C. muridarum organisms spread systemically after in-
travaginal inoculation. However, it remains unknown whether
the systemic spreading is responsible for the C. muridarum organ-
ism trafficking to the GI tract. This is because following an intra-
vaginal inoculation, live C. muridarum organisms can be shed to
the vagina and eventually excreted. The live-organism-containing
excretions can be taken into the GI tract by mice either orally or via
anorectal contact. To exclude these possibilities, mice wearing
Elizabethan collars and singly housed in the netted cage were
monitored for genital and GI tract infections following an intra-
vaginal inoculation (Fig. 7). Despite the physical restraining of
mice from picking up excretions, all mice still developed long-
lasting infection in the GI tract, suggesting that oral uptake is not
required for the genital chlamydial organisms to spread to the GI
tract. However, the above-described experiment cannot exclude
the possibility of cross-contamination between the vaginal and
rectal areas, which might also contribute to the observed GI tract
spreading. We then further compared the C. muridarum spread-
ing to the GI tract following intravaginal versus intrabursal inoc-
ulations. We previously showed that after intrabursal inoculation,
there was a delay in live organisms descending to the vagina and
being excreted out of the mouse body (8, 38). We expected a
significant delay of the spreading of the intrabursally inoculated
organisms to the GI tract if oral uptake or anorectal contact of the
excreted live organisms was required for the chlamydial spread-
ing. As shown in Fig. 8, the luciferase-generated bioluminescence
signal was detected in the vagina/cervix area on day 3 following the
intravaginal inoculation. However, the signal from the in-
trabursally inoculated organisms was restricted to only the left
abdominal area, where the initial intrabursal injection was per-
formed, on both day 3 and day 7 after the intrabursal injection,
indicating that the intrabursally inoculated organisms failed to
reach the lower genital tract area for excretion at these time points.
Only when the infections progressed did the signal expand in the
abdominal area and to the lower genital tract area. Mice were
simultaneously monitored for the live-organism shedding by both
vaginal and rectal swabs (Fig. 9). Mice intravaginally infected with
C. muridarum developed positive shedding in the vaginal swab on
day 3 and in the rectal swab only on day 10 after infection. How-
ever, mice intrabursally inoculated with C. muridarum showed no
live organism shedding in the vaginal swabs on either day 3 or day
7 after the inoculation, which is consistent with the above-de-
scribed in vivo imaging result (showing that no bioluminescence
signal was detected in the lower genital tract area). Interestingly,
the intrabursally inoculated mice showed live organisms in the
rectal swabs taken on day 7, suggesting that the intrabursally in-
oculated C. muridarum organisms successfully spread to the GI
tract by day 7, when no live organisms were present in the vagina.
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FIG 4 Monitoring the luciferase-expressing C. muridarum infection in C57BL/6] mice. Groups of female C57BL/6] mice were intravaginally infected with
luciferase-expressing C. muridarum. On different days after infection as indicated on the left, the whole-body imaging for bioluminescence intensity was taken
as described in Fig. 1 legend (a to ¢; only one representative image is shown). A group of 3 or 4 mice were sacrificed at each time point for harvesting the internal
organs for ex vivo imaging as described in Fig. 2 legend (al to c1). Areas marked with red or blue squares were enlarged and are presented in panels ala to cla
(covering the genital tract) or alb to c1b (GI tract tissues). Blue arrows point to cecum or colon, green arrows to stomach, and greenish blue arrows to small
intestines. At each time point, only one representative mouse-derived in vivo whole-body image and one ex vivo imaging of the organs (from the same mouse)
are shown. After ex vivo imaging, the same organs were subjected to tissue homogenization as described in Fig. 3 legend. The homogenates from vagina-cervix
(CV), right uterine horn (R-uh), left uterine horn (L-uh), right ovary and oviduct (R-ov), left ovary and oviduct (L-ov), kidney, rectum, cecum, colon, small
intestine (SI), stomach, liver, spleen, heart, and lung as listed along the x axis at the bottom were titrated for both chlamydial live organisms (a2 to ¢2) and genome
copies (a3 to c3). The results were expressed in total number per organ/tissue (log,,) and are displayed along the corresponding y axis. Organs/tissues belonging
to the genital and gastrointestinal tracts were marked with “Genital” and “GI,” respectively. Note that by day 28, live organisms were detected mainly in the genital

and GI tracts but only in the GI tract by day 56 and thereafter.

These observations together suggest that the intrabursally inocu-
lated organisms spread to the GI tract via a route independent of
either oral uptake or anorectal contact. This is because the in-
trabursally inoculated organisms did not have access to the out-
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FIG 5 Recovery oflive C. muridarum organisms from anorectal swabs for mon-
itoring chlamydial infection in mouse gastrointestinal tract. CBA/J or C57BL/6]
mice intravaginally infected with the luciferase-expressing C. muridarum as de-
scribed in the legends of Fig. 1 and 4 were swabbed from the anorectum on
different days after infection as listed along the x axis at the bottom of the
figure. The anorectal swabs were assessed for live C. muridarum organisms,
expressed as log,, IFUs per swab, shown along the y axis for CBA/1] (a) and
C57BL/6] (c) mice. Since groups of mice were sacrificed on different days for
making tissue homogenates (see legends of Fig. 3 and 4), the number of mice
swabbed from each time point varied from 4 to 31. The number of C. muri-
darum live organisms recovered from the GI tract tissues harvested at each time
was calculated as log,, means and standard deviations and plotted along the same
infection course as the swab samples (panels b for CBA/] and d for C57BL/6]). Itis
clear that the numbers of live organisms detected in the anorectal swabs paralleled
with those detected in the GI tract tissue homogenates at the corresponding time
points, suggesting that the live-organism recovery from the anorectal swabs can be
used for monitoring the GI tract infection.
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side of any mouse housed in the same cage on day 7, which made
it impossible for the mice to acquire live organisms into their GI
tracts via either oral uptake or anorectal contact. In both groups of
mice, the continued presence of live organisms in the rectal swabs
long after the organisms were cleared from the vaginal swabs in-
dicates that C. muridarum organisms established long-lasting in-
fections in the GI tracts regardless of how the organisms were
delivered to the genital tract.

DISCUSSION

In the current study, the in vivo whole-body imaging of the lu-
ciferase-expressing C. muridarum infection in mice following a
genital tract inoculation has led us to discover that a long-lasting
GI tract infection with C. muridarum can be caused by the genital
tract-derived chlamydial organisms. This discovery is significant,
since it has confirmed the long-observed chlamydial ability to
achieve long-term residence in the GI tract and more importantly
provided an explanation for the source of the GI tract Chlamydia.
Since the mouse chlamydial species C. muridarum can spread
from the genital to the GI tracts in female mice, we can now ask
whether the human chlamydial species C. trachomatis spreads
from the urogenital tract to the GI tract in women. The same logic
has been applied for correlating mouse model findings with hu-
man chlamydial infection characteristics. For example, the obser-
vations that oral or intragastric inoculation caused long-lasting C.
muridarum infection in the mouse GI tract (11, 16-18, 22, 32)
have been used to support the proposal that women may acquire
GI tract C. trachomatis infection via oral intercourse (22). While
C. trachomatis organisms can be introduced into the GI tract of a
woman via oral intercourse, we should not fix our attention on the
sexual behavior pathway only. Women may acquire chlamydial

iai.asm.org 3573


http://iai.asm.org

Zhang et al.

CBA/J C57BL/6J

C3H/HeJ

Vaginal swab
o

-6
-4
-2
-0
- 100
- 80
- 60
-40
-20

per swab

% of mice with Log 10 IFU
+ve IFUs

~6
~4
-2
—0

per swab

Rectal swab

N
ilihiLi
/

— 100
— 80
~ 60
— 40
—20

+ve IFUs

% of mice with Log 10 IFU

3 7142128354249 566370 3 7 14 2128 3542 49 56 63 70

3' 7'14'21'2873542'49'56 63 70

Days after intravaginal infection

FIG 6 Comparison of live C. muridarum organism recoveries from genital versus GI tracts of three different strains of mice intravaginally infected with C.
muridarum. CBA/J, C57BL/6], and C3H/HeJ mice (n = 3 to 5 for each strain) were intravaginally infected with the C. muridarum organisms (clone Nigg3G0.1.1),
and both cervicovaginal and anorectal swabs were taken on different days after infection as listed along the x axis at the bottom of the figure. The number of live
organisms recovered from the swabs was expressed as log,, IFUs (panels a, e, i, ¢, g, and k), and the number of mice with positive live-organism shedding (+ve)
was expressed as a percentage (b, f, j, d, h, and 1) as displayed along the y axis. Note that although live organisms were no longer detectable in the vaginal swabs
of most mice 5 weeks after infection, significant levels of live organisms remained in the rectal swabs of most mice for >70 days after infection.

infection in the GI tract via multiple pathways. For example, a
positive diagnosis for C. trachomatis in rectal swabs has been re-
ported among diverse woman populations, some of whom may
not necessarily practice oral or anal intercourse. A recent cross-
sectional study of 604 adult women visiting 25 primary health care
facilities in rural South Africa revealed a 7.1% rate of rectal chla-
mydial infection (21). A separate study reported a >10% preva-
lence rate for rectal chlamydial infection among 3,055 women
who attended 2 Canadian provincial sexually transmitted infec-
tion (STT) clinics (27). Sexual behaviors were not considered in
either study. It is possible that some of these women may acquire
chlamydial infection in the GI tract via sexual behavior-indepen-
dent pathways. This hypothesis is consistent with a recent report
showing that women with urogenital Chlamydia were signifi-
cantly more likely to have a positive rectal result, and neither anal
symptoms nor reported anal sex was associated with a positive
rectal Chlamydia test (28). While the contribution of sexual be-
havior pathways for transmitting C. trachomatis to the GI tract is
recognized, the results from our current mouse study have also
alerted us to investigate the possibility of the urogenital tract C.
trachomatis spreading to the GI tract of women via sexual behav-
ior-independent pathways. A caveat for the above-mentioned
conclusion is that even in a population without the habit of prac-
ticing oral or anal sex, the chlamydial organisms can also be orally
introduced to the GI tract, for example, through oral contamina-
tion from secretions on hands or fingers.

How are the C. muridarum organisms spread from the mouse
genital tract to GI tract? Since intravaginal inoculation of C. mu-
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ridarum can result in live-organism shedding from the vagina,
mice may pick up the live organisms either orally or via anorectal
contact. Elizabethan collars were used to prevent mice from eating
their own excretions, which may contain live chlamydial organ-
isms (11). However, mice singly housed wearing the Elizabethan
collars still developed robust GI tract infection following intravag-
inal inoculation. We reproduced this observation in the current
study (Fig. 7). These observations suggest that oral uptake is not
required for the genital chlamydial organisms to spread to the GI
tract. We and others have presented evidence that the intravagi-
nally inoculated C. muridarum can spread to multiple organs, in-
cluding the GI tract (Fig. 3 and 4) (10, 11). Most importantly, we
have demonstrated that the intrabursally inoculated C. muri-
darum organisms spread to GI tracts in the absence of live-organ-
ism shedding (Fig. 8). Thus, we can conclude that C. muridarum
can spread from the genital to the GI tracts via a pathway inde-
pendent of either oral uptake or anorectal contact and that the oral
or anorectal contact-independent spreading can lead to long-last-
ing chlamydial infections in the GI tract. A caveat is that the in-
trabursal injection may cause spillage of the C. muridarum organ-
isms into the peritoneum, allowing C. muridarum access to the
circulation system and GI tract. Thus, more evidence is still re-
quired for demonstrating a direct spreading from the genital to the
GI tracts. At this moment, let us assume that the genital tract C.
muridarum can spread to the GI tract. The next question is what
pathways the genital C. muridarum organisms can use for the
spreading. We speculate that the progeny EBs produced in the
genital tract epithelial cells may enter the circulation or lymphatic
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FIG 7 Recovery of live C. muridarum organisms from genital versus GI tracts
of C57BL/6] mice wearing an Elizabethan collar. C57BL/6] mice (n = 5, each
wearing an Elizabethan collar) were intravaginally infected with luciferase-
expressing C. muridarum. Both cervicovaginal and anorectal swabs were taken
on different days after infection as indicated along the x axis at the bottom of
the figure. The number of live organisms recovered from the swabs was ex-
pressed as log,, IFUs (a and c), and the number of mice with positive live-
organism shedding (+ve) was expressed as a percentage (b and d) as displayed
along the y axis.

systems with or without being taken up by phagocytes or dendritic
cells. Since live chlamydial EBs can be recovered from the livers,
lungs, or spleens a few weeks after intravenous inoculation (41,
42), direct bacteremia may be a route for the spreading. Given the
enriched submucosal blood vessels in the endometrial tissue, it
should not be too difficult for the progeny EBs produced in the
endometrial epithelial cells to leak into the submucosal area when
the infected cells are lysed and further gain access to the blood-
stream. Alternatively, the progeny EBs can be taken by or actively
infect mucosal phagocytes or dendritic cells and the EB-laden cells
may enter the lymphatic system, through which they can access
the GI tract. This hypothesis is consistent with the observation
that C. muridarum organisms were detected in mesenteric lymph
nodes (10). It will be interesting to investigate the precise molec-
ular and cellular mechanisms by which the genital tract C. muri-
darum organisms initially cross the mucosal barrier.

Regardless of how the chlamydial organisms access the GI
tract, the most important question is the biological/medical sig-
nificance of the long-lasting chlamydial infection in the GI tract.
Although genital tract infection with Chlamydia may result in
joint pathologies in both humans (43, 44) and mice (45), the as-
sociation of chlamydial infection with GI tract pathologies is un-
clear (24-26). In fact, no inflammatory pathology was detected
despite the long-lasting presence of the C. muridarum organisms
in the GI tract (16). Since chlamydial infection in the GI tract is
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Intrabursal

Intravaginal

FIG 8 In vivo imaging of C. muridarum traffic in CBA/] mice infected in the
lower versus upper genital tracts. CBA/J mice were infected with C. muridarum
intravaginally (a to e, n = 5) or intrabursally (f to j, n = 5). On different days
after infection as listed on the left, whole-body in vivo imaging was taken on
each mouse. Images from one representative mouse are shown. The lower
abdominal areas marked with red squares were amplified and are presented as
panels al to j1. Note that the bioluminescence signal was restricted to the site
of injection without descending to the lower genital tract on day 3 or 7 after the
intrabursal injection.

long lasting (16) and more resistant to antibiotic treatment than
infection in the genital tract (17, 22, 46), it has been proposed that
the GI tract chlamydial organisms may serve as a reservoir for
reinfecting the genital tract and/or causing persistent infection in
the genital tract (32, 46), which potentially leads to exacerbation of
the upper genital tract pathology. The finding that mucosal infec-
tion with C. muridarum can spread to the other mucosae (11) is
consistent with this hypothesis. The fact that some women were
diagnosed with rectal Chlamydia alone (27) also seems to support
this hypothesis. However, we must recognize that this hypothesis
has not been directly tested. Questions as to the efficiency of the GI
tract chlamydial spread to the genital tract have not been carefully
evaluated in either animal model studies or human epidemiolog-
ical investigations.

We should be cautious in using the findings obtained from the
C. muridarum infection in mice to interpret C. trachomatis patho-
genicity in humans. Obviously, C. muridarum has been adapted to
mice in extra-genital tract organs, including the lung and GI tract.
C. muridarum strain Nigg was initially identified as a virus that
caused systemic infection in mice (47) and persisted in the respi-
ratory tract of normal mice without causing obvious pathologies
(48). Thus, the genital tract might not be the primary target of the
C. muridarum organisms (49). However, the C. trachomatis sero-
vars were all isolated from human tissues, including the ocular
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FIG 9 Effect of the upper genital tract inoculation on chlamydial spreading to
the GI tract. The same CBA/] mice infected with C. muridarum intravaginally
(atod,n = 5) orintrabursally (e to h, n = 5) as described in the legend of Fig.
6 were swabbed from both cervicovaginal (a, b, e, and f) and anorectal (¢, d, g,
and h) sites on different days after infection, as indicated along the x axis at the
bottom of the figure. The number of live organisms recovered from the swabs
was expressed as log,, IFUs (a, e, ¢, g), and the number of mice with positive
live-organism shedding (+ve) was expressed as a percentage (b, f, d, h) as
displayed along the y axis. Note that following genital tract inoculation, C.
muridarum spread to the GI tract as early as day 7 and persisted in the GI tract
regardless of the precise routes of inoculation. However, intrabursal inocula-
tion, although resulting in a delayed vaginal shedding of live organisms (no live
organism on day 7, star in panel e), caused a significantly higher level of infec-
tion in the GI tract on day 7 (panel g, marked with a star, P < 0.05).

(50-52) and urogenital tract (53-55) tissues. Thus, the C. tracho-
matis organisms likely use the ocular or urogenital tract tissues as
their primary sites for adapting to the human host. However, the
high rates of positive detection of C. trachomatis in the rectal swabs
taken from women (21, 27, 28) indicate that C. trachomatis organ-
isms can also infect the GI tract. The widespread GI tract infection
in humans has prompted modification of chlamydial treatment
guidelines and stimulated the investigation of the transmission
pathways and the effects of the chlamydial GI tract infection on
chlamydial pathogenesis in the genital tract. It is worth noting that
C. trachomatis has long been proposed to persist in infected indi-
viduals as a noninfectious form for long periods of time, although
there is still lack of direct evidence for supporting the hypothesis.
Here, we have found that C. muridarum organisms can persist in
the GI tract for long periods of time in the infectious form. The
question is whether similar long-lasting active C. trachomatis in-
fection also exists in the human GI tract. As discussed above, the
active gut infection may serve as a reservoir for reinfecting the
upper genital tracts in women. Testing of these hypotheses should
significantly advance our understanding of the pathogenic mech-
anisms of C. trachomatis infections in humans.
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