
INFECTION AND IMMUNITY, July 2004, p. 4210–4216 Vol. 72, No. 7
0019-9567/04/$08.00�0 DOI: 10.1128/IAI.72.7.4210–4216.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

New Murine Model for the Study of Chlamydia trachomatis
Genitourinary Tract Infections in Males

Sukumar Pal, Ellena M. Peterson, and Luis M. de la Maza*
Department of Pathology, University of California, Irvine, Irvine, California 92697-4800

Received 2 December 2003/Returned for modification 5 February 2004/Accepted 30 March 2004

The lack of an experimental model has significantly limited the understanding of the pathogenesis of
Chlamydia trachomatis infections in males. In an attempt to establish a model using the natural route of
infection, we inoculated male mice in the meatus urethra. To establish the 50% infectious dose (ID50),
C3H/HeN (H-2k) male mice were inoculated in the meatus urethra with doses ranging from 101 to 107

inclusion-forming units (IFU) of C. trachomatis mouse pneumonitis biovar (MoPn) and were euthanized at 10
days postinfection (p.i.). Approximately 50% of the animals inoculated with 5 � 104 IFU had positive cultures
of the urethra, urinary bladder, epididymides, and/or testes. Subsequently, to characterize the course of the
infection, a group of animals was inoculated with 106 IFU/mouse (20 times the ID50). Positive cultures from the
urethra, urinary bladder, epididymides, and testes were obtained from the animals. The infection peaked in the
first 2 weeks p.i. and subsequently declined over the 7 weeks of observation. C. trachomatis-specific antibodies
were first detected in serum by 2 weeks p.i. and rose over the period of observation. The titers of immuno-
globulin G2a (IgG2a) were 16-fold higher than those of IgG1. A lymphoproliferative assay using splenocytes
and local lymph nodes showed a strong cell-mediated immune response. Levels of gamma interferon were
significantly higher than those of interleukin-4 in the supernatants from stimulated lymphocytes. An acute
inflammatory infiltrate consisting of polymorphonuclear leukocytes was detected in the urethra at 1 week p.i.
At 3 weeks p.i., a mixed acute and chronic inflammatory infiltrate was observed in the urethra that by 5 to 6
weeks was mainly composed of mononuclear cells. Similar findings were also observed in the urinary bladder,
although the inflammatory infiltrate was delayed by approximately a week relative to that in the urethra.
Sections of the epididymides showed a focal acute inflammatory infiltrate at 2 weeks p.i. Immunohistochemical
staining demonstrated multiple chlamydial inclusions in the epithelium of the urethra and urinary bladder. No
chlamydial inclusions were observed in the epididymides or testes. In conclusion, inoculation of male mice in
the meatus urethra with C. trachomatis MoPn results in an infection of the genitourinary tract that closely
parallels that described in humans. This model should help to characterize the pathogenesis of chlamydial
infections in males and to test therapeutic and preventive measures.

It is estimated that, annually, two million cases of symptom-
atic acute urethritis occur in males in the United States and,
recently, an increase in the incidence of male urethritis in
several countries has been noted (1, 9, 19, 20, 36, 37, 39). Of
these cases, approximately 50% are due to Chlamydia tracho-
matis. In addition, 50 to 70% of the infections due to C.
trachomatis in males do not produce symptoms (18, 36, 39). In
certain individuals, following an episode of urethritis other
complications may develop. For example, it is estimated that
approximately 50,000 cases of epididymitis occur yearly in the
United States due to C. trachomatis (3, 4, 41). Although very
rare, abscess formation and infarction of the testicle may occur
(3, 4). The role that C. trachomatis may play in male infertility
is not well understood. Acute inflammation of the epididymi-
des could lead to decreased fertility even in the absence of
occlusion (6, 11, 13, 31). Furthermore, the role that C. tracho-
matis may have in Reiter’s syndrome, sexually acquired reac-
tive arthritis, proctitis, prostatitis, and granulomatous bowel
disease requires further investigation (6, 24, 33, 36, 39).

Data on the immunopathogenesis of genitourinary tract in-

fections in males, and in particular those with C. trachomatis,
are limited. For example, Pudney and Anderson (32) charac-
terized the immunobiology of the human penile urethra and
concluded that it contains all the necessary components for
antigen presentation and humoral and cellular immune re-
sponses. In contrast, Pate et al. (29) collected penile urethral
swabs from males with PCR-confirmed C. trachomatis infec-
tion and looked for the presence of cytokines, including inter-
leukin-1� (IL-1�), IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, and
IL-18. In addition, they measured transforming growth factor
�, tumor necrosis factor alpha (TNF-�), gamma interferon
(IFN-�), and antibodies to Chlamydia. In comparison with the
control group, they only detected increased levels of IL-8 and
immunoglobulin A (IgA) and IgG Chlamydia-specific antibod-
ies. Based on these results, the authors concluded that the
male genitourinary tract should be considered a weak inductive
site.

The characterization of chlamydial infections in males has
been limited in great part due to the lack of an experimental
model that mimics the natural infection. Up to now, the mouse
pneumonitis biovar (MoPn) has been used in a female model
for the characterization of the immunopathogenesis of C. tra-
chomatis infections (22, 35). However, there is no parallel
model to study infections in males. To implement a new model
of chlamydial infection of the male genitourinary tract, we
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chose to work with C3H/HeN (H-2k) mice. The female animals
of this strain have been found to be highly susceptible to
infection with C. trachomatis MoPn (7). Here, we report that
inoculation of male C3H/HeN mice, in the meatus urethra with
C. trachomatis MoPn, produces an infection that closely par-
allels that described in humans.

MATERIALS AND METHODS

Organisms. The C. trachomatis MoPn strain Nigg II was purchased from the
American Type Culture Collection (Manassas, Va.) and was grown in HeLa-229
cells (25, 26). Stocks of elementary bodies (EB) were prepared as described by
Caldwell et al. (5) and stored at �70°C in SPG (0.2 M sucrose, 20 mM sodium
phosphate [pH 7.2], and 5 mM glutamic acid).

Inoculation of mice. Seven- to eight-week-old male C3H/HeN (H-2k) mice
were purchased from Charles River Laboratories (Wilmington, Mass.). The
animals were housed in isolation cubicles at a constant temperature of 24°C with
a cycle of 12 h of light and 12 h of darkness and were fed mouse chowder ad
libitum. For inoculation, the animals were anesthetized and, while on their backs,
the prepuce was pulled back and by using a 4� magnifying glass the inoculum
was placed on the meatus urethra. Mice were kept on their backs until the
inoculum was observed to reflux into the urethra. Groups of 5 to 10 mice were
inoculated with doses ranging from 101 to 107 IFU of C. trachomatis MoPn in 2
�l of SPG. A control group was sham infected with 2 �l of SPG. The experiments
were repeated twice. The animal protocols were approved by the University of
California Irvine Animal Care and Use Committee.

Organ culture. To determine the infectious dose that would infect 50% of the
animals (ID50), mice were euthanized at 10 days postinfection (p.i.). To follow
the course of the infection the animals were euthanized at different days up to 7
weeks p.i. The penile and membranous urethra, urinary bladder, epididymides,
and testes were harvested and placed in 2 ml of SPG. The tissues were homog-
enized using a Stomacher Lab-Blender 80 (Tekmar Co., Cincinnati, Ohio), and
duplicates of 10-fold dilutions were inoculated by centrifugation (1,000 � g; 1 h
at 24°C) onto McCoy cells grown in 48-well tissue culture plates. Each well was
inoculated with 100 �l of the homogenate. The cells were incubated for 30 h at
37°C, and the chlamydial inclusions were stained with a pool of monoclonal
antibodies prepared in our laboratory (26, 27). This pool included monoclonal
antibodies to the major outer membrane protein (MOMP), the 60-kDa cysteine-
rich protein, a 150-kDa putative outer membrane protein, and the lipopolysac-
charide (LPS) of C. trachomatis MoPn. The limit of detection was 50 IFU per
organ.

Immunoassays. Blood was collected at weekly intervals by periorbital puncture
and terminally from the heart, and the sera were pooled for each group of mice.
The C. trachomatis MoPn-specific antibody titer in serum was determined by an
enzyme immune assay (EIA) (26). Briefly, a 96-well plate was coated with 100 �l
of C. trachomatis MoPn EB in phosphate-buffered saline at a concentration of 10
�g of protein/ml. Serum (100 �l) was added to each well in twofold serial
dilutions. After incubation at 37°C for 1 h, the serum was discarded and the wells
were washed three times with phosphate-buffered saline. The plates were then
incubated with horseradish peroxidase-conjugated goat anti-mouse IgM, IgA,
IgG, IgG1, IgG2a, IgG2b, and IgG3 (Southern Biotechnology Associates, Inc.,
Birmingham, Ala.). The binding was measured in an EIA reader (Labsystem
Multiscan, Helsinki, Finland) using 2�-2�-azinobis(3-ethylbenzthiazoline-6-sul-
fonic acid) as the substrate. Preinoculation sera were used as negative controls.

Immunoblot assays were performed by using 250 �g of protein from purified
C. trachomatis MoPn EB or recombinant C. trachomatis serovar A heat shock
protein 60 (hsp60), a generous gift of R. Morrison (Montana State University,
Bozeman, Mont.) in Tricine-sodium dodecyl sulfate (SDS)-polyacrylamide gels
(10% acrylamide, 0.3% bis-acrylamide [wt/vol]) (38). Following transfer to ni-
trocellulose membranes, the nonspecific sites were blocked with BLOTTO (bo-
vine lacto transfer technique optimizer; 5% [wt/vol] nonfat dried milk, 2 mM
CaCl2, and 50 mM Tris-HCl; pH 8.0). Serum samples were diluted 1:100 and
incubated overnight at 4°C. Antibody binding was detected with horseradish
peroxidase-conjugated goat anti-mouse antibody developed with 0.01% hydro-
gen peroxide and 4-chloro-1-naphthol (38).

A T-cell lymphoproliferative assay was performed using splenocytes and iliac
and caudal lymph nodes (26). Briefly, the spleens of two to three mice were
collected, teased, and enriched for T cells by passage over a nylon wool column.
Lymph nodes from the same animals were collected, teased, and used without
further enrichment. T-cell-enriched cells were counted, and 105 cells were ali-
quoted into a 96-well plate. Antigen-presenting cells were prepared by irradiat-
ing splenocytes with 3,300 rads. UV-inactivated C. trachomatis MoPn EB were
added at a concentration of 10 EB to 1 antigen-presenting cell. Control wells
received medium alone as a negative control or concanavalin A, as a positive
control, at a concentration of 5 �g/ml. Cell proliferation was measured by
addition of 1 �Ci of [methyl-3H]thymidine per well. The mean count was deter-
mined for triplicate cultures.

Cytokine measurements. Levels of IFN-�, IL-4, and TNF-� were determined
by EIA with commercial kits (BD-Pharmingen, San Diego, Calif.). T cells from
the spleen and lymph nodes were stimulated as described above, and the cyto-
kines were measured in tissue culture supernatants collected after 48 h of incu-
bation.

Histopathology. Mice were euthanized, their genitourinary tracts were fixed in
buffered formaldehyde and processed, and the tissue sections were stained with
hematoxylin and eosin.

For immunohistological analysis, tissue sections were stained with a rabbit
anti-C. trachomatis MoPn serum, prepared in our laboratory, followed by a
biotinylated goat anti-rabbit antibody (Vector Laboratories, Burlingame, Calif.)
(27). The sections were counterstained with hematoxylin.

Statistics. The two-tailed unpaired Student t test and Mann-Whitney U test
were used to determine the significance of differences between the groups by
using the StatView software program on a Macintosh computer (Apple, Cuper-
tino, Calif.).

RESULTS

Determination of ID50. To determine the ID50, groups of 5
to 10 C3H/HeN male mice were inoculated in the meatus
urethra with doses of C. trachomatis MoPn ranging from 101 to
107 IFU per mouse. A control group of animals was sham
infected with SPG. Animals were euthanized at 10 days p.i.,
and the penis, urinary bladder, epididymides, and testes were
cultured for C. trachomatis. The compilation of the replicate
results of the dose response is shown in Table 1. All cultures
from animals inoculated with 101 IFU were negative. Forty
percent of the mice inoculated with 104 IFU had at least a

TABLE 1. Culture results from male C3H/HeN mice infected in the meatus urethra with various doses of C. trachomatis MoPn

Dose/mouse No. of mice
% Mice with at
least one organ

posc

Urethraa Bladdera Epididymidesa Testesa

% Pos IFU 	 1 SD % Pos IFU 	 1 SD % Pos IFU 	 1 SD % Pos IFU 	 1 SD

0 10 0 0 
1.7b 0 
1.7 0 
1.7 0 
1.7
101 5 0 0 
1.7 0 
1.7 0 
1.7 0 
1.7
103 10 20 20 6.12 	 6.67 0 
1.7 10 0.3 	 0.7 0 
1.7
104 5 40 40 6.66 	 6.95 40 2.70 	 2.8 40 2.10 	 2.37 40 2.18 	 2.41
105 10 70 70 6.20 	 6.46 60 3.76 	 4.23 70 2.21 	 2.37 60 1.48 	 1.50
106 5 100 100 6.11 	 6.25 80 5.25 	 5.57 60 2.03 	 2.29 20 1.60 	 1.90
107 10 100 100 5.37 	 5.65 70 6.20 	 6.69 70 2.50 	 2.75 50 1.34 	 1.40

a Mean log10 IFU recovered per organ 	 1 standard deviation.
b Log10 50 � 1.7 (limit of detection).
c Pos, positive.
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positive culture from one organ, while 70% of the mice inoc-
ulated with 105 IFU had at least one positive culture from the
organs. Thus, for C3H/HeN male mice, the ID50 determined
by the Reed-Muench formula was 5 � 104 IFU of C. tracho-
matis MoPn per mouse. All the animals inoculated with 106 or
107 IFU had at least one or more organs positive by culture. All
sham-infected mice had negative cultures.

Characterization of the course of infection. To determine
the course of the infection, mice were infected with 106 C.
trachomatis IFU, a dose corresponding to approximately 20
times the ID50. As shown in Table 2, at 1 week p.i. all mice had
positive cultures from the urethra and remained positive, for
the most part, for the first 4 weeks of observation. During the
first 4 weeks p.i., most of the mice also had positive cultures
from the bladder. The epididymides and testes yielded positive
cultures mainly for the first 2 weeks p.i. A significant number of
mice (67%) still had positive cultures from the urethra at 7
weeks p.i. On the other hand, cultures from the bladder, epi-
didymides, and testes at that point were for the most part
negative. The highest yield of C. trachomatis IFU, for the four
organs cultured, was obtained during the first 2 weeks p.i. and
subsequently declined (Table 2).

Assessment of the immune response. Results of the EIA
performed to detect serum antibodies to C. trachomatis MoPn
EB are shown in Table 3. Chlamydia-specific IgM antibodies
were first detected 1 week p.i. and peaked by the third week.
IgG antibodies were first detected during the second week p.i.
and increased progressively for the first 4 weeks. A peak IgG
antibody titer was obtained at 4 weeks p.i. and remained at the
same level for the 7 weeks of observation. Levels of IgG1 and
IgG2a paralleled those of total IgG. Titers of IgG2a, however,
were 16-fold higher than those of IgG1 (25,600 versus 1,600).

During the second week p.i., IgA antibodies were detected in
serum, and they reached a titer of 1,600 by the fifth week.

Figure 1 shows the results of the Western blotting per-
formed with the serum samples collected p.i. using EB as the
antigen. A faint band, corresponding to the MOMP, was first
detected at 3 weeks p.i. At 4 weeks p.i., several bands with a
molecular mass in the range of 75 to 200 kDa, the doublet
corresponding to the 60-kDa cysteine-rich protein (crp), the
60-kDa hsp, MOMP, the 28-kDa protein, and LPS were de-
tected. A similar pattern was observed with sera collected at 7
weeks p.i. Reactivity to the 60-kDa hsp was confirmed using a
recombinant hsp60 as the antigen (data not shown).

To characterize the local and systemic cellular immune re-
sponses to the C. trachomatis infection, T-cell-enriched spleno-
cytes and lymphocytes from the iliac and caudal lymph nodes
were tested for their proliferative response to EB. As a control,
splenocytes and lymph nodes from the sham-infected males
were used. As shown in Table 4, a strong proliferative response
to EB was observed with both the T-cell-enriched splenocytes
and the lymph nodes from the C. trachomatis-infected mice in
comparison to the control animals.

Levels of IFN-�, IL-4, and TNF-� were measured in the
supernatants from stimulated lymphocytes from the spleen and
lymph nodes. As shown in Table 4, high levels of IFN-� were
detected in the supernatants of the lymphocytes from the in-
fected mice in comparison to those in the sham-infected mice
(P 
 0.05). In contrast, levels of IL-4 were not significantly
different between the C. trachomatis-infected and the mock-
infected animals. Levels of TNF-� were also significantly
higher in the C. trachomatis-infected mice when compared to
the controls.

TABLE 2. Culture results from male C3H/HeN mice infected in the meatus urethra with 106 IFU of C. trachomatis MoPn

Wk postinfection No. of mice
euthanized

% Mice with at
least one organ

posc

Urethraa Bladdera Epididymidesa Testesa

% Pos IFU 	 1 SD % Pos IFU 	 1 SD % Pos IFU 	 1 SD % Pos IFU 	 1 SD

1 8 100 100 7.53 	 7.42 63 4.82 	 5.03 50 4.59 	 5.03 25 3.26 	 3.71
2 8 100 100 5.77 	 5.93 100 6.93 	 7.00 75 3.32 	 3.59 38 2.48 	 2.70
3 8 88 88 3.56 	 3.77 88 5.94 	 6.25 13 2.24 	 2.69 13 1.00 	 1.45
4 8 100 88 2.52 	 2.51 63 1.68 	 1.85 0 
1.7b 0 
1.7
5 9 56 33 1.71 	 2.12 33 2.65 	 3.12 11 0.35 	 0.82 0 
1.7
7 9 67 67 2.92 	 3.22 11 1.65 	 2.12 0 
1.7 0 
1.7

a Mean log10 IFU recovered per organ 	 1 standard deviation.
b Log10 50 � 1.7 (limit of detection).
c Pos, positive.

TABLE 3. Mean ELISA antibody titers in serum of male C3H/HeN mice following inoculation in the meatus urethra with 106 IFU
of C. trachomatis MoPn

Wks postinfection
ELISA titer to C. trachomatis MoPn EB

IgG IgG1 IgG2a IgG2b IgG3 IgA IgM

0 
100 
100 
100 
100 
100 
100 
100
1 
100 
100 
100 
100 
100 
100 100
2 
100 
100 
100 400 100 100 100
3 3,200 
100 1,600 6,400 1,600 800 400
4 51,200 1,600 25,600 12,800 3,200 800 200
5 51,200 1,600 25,600 12,800 6,400 1,600 100
7 51,200 1,600 25,600 12,800 6,400 1,600 100
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Histopathological analyses. Tissue sections from the ure-
thra, urinary bladder, epididymides, and testes from the mice
inoculated with 106 C. trachomatis IFU were prepared for
histopathological analysis (Fig. 2). At 1 week p.i., the urethra
showed focal areas with an acute inflammatory infiltrate con-
sisting of polymorphonuclear neutrophils (PMN) mainly lo-
cated in the lamina propria but also infiltrating the epithelium
(data not shown). This same type of inflammatory infiltrate was
more pronounced in the urethra by the second week p.i. At
that point, multiple chlamydial inclusions could be observed in
the epithelium of the urethra. Tissue sections collected at 4
weeks p.i. showed a decrease in the number of PMN and a
moderate infiltrate of chronic inflammatory cells consisting of
lymphocytes and monocytes (data not shown). A few plasma
cells were also detected in the urethra. At 5 weeks p.i., the
infiltrate was mainly composed of chronic inflammatory cells,
although foci of PMN could still be detected. By 6 to 7 weeks
p.i., most of the sections of the urethra appeared normal,
although focal areas with inflammatory infiltrates were still

detected (data not shown). Similar changes were observed in
the urinary bladder; however, the inflammatory infiltrate was
delayed by approximately a week relative to the changes ob-
served in the urethra. Thus, in the urinary bladder, the peak of
the acute inflammatory response was observed at 2 to 3 weeks
p.i. Chlamydial inclusions were observed in the epithelium of
the urinary bladder. The acute infiltrate was subsequently re-
placed by chronic inflammation that slowly disappeared over
the 7 weeks of observation. In the epididymides, we detected
only a few foci of PMN at 2 weeks p.i. Most of the sections of
the epididymides, however, did not show pathological changes.
No significant morphological changes were seen in the testes.
No chlamydial inclusions were detected in the epididymides or
in the testes.

DISCUSSION

The lack of an experimental model and the limited access to
human specimens from the genitourinary tract have hindered
our understanding of the pathogenesis of C. trachomatis infec-
tions in males. We have shown here that inoculation of male
C3H/HeN mice in the meatus urethra with C. trachomatis
MoPn results in an infection of the genitourinary tract that
closely parallels, in length of time of positive cultures and
tissue involvement, that described in humans (2, 36). This is, to
our knowledge, the first time that a model of the natural route
of infection of the genital tract of the male mouse was achieved
with a sexually transmitted pathogen. This model should pro-
vide an opportunity to characterize the pathogenesis of chla-
mydial infections in males and to determine the components of
the innate and adaptive immune systems that are involved in
controlling this organism.

Two species of Chlamydia, C. trachomatis and C. psittaci,
have been utilized to analyze genitourinary tract infections in
male animal models. For example, Taylor-Robinson et al. (42)
inoculated three chimpanzees in the urethra with human iso-
lates of C. trachomatis and were able to culture the organism
from the urethras of two of the three animals. To determine
the role of C. trachomatis in epididymitis, Moller and Mardh
(21) infected two grivet monkeys in the spermatic cord with the
C. trachomatis K serovar. By 7 days p.i., both animals had
significant swelling of the epididymides and spermatic cord
that were shown to be infiltrated with PMN and lymphocytes.

FIG. 1. Immunoblot of EB probed with serum samples collected
from male mice infected in the meatus urethra with C. trachomatis.
Lane 1, molecular weight standards; lanes 2 to 8, serum samples
collected at weeks 1 to 7 p.i.; lane 9, EB probed with monoclonal
antibodies to the 150,000, 60,000 (crp), 40,000, and 28,000 MW pro-
teins and to LPS.

TABLE 4. T-cell responses of C3H/HeN male mice at 7 weeks postinoculation after infection with C. trachomatis MoPn in the
meatus urethraa

Group

T-cell-enriched splenocytes Cells from iliac and caudal lymph nodes

Proliferative response to
(103 cpm 	 1 SD):

In vitro cytokine productionb to EB
(pg/ml)

Proliferative response to
(103 cpm 	 1 SD):

In vitro cytokine productionc to EB
(pg/ml)

EB Medium IFN-� IL-4 TNF-� EB Medium IFN-� IL-4 TNF-�

Infected 11.4 	 2.0e 0.3 	 0.06 3,897 	 514f 0.9 352 	 3f 2.9 	 0.3e 0.4 	 0.1 2,167 	 14f 
0.1 35 	 8f

Controld 0.6 	 0.2 0.3 	 0.1 397 	 15 0.6 52 	 2 0.5 	 0.1 0.3 	 0.05 4 	 9 
0.1 8 	 5

a Results are means of triplicate cultures. Data correspond to one of the experiments representative of duplicate experiments. UV-inactivated C. trachomatis MoPn
EB were added at a 10:1 ratio to the T cells.

b A total of 2.5 � 106 T-cell-enriched splenocytes were stimulated
c A total of 1.5 � 106 cells from lymph nodes were stimulated.
d Sham infected with SPG.
e P 
 0.05, by the Mann-Whitney U test, compared to the sham-infected group.
f P 
 0.05, by Student’s t test, compared to the sham-infected group.
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To assess the feasibility of using rodents as an experimental
model, Kuzan et al. (17) inoculated the epididymides of
B6D2F1 mice with 2.8 � 108 IFU of C. trachomatis serovar E.
A severe inflammatory infiltrate, consisting of PMN and lym-
phocytes, was observed at 3 days p.i. and subsided by 3 weeks
p.i. Also, Jantos et al. (15) inoculated the vas deferens of
Wistar rats with 4 � 107 IFU of C. trachomatis MoPn and
detected severe inflammation of the infected epididymides fol-

lowed by atrophy of the ipsilateral testis. Mount et al. (23)
infected male guinea pigs in the urethra with the C. psittaci
guinea pig inclusion conjunctivitis (GPIC) agent and detected
inclusions in the epithelium of the urethra and Chlamydia-
specific antibodies in serum. Also, Rank et al. (34), by placing
a drop of the inoculum in the meatus urethra or by intraure-
thral injection, induced urethritis and cystitis in guinea pigs
with GPIC. Jantos et al. (14), after inoculating the vas deferens

FIG. 2. Histological sections from tissues of male mice infected with C. trachomatis MoPn. (A, C, and E) Sections of the urethra (A), bladder
(C), and epididymides (E), stained with hematoxylin and eosin, from mice inoculated with 106 IFU of C. trachomatis MoPn and that were
euthanized at 2 weeks p.i. (B and D) Immunochemical staining with C. trachomatis MoPn polyclonal antibody of the urethra (B) and bladder
(D) from the same group of mice as shown in panels A, C, and E. (F) Urethra, stained with hematoxylin and eosin, from a mouse inoculated with
106 IFU and euthanized at 5 weeks p.i. Inflammatory cells are marked with arrowheads, and chlamydial inclusions are indicated with arrows.
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of rats with the GPIC agent, recovered Chlamydia from the
epididymides and the prostate for a period of several weeks.

Here, we first determined the ID50 by inoculating 7- to
8-week-old male C3H/HeN mice in the meatus urethra with
doses ranging from 101 to 107 IFU of C. trachomatis MoPn.
Approximately 5 � 104 IFU were necessary to infect 50% of
the animals, an ID50 that closely parallels the one determined
in female C3H/HeN mice using the vaginal route (28). Thus, it
appears that males and females of this strain have similar
susceptibilities to a chlamydial genital infection. In this male
model, inoculation with C. trachomatis in the meatus urethra
resulted not only in urethritis but also in infection of the
epididymides and testes. Animals inoculated with 106 IFU of
C. trachomatis showed extensive involvement of the urethra
with heavy inflammatory infiltrate and multiple chlamydial in-
clusions in the epithelial layer. The level of infection of the
epididymides and testes was low, as shown by the number of
IFU recovered and the focal inflammatory infiltrate detected.

The pathogenesis of epididymitis and possible sequelae, e.g.,
infertility, has not been defined. Epididymitis and orchitis
could be the result of an ascending intraluminar infection or
could occur by dissemination through the hematogenous or
lymphatic route (2). It is interesting that in our model, as in the
guinea pig model, we were able to observe chlamydial inclu-
sions and inflammation in the urinary bladder (34). In humans,
chlamydial cystitis has not been described. This may be due to
the fact that a biopsy is rarely obtained during an acute urinary
tract infection. However, urine collected directly from the
bladder has yielded positive results, suggesting that chlamydial
cystitis most likely occurs in humans (40). On the other hand,
the possibility that epididymitis is not always the result of
intracanalicular dissemination is supported by the fact that it
has been observed in patients that have undergone contracep-
tive vasectomy (2). In addition to an obstruction of the epidid-
ymides, C. trachomatis may affect fertility by other mecha-
nisms. For example, decrease in sperm motility and alteration
of sperm capacitation by C. trachomatis have been reported in
in vitro assays (11). These mechanisms may be important be-
cause, in general, chlamydial epididymitis elicits a minimal
inflammatory response and, thus, obstruction is unlikely to
occur (10). Therefore, using this model, the pathogenic mech-
anisms and the role that C. trachomatis may have in orchitis
and male infertility could be evaluated.

This model should also help define the role of the innate and
adaptive components of the immune system that contribute to
controlling the infection. Several experimental models have
shown that males can develop a strong protective immune
response against a chlamydial infection. For example, Digia-
como et al. (8) inoculated the urethra of two sexually mature
male baboons (Papio cynocephalus) with C. trachomatis serovar
D and/or I. The animals were subsequently challenged with the
same serovar or the alternate serovar and were found to be
protected. Similarly, Howard et al. (12) and Patterson and
Rank (30) initiated the characterization of the immune re-
sponse to reinfection in the guinea pig model. Male animals
inoculated in the urethra with the GPIC agent developed ure-
thritis. When the male guinea pigs were subsequently chal-
lenged, they were found to be more resistant to reinfection,
and for a longer period of time, than female guinea pigs.

Therefore, vaccinating males may block transmission and, thus,
potentially eradicate the infection.

In these experiments we have shown that following inocula-
tion in the meatus urethra with C. trachomatis MoPn, male
mice developed a strong humoral and cell-mediated immune
response. IgM and IgG Chlamydia-specific antibodies were
detected in serum, and EB were shown to elicit a significant
proliferative response in lymphocytes from the local lymph
nodes and the spleens of infected mice. A high IgG2a/IgG1
ratio and a predominance of IFN-� production over IL-4 in-
dicated that the mice developed a strong local and systemic
Th1 response. In the murine female model, following a chla-
mydial genital infection, a predominant Th1 response has been
described (22, 35). The findings reported here show that a
similar situation occurs in this male murine model. Further-
more, we also determined that the group of chlamydial anti-
gens recognized by serum antibodies of the infected male mice
parallels those described in the female model (26). This infor-
mation may help guide the search for common chlamydial
antigens that can be used in vaccine formulations to protect
both females and males.

This murine model has some characteristics that may restrict
its utilization for certain types of experiments. For example, to
follow the course of the infection we euthanized mice to cul-
ture the various organs. This approach requires a large number
of animals and numerous cultures. A possible alternative
would be to culture urine or to do nucleic acid amplification
tests. This would significantly decrease the number of animals
needed to perform the experiment and may be adequate in
instances when only semiquantitative data are needed. An-
other shortcoming of this model is the small amount of tissue
that can be harvested from the genitourinary tract of male mice
to perform structural or functional assays. In situ immunohis-
tochemical analysis and nucleic acid techniques may help ad-
dress this limitation.

In conclusion, chlamydial infections in males are widespread
throughout the world. Unfortunately, the amount of informa-
tion currently available on the pathogenesis of, and immunity
to, a C. trachomatis infection in males is scarce. This is due to
several factors, including the difficulty in obtaining adequate
samples from humans with these infections and the limitations
of our current experimental models. Nonhuman primates are
the obvious choice for characterizing these infections. How-
ever, the restricted availability and high costs of these animals
makes working with them quite difficult (16). The guinea pig
model offers a valuable alternative, but the current lack of
reagents and of well-defined strains of animals may be a lim-
itation. Infection of the genital tract of female mice with C.
trachomatis MoPn has provided much-needed insights into the
immunopathogenesis of these diseases. Implementation of a
similar system of inoculating male mice by the natural route of
infection could add invaluable information to our current lim-
ited knowledge of C. trachomatis infections in human males.
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