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Specific-pathogen-free (SPF) female Sprague-Dawley rats were infected by intravaginal inoculation with 3 x
107 CFU of Mycoplasma pulmonis X1048 in 0.1 ml of Frey’s broth or with an equal volume of sterile Frey’s
broth. A minimum of 10 days postinfection, rats were bred to noninfected males. Rats were necropsied at days
11, 14, and 18 of gestation and within 24 h of parturition. Throughout pregnancy, at least 50% of rats remained
infected in the lower genital tract. At parturition, the major site of colonization was the respiratory tract (P =
0.02). M. pulmonis was not isolated from any site of any control rat. Pregnancy outcome was adversely affected
by infection with M. pulmonis. Infected rats had significantly smaller litter sizes at day 18 of gestation (P <
0.01) and at term (P < 0.004). No statistically significant differences among the gestational stages in infected
rats were noted for litter size. Total litter weight is a reflection of individual pup weight and of the number of
pups born. Therefore, it was obvious that infected rats would have a significantly lower (P < 0.008) total litter
weight than noninfected controls. However, when individual pup weights were considered, infected pups (n =
49) also had significantly lower (P < 0.0001) birth weights than did noninfected controls (n = 68). The incidence
of an adverse pregnancy outcome at term (stillbirths, macerated fetuses, or resorptions) was higher (P < 0.01)
in infected rats than in noninfected control rats. No stillborn pups or macerated fetuses were observed in any
control term rats (n = 5). All control rats had live-born pups. Three infected rats had no live-born offspring.
Resorptions were more common in infected rats than in control rats (P < 0.01). The mean number of
resorptions per rat was greater in rats which went to term than in rats necropsied during gestation, indicating
that the severity of disease was progressive. The rat is frequently the laboratory animal of choice for a wide
variety of reproductive studies, and the experimental parameters that are most often measured (litter size, pup
weight, and neonatal survival) were all adversely affected by genital mycoplasmosis. Genital mycoplasmosis is
important as an animal model for the interaction of infectious agents and the host during pregnancy as well as
in its own right as a confounding variable affecting research projects which use the rat as a model to study

reproductive function and physiology.

Mycoplasma pulmonis, the etiologic agent of murine res-
piratory mycoplasmosis, (MRM), is a common pathogen of
mice and rats. MRM is considered one of the major diseases
of laboratory mice and rats (4, 5). In addition to its role in
respiratory disease, M. pulmonis is responsible for genital
infections and infertility. The rat is more often affected with
genital mycoplasmosis than the mouse. In conventionally
housed female rats, the incidence of natural genital myco-
plasmosis has been estimated to be as high as 40% in some
colonies (1, 5, 6). The prevalence of gross lesions in these
cases is low, with only about 30% of infected females having
gross lesions, most commonly oophoritis and salpingitis. In
many cases, no gross changes can be appreciated but micro-
scopic examination often reveals mild metritis. As in the
respiratory tract, genital infection progresses slowly but
eventually will lead to decreased reproductive success.

In conventionally housed rats, the incidence of genital
mycoplasmosis can be as high as 40% in some colonies (1, 5,
14); respiratory mycoplasmosis in conventional colonies
approaches 100% (14). The incidence of both respiratory and
genital mycoplasmosis in barrier-maintained facilities is
much lower but is still a significant problem (14). It has been
estimated that M. pulmonis genital infection may decrease
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rat birth rate by 50 to 100%. Obviously this decreased birth
rate has a direct impact on studies of reproductive biology
using rats and an indirect impact as a result of the less
economical production of this animal resource.

Although the lesions in the genital tract of nonpregnant
rats and the overall pregnancy outcome of infected rats have
been examined, there has not been a comprehensive exam-
ination of the effects of infection during pregnancy and at
parturition in the rat. The objective of the current study was
to examine the effects of M. pulmonis on pregnancy devel-
opment and outcome at selected times within gestation in
Sprague-Dawley rats.

MATERIALS AND METHODS

Rats. Specific-pathogen-free Sprague-Dawley male and
female rats were purchased from a commercial vendor
(Harlan Sprague Dawley, Inc., Indianapolis, Ind.). These
rats were monitored and maintained free of the following
pathogens: Sendai virus, H-1 virus, rat coronavirus, sialo-
dacryoadenitis virus, reovirus type 3, Kilham rat virus,
Hantaan virus, M. pulmonis, respiratory and enteric bacte-
rial pathogens, endoparasites, and ectoparasites. The rats
were shipped in filter containers to ensure their specific-
pathogen-free status.

Husbandry. All rats were housed in Microisolator (Lab
Products, Inc., Maywood, N.J.) cages to maintain the vari-
ous infection groups in separate isolation. Rats received
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autoclaved food (Autoclavable Rodent Laboratory Chow
5010; Purina Mills, Richmond, Ind.) and water ad libitum.
Hardwood chip bedding and cages also were autoclaved
before use. The cages were opened, and rats were handled
only under a laminar flow hood with disinfected, gloved
hands. When both infected and noninfected rats were to be
handled in the same session, noninfected rats were handled
first. Rats were kept in a density of four or fewer rats per
cage; pregnant rats were caged individually prior to parturi-
tion. Cages were changed twice per week.

Processing of male rats. Male specific-pathogen-free Spra-
gue-Dawley rats were processed on the day of arrival.
Processing included methoxyflurane inhalant anesthesia to
facilitate ear notching for individual identification and blood
collection. Males were housed with other males when not
used for breeding. A male rat was considered infected with
M. pulmonis after his first exposure to an infected female.
Infected males were not used to breed noninfected control
female rats and were not housed with any noninfected rat at
any time.

Experimental infection of female Sprague-Dawley rats. All
procedures were performed under a laminar flow hood.
Experimentally infected rats were anesthetized on the day of
arrival with 0.8 mg of ketamine (Ketaset, Bristol Laborato-
ries, Syracuse, N.Y.) and 0.8 mg of xylazine (Rompun,
Haver-Lockhart, Shawnee, Kans.) intraperitoneally to pro-
duce a 30- to 40-min period of anesthesia. M. pulmonis
X1048 was a gift from M. K. Davidson and J. K. Davis,
University of Alabama at Birmingham. Females were in-
fected by intravaginal inoculation with 3 x 107 CFU of M.
pulmonis X1048 in 0.1 ml of Frey’s broth and were ear
notched with a unique number. Uninfected control females
were anesthetized with ketamine and xylazine as described
above and given an equal volume of sterile Frey’s broth
intravaginally. These rats also were ear notched for identi-
fication. Each group was processed separately. All rats
recovered from anesthesia with their pelvises elevated to
facilitate establishment of infection in those receiving the M.
pulmonis inoculum. Once righting reflexes were recovered,
two or three rats of the same treatment group were placed
into a Microisolator cage with food and water available. No
infected female rat was ever housed with a noninfected
female. A minimum of five rats per treatment group were
necropsied at each time point.

Breeding and pregnancy detection. At 5 to 7 days after
processing, infected and noninfected control rats to be bred
were exposed to soiled bedding from the cages of male rats
to synchronize estrous cycles (bedding from infected males
was not used in cages of control female rats). Vaginal cells
were examined every other day to detect onset of estrus.
Females were considered ready for breeding when cornified
vaginal epithelial cells were first noted. The goal was to
begin breeding at least 10 days after initial processing of the
female rats. A harem breeding system was used. Two or
three females at approximately late proestrous or early
estrous stage of the estrous cycle were housed with one male
rat for 3 days, during which the females would complete one
entire estrous cycle.

Although monitoring vaginal cytology gave good results
for breeding the noninfected rats, vaginitis with resultant
high numbers of leukocytes in vaginal swabs from the
infected rats made the vaginal slides for these rats difficult to
interpret. Therefore, breeding success in the infected rats
was very poor when breeding was conducted according to
vaginal cytology results. To maximize breeding success, the
breeding protocol for infected rats was altered so that
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harems of two or three infected females were housed with a
male rat continuously for 7 days. Within this period, each
female was expected to go through two complete estrous
cycles.

Female rats were given two breeding sessions in which to
become pregnant before being judged to be infertile. Ap-
proximately 11 to 14 days after removal of the male, abdom-
inal palpation was performed on the females twice weekly to
detect pregnancy. Rats for the 11-day-pregnant groups often
were chosen on the basis of breeding records alone since
small litters were difficult to palpate at this stage. By 14 days
of gestation, not only were fetuses palpable, but mammary
development had begun, making pregnancy diagnosis easier.
Decisions to rebreed a female were generally made by day 14
after initial separation from the male. Pairings for repeat
breedings were made at random.

Necropsy. A minimum of five experimentally infected and
five noninfected female rats per time point were necropsied
at days 11, 14, and 18 of gestation and within 24 h of
parturition. Necropsy procedures were performed as previ-
ously described (2). Rats were anesthetized deeply with
sodium pentobarbital injected intraperitoneally and were
exsanguinated by transection of one femoral artery and vein.
A vaginal swab was obtained for culture. The ventrum was
swabbed with 70% ethanol. A ventral midline skin incision
that extended from the pubis to the rami of the mandibles
was made. The abdominal muscles were incised on the linea
alba, beginning at the pubis and extending cranially to the
xiphoid process. The incision was extended through the
costochondral cartilages unilaterally and ended at the tho-
racic inlet. The ventral cervical musculature was bluntly
dissected to reveal the trachea. The trachea was excised
from the larynx cranially to the tracheal bifurication cau-
dally, with care taken to prevent blood contamination of the
lumen. The lumen of the excised trachea was washed with
0.5 ml of sterile phosphate-buffered saline (PBS) which was
then cultured as described below.

The uterus was exposed from the abdominal cavity. In
term dams, the uterus was washed by injecting 0.5 ml of
sterile PBS into the uterine lumen with a 1-ml syringe and a
23-gauge needle and aspirating the PBS back into the sy-
ringe. Selected uteri with gross lesions from term dams were
saved for histopathology. For pregnant preterm rats, the
number of fetal implantations that appeared grossly normal
and viable for that time of gestation were noted. Resorptions
and other abnormalities were noted. For dams which deliv-
ered a term litter, the litter size and individual pup weights
were determined. The total numbers of implantation sites,
including resorptions and retained fetuses, were noted.

Vaginal swabs were placed in 0.9 ml of Frey’s broth and
serially diluted 10-fold to 107° in Frey’s broth. A Frey’s
plate was streaked for qualitative isolation. Tracheal and
uterine lavage samples (0.1 ml) from each rat also were
serially diluted 10-fold to 10~>. Broth cultures were incu-
bated at 37°C in ambient air. Broth tubes were checked daily
for a color change, and the reciprocal of the last dilution to
show growth was deemed the color-changing units (CCU).
In addition to CCU, CFU were also determined for tracheal
and uterine lavage samples. For CFU determination, 0.025
ml of the undiluted sample and of each dilution was plated on
Frey’s agar and incubated at 37°C in 5% CO,. Plates were
incubated for 5 days before colonies were counted. Cultures
were held for 21 days before being discarded. M. pulmonis
was identified as previously described (1).

Necropsy and quantitative culture procedures for male
rats used for breeding were similar to those for female rats.
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One of the 11 males used to breed infected females died
spontaneously and was not available for necropsy; the
remaining 10 male rats were euthanatized when they showed
evidence of severe clinical disease or when they were no
longer needed for breeding purposes. Tracheal cultures were
performed as described for female rats. A preputial swab
was obtained, and the epididymis and tests were removed
aseptically and minced in 0.9 ml of sterile broth. For males
with an obvious head tilt (n = 5), the middle ear was cultured
as follows. The lower jaws were removed and the tympanic
bullae were exposed and swabbed with alcohol. The tym-
panic bullae were punctured by using a needle and syringe,
0.5 ml of sterile PBS was flushed into the ear, and the fluid
was aspirated.

ELISA for IgM and IgG antibodies to M. pulmonis. Specific
antibody to M. pulmonis was determined by enzyme-linked
immunosorbent assay (ELISA) as previously described (1,
3). All sera were plated in duplicate. Horseradish peroxi-
dase-conjugated sheep anti-rat inmmunoglobulin M (IgM) and
anti-rat IgG (The Binding Site, Ltd., Birmingham, England)
were used at 1:200 and 1:10,000 dilutions, respectively.
Conjugates were diluted in PBS containing 0.05% Tween 20
and 0.02% sodium azide (PBSTA). The plates were incu-
bated with horseradish peroxidase conjugate for 4 h at 37°C
and then washed as previously described (1). A commer-
cially available substrate solution was used (ABTS sub-
strate; Kirkegaard & Perry Laboratories, Inc., Gaithers-
burg, Md.) to develop the plates. ABTS solution (0.1 ml) was
added to each well. The plates were developed for 20 min
(IgM and IgG) at room temperature. At this point, 0.1 ml of
corresponding stop solution (Kirkegaard & Perry Laborato-
ries, Inc.) diluted 1:1 with distilled water was added to the
wells and the plates were read on an automated ELISA plate
reader at 405 nm.

Statistical analysis. Data were analyzed by analysis of
variance or contingency analysis, where appropriate. A
probability of <0.05 was considered significant.

RESULTS

Colonization of the dam by M. pulmonis. M. pulmonis was
not isolated from any site of any control rat. In experimen-
tally infected dams, M. pulmonis was isolated from one or
more sites in all but four rats (one was necropsied at day 11
of gestation, two at day 14 of gestation, and one at day 18 of
gestation). The results of isolation of M. pulmonis from
different sites at different stages of infection are shown in
Fig. 1. On day 11 of pregnancy, four of five rats were
colonized in both the vagina and the uterus, indicating that
the infection had established in the lower genital tract and
ascended to the upper genital tract. Although some rats had
become infected in the trachea by day 11 of gestation, the
genital tract was more likely to be colonized. Throughout
pregnancy, at least 50% of the rats remained infected in the
lower genital tract. However, at parturition the major site of
colonization was the respiratory tract (P = 0.02). The
number of M. pulmonis organisms isolated from vaginal
swabs of rats at term was much lower (a decrease of 2 to 3
log CCU) than at any other time of gestation (Fig. 2).
Conversely, greater numbers of M. pulmonis organisms
were isolated from the trachea at term and at 11 days of
gestation than at other times during pregnancy.

Histopathology. Uninfected control rat tissues showed no
evidence of inflammation of the uterus or placenta. Polymor-
phonuclear cells were observed within the uterine lumen and
uterine glandular crypts, and foci of polymorphonuclear
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FIG. 1. Percentage of experimentally infected rats from which
M. pulmonis was isolated from the vagina (closed bars), uterus
(hatched bars) or trachea (open bars) at different stages of gestation.
All rats were infected by intravaginal inoculation with 3 x 107 CFU
of M. pulmonis a minimum of 10 days prior to breeding.

cells were invading the maternal layers (decidual and basal
layers) of the placenta. One placenta from an infected
macerated fetus was severely necrotic with inflammatory
cells invading all placental layers. Because the focus of this
study was on pregnancy outcome, no evaluations of the male
reproductive tract were made.

ELISA serology. No antibody to M. pulmonis was detected
in any control rat or in any experimentally infected rat prior
to infection. Infected rats had significantly larger amounts of
IgM and IgG at all times tested than did control rats (P <
0.001) (data not shown). Both IgM and IgG antibody levels
were statistically higher (P < 0.001) in serum obtained
postinfection (Fig. 3). Although the peak IgM response was
observed at day 14 of gestation (24 days postinfection), IgG
levels rose steadily during gestation but dropped at parturi-
tion. Only two infected rats did not seroconvert in either IgM
or IgG. Both rats were culturally negative for M. pulmonis at
necropsy (days 11 and 18 of gestation).

Disease in male rats. No rat used to breed noninfected
control females showed clinical signs of disease. After
breeding with noninfected control females, males were used
to breed infected females. Male rats used to breed infected
females were necropsied when they began to show signs of
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FIG. 2. Numbers of M. pulmonis organisms isolated from the
vagina (closed bars) and trachea (open bars) of experimentally
infected rats at different stages of gestation. All rats were infected by
intravaginal inoculation with 3 x 107 CFU of M. pulmonis a
minimum of 10 days prior to breeding.
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FIG. 3. Serum IgG and IgM antibodies to M. pulmonis in exper-
imentally infected rats. All rats were infected by intravaginal inoc-
ulation with 3 x 107 CFU of M. pulmonis a minimum of 10 days
prior to breeding. Prebleed samples were obtained prior to vaginal
infection. Postbleed samples were obtained from rats at the time of
necropsy. Prebleed IgG and IgM levels (closed and open bars,
respectively) and postbleed IgG and IgM levels (darkly and lightly
hatched bars, respectively) are shown. EIA, enzyme immunoassay.
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disease. Some of the signs noted in these animals included
dyspnea, head tilt due to otitis media, anorexia, weight loss,
and depression. The mean time from first exposure to the
infected females to onset of signs and death was 52.8 + 52.2
days (+ standard deviation), with a range of 178 days
(minimum of 23 days and maximum of 200+ days). The
mode was 26 days. Five of 11 male rats required euthanasia
because of the severity of clinical signs, and one died
spontaneously within 35 days of exposure to the infected
females. One rat remained clinically healthy, and euthanasia
was performed at approximately 200 days postexposure,
when the experiment was completed. This rat was only
lightly colonized in the respiratory tract (tracheal CCU =
3.0) and middle ear (CCU = 2.0), compared with mean
tracheal CCU for all males of 4.2 + 1.6 and mean middle ear
CCU of 4.4 = 1.3 (* standard deviation), which probably
explained his longevity. The site of heaviest growth of M.
pulmonis from this rat was the testicles, which had a CCU of
4.0 (mean testicular CCU for all males, 0.6 + 1.3). The rat
was apparently infertile at the time of euthanasia, with the
last fertile breeding having taken place 2 1/2 months earlier.
At least one female bred to this rat during the proposed
infertile period successfully conceived when bred to another
male.

Male rats were colonized in the respiratory tract. M.
pulmonis was isolated from the tracheas of 9 of 10 rats
(90%), with a mean of 4.2 = 1.6 CCU. Male rats were not as
heavily colonized in the reproductive tract as were female
rats. M. pulmonis was isolated from the prepuce in 2 of 10
rats (20%), with a mean CCU of 0.5 = 1.3. M. pulmonis was
also isolated from the epididymis (mean, 0.5 =+ 1.1 CCU) and
testes (mean, 0.6 + 1.3 CCU) of rats with positive preputial
cultures. All five rats with head tilt had M. pulmonis isolated
in high numbers (mean, 4.4 + 1.3 CCU) from the middle ear.

Pregnancy outcome. Pregnancy outcome was adversely
affected by infection with M. pulmonis. Litter size was
defined as the number of pups delivered at term, including
stillborn pups, or the number of potentially viable fetuses at
day 11, 14, or 18 of gestation. Potentially viable fetuses were
those which appeared grossly normal at necropsy. Infected
rats had significantly smaller litter sizes at day 18 of gestation
(P < 0.01) and at term (P =< 0.004) (Table 1). No statistically
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TABLE 1. Effects of M. pulmonis infection on litter size, litter
weight, and individual pup weight

Group Length of  Litter size® Litter wt® Pup wt®
gestation + SD + SD + SD
Infected 11 days 9.2 + 6.0
14 days 123 14
18 days 72 +34
Term 8430 516=*114 63=x12
Noninfected 11 days 7.8 £ 6.5
(control) 14 days 133+ 1.5
18 days 12.8 £ 1.5
Term 13.8 £1.9 99.0 +6.3 7.2 0.7

¢ Expressed as the mean number of term pups or number of fetal implan-
tations of normal size and appearance for gestation. Litter size was signifi-
cantly different between infected and noninfected control rats at day 18 of
gestation (P < 0.01) and at term (P < 0.004).

b Expressed as the mean total term litter weight in grams. Litter weight was
significantly different between infected and noninfected control rats (P <
0.008).

¢ Expressed as the mean of individual pup weights in grams. Individual pup
weight was significantly different between infected and noninfected control
rats (P < 0.0001).

significant differences among the gestational stages in in-
fected rats were noted for litter size.

Total litter weight was determined by combining the
individual weights of all live-born pups in a litter (Table 1).
All pups were weighed within 24 h of parturition. Total litter
weight is a reflection of individual pup weight and of the
number of pups born. Therefore, it was obvious that infected
rats would have a significantly lower total litter weight (P <
0.008) than would noninfected controls. However, when
individual pup weights were considered (Table 1), infected
pups (n = 49) also had significantly lower birth weights (P <
0.0001) than noninfected controls (n = 68).

The percentages of infected term rats (n = 8) with live-
born pups, stillborn pups, macerated fetuses, and resorp-
tions are shown in Fig. 4. The incidence of an adverse
pregnancy outcome was higher (P < 0.01) in infected rats
than in noninfected control rats. No stillborn pups or mac-
erated fetuses were observed for any control rats (n = 5). All
control rats had live-born pups. Three infected rats had no
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FIG. 4. Pregnancy outcome in experimentally infected and con-
trol rats. Rats were infected by intravaginal inoculation with 3 x 107
CFU of M. pulmonis a minimum of 10 days prior to breeding or were
sham infected with sterile broth. Results are expressed as the
percentage of rats with a given outcome. The difference in preg-
nancy outcome between infected (shaded bars) and control (open
bars) rats was statistically significant (P < 0.01).
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live-born offspring (Fig. 4); two of these rats were colonized
in the uterus by M. pulmonis. All macerated fetuses were
obtained from a single rat, which also had three stillborn
pups and no live-born pups (Fig. 4). This rat was heavily
colonized (=10° CFU/ml) in the vagina, uterus, and trachea.
A fetus was considered macerated instead of stillborn if it
had reached a stage of development similar to that of other
full-term live-born pups, was retained in utero, and had
undergone postmortem autolysis. The macerated fetuses
(n = 4) observed in this study usually were covered with
purulent material instead of amniotic fluid and were sites of
heavy M. pulmonis colonization (data not shown). Of the
five infected rats with stillborn pups (Fig. 4), four were
colonized by M. pulmonis in the genital tract and three had
no live-born pups.

Resorbed fetuses were those that had obviously implanted
in the uterine wall but had become nonviable. They had no
recognizable fetal structure remaining. In term rats (Fig. 4),
resorptions were noted in five infected rats and one nonin-
fected rat. The noninfected control rat had two resorptions
but also had 17 live-born pups. Three infected rats had four
or more resorptions, one had one resorption, and one had
two resorptions. Resorptions in rats at various gestational
stages of pregnancy as well as in those which went to term
could be determined. The percentages of rats with one or
more resorptions and the number of occurrences of resorp-
tion are shown in Fig. 5A and B, respectively. Resorptions
were more common in infected rats than in control rats (P <
0.01). The mean number of resorptions per rat (Fig. 5C) was
greatest for rats which went to term, indicating that the
severity of disease was progressive. The resorption index
was defined as the number of resorptions observed divided
by the number of viable fetuses (for gestation age) or the
number of live-born pups. The resorption index, shown in
Fig. 6, demonstrates the striking loss of viable pups at term
in infected animals.

DISCUSSION

Genital colonization rats in experimentally infected Spra-
gue-Dawley rats in our study are similar to those observed in
conventionally housed, naturally infected Sprague-Dawley
rats (1, 4, 15). Genital mycoplasmosis is also important in
barrier-maintained colonies, in which it may exert even more
subtle effects. In a naturally infected, caesarian-derived,
barrier-maintained colony of LEW/Tru rats, low levels of
infection kept signs of disease masked for months while
serology detected antimycoplasmal antibodies in colony rats
(6). When signs of disease became evident, not only was
MRM seen but decreased fertility was also observed in the
breeding females, 80% of whom had M. pulmonis isolated
from the genital tract.

Infected female rats were exposed to M. pulmonis long
enough that the microorganism had adequate time to spread
to the respiratory tract. At every necropsy time point, at
least two infected rats per group had positive tracheal
cultures. However, clinical signs of disease were much more
limited in the females than in the males. The males used to
breed these rats rapidly developed signs of mycoplasmal
respiratory disease. Recent evidence for mice supports our
finding of increased susceptibility to respiratory disease in
males (23). One possible explanation for the rapid coloniza-
tion of the respiratory tract after a single inoculation of the
genital tract is grooming behavior. Intranasal inoculation
probably occurred in the males as a result of increased
grooming and exploring of the vulva of estrous females, as
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FIG. 5. Fetal resorptions in experimentally infected and control
rats at different stages of gestation. Rats were infected by intravag-
inal inoculation with 3 x 10’ CFU of M. pulmonis a minimum of 10
days prior to breeding (shaded bars) or sham infected with sterile
broth (open bars). Results are expressed as the percentage of rats
with one or more resorption (A), the total number of resorptions
observed (B), and the mean number of resorptions per rat (C).

well as postcopulatory grooming after breeding genitally
infected females (9). Other females may show attention to
estrous females similar to that of the male rats and also
engage in increased grooming behavior. Once one rat per
cage has developed respiratory mycoplasmosis, it becomes a
source of aerosolized M. pulmonis. As would be expected,
the longer the time from initial infection, the more likely the
rat is to have respiratory mycoplasmosis (Fig. 5B).

An intriguing observation of the present study is the ability
of the rat to clear the genital infection while at the same time
the respiratory infection becomes more firmly established.
One might expect that an initial infection of the genital tract
might be spread to the respiratory tract by orogenital groom-
ing behavior. However, such behavior decreases during
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FIG. 6. Resorption index for experimentally infected and control
rats at different stages of gestation. Rats were infected by intravag-
inal inoculation with 3 x 107 CFU of M. pulmonis a minimum of 10
days prior to breeding or sham infected with sterile broth. Results
are expressed as the number of resorptions divided by the number of
viable fetuses (11, 14, or 18 days) or live-born pups (term). Data for
infected rats (shaded bars) were statistically different (P < 0.01)
from those for control rats (open bars) at all time points except day
11 of gestation.

pregnancy. There is evidence to suggest that colonization of
the genital tract is influenced by hormones. In one study,
conventional female rats were androgenized at 3 days of age,
resulting in a state of constant estrus at sexual maturity (13).
All 10 rats showed evidence of oophoritis and metritis, with
M. pulmonis isolated from the genital tract at necropsy.
None of the control rats had these lesions (13). Both the rate
of infection in mice and the number of mycoplasmas cultured
from mice can be increased by pretreatment with progester-
one prior to experimental inoculation intravaginally with M.
pulmonis and maintenance of increased levels of progester-
one postinoculation (8, 21). Even highly passaged M. pul-
monis organisms (which had greatly decreased hemadsorp-
tive and infective capacities) were able to establish an
infection in one progesterone-treated mouse; presumably the
few cytadsorbing organisms left in the passaged inoculum
were sufficient to infect when the mouse had high progest-
erone levels. One hypothesis for this finding is that the
decreased mucosal cell turnover occurring under the influ-
ence of progesterone on the genital epithelium allows for
prolonged cytadsorption of microorganisms to the genital
tract. Adherence of M. pulmonis to the mucosa remains the
most important factor in initiating infection. Because proges-
terone remains at high levels throughout pregnancy, the
influence of hormones on susceptibility to infection with M.
pulmonis is likely to play a role in disease severity. In
addition, M. pulmonis may exhibit a tropism for respiratory
tract tissues, perhaps as a function of expression of specific
adhesin receptors or other factors. Another intriguing pos-
sibility is that the genital tract differs from the respiratory
tract in mechanisms by which mycoplasmas are cleared. The
decreased occurrence of genital colonization relative to
respiratory colonization in naturally infected populations (1,
4, 6) suggests that there occur fundamental differences
between the respiratory and genital tracts with respect to
mechanisms of colonization or clearance of the microorgan-
isms from the tract or both.

Devastating effects of M. pulmonis infection on outcome
of pregnancy were seen in experimentally infected rats.
Significant fetal losses were observed in the term necropsied
dams. Litter size, litter weight, and pup weight also were
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decreased. Not suprisingly, those detrimental effects were
more evident in the rats that did not clear the genital tract
infection. Two of six experimentally infected dams were not
genitally colonized by M. pulmonis at parturition. Dams
which were not colonized by M. pulmonis in the genital tract
produced litters of 10 and 11 live pups, with one stillbirth
total. The dams that were genitally colonized had great fetal
losses (only one of four had any live births). We also
observed dystocia associated with labor and delivery in the
rat which had the macerated fetuses. Areas of striation were
prominently embedded on macerated surfaces of the ex-
pelled fetuses.

The mechanism(s) by which M. pulmonis causes gesta-
tional loss are not known. Damage to the uterine endothe-
lium as seen in naturally infected infertile rats (5, 6) may
cause fetal death because of the inability of the uterus to
adequately nourish the fetus through development. All of the
experimentally infected rats had MRM. The stress of this
illness on the pregnant rat also may account for some of the
fetal loss seen, especially in those rats that were not genitally
colonized. In addition, inflammatory products released by
the damaged tissue in response to the mycoplasmas may be
inhibitory to fetal growth. It has been postulated that one
pathogenic mechanism of mycoplasmas is via the release of
metabolic products from these bacteria that damage host
tissues (16). A toxic environment and stress, directly or
indirectly provided by the presence of mycoplasmas, also
may be factors in depressed fetal growth. Another intriguing
possibility is the interaction of M. pulmonis with the host
immune system. M. pulmonis is a potent inmunomodulator
and stimulates the production of a number of cytokines (17).
Cytokines play a major role in the regulation of pregnancy
(10, 11); alteration of normal cytokine levels could result in
adverse pregnancy outcome.

The most severe effects were observed in the later stages
of pregnancy. One possible explanation for the increased
adverse effects in the later stages of pregnancy is that the
mycoplasma has simply been present in the genital tract for
a longer period of time and has had greater opportunity to
exert its effects. Other contributing factors could be de-
creased cell-mediated immunity and local antibody secre-
tion. The last trimester of pregnancy is associated with
decreased cell-mediated immunity and decreased local se-
cretion of immunoglobulins (18, 22). Cell-mediated immunity
is important in protection of rats from respiratory mycoplas-
mosis (7, 12, 20), and a similar role could be involved in
protection from the genital disease. Interestingly, the level of
specific IgG antibody to M. pulmonis decreased at term. In
other studies of experimentally infected, nonpregnant rats
(19, 20), IgG levels continued to rise well past the time
interval in the current study. Our results are consistent with
the observed decrease in local secretion of immunoglobulins
and suggest that specific humoral antibody to M. pulmonis
may also be suppressed in the later stages of pregnancy.

The adverse effect of genital mycoplasmosis on pregnancy
outcome has been clearly demonstrated. The precise patho-
genic mechanism(s) by which M. pulmonis causes pregnancy
wastage remains to be determined. The disease is important
as an animal model for the interaction of infectious agents
and the host during pregnancy, as well as in its own right as
a confounding variable affecting research projects which use
the rat as a model to study reproductive function and

physiology.



VoL. 61, 1993

ACKNOWLEDGMENTS
D. Steiner was supported by National Institutes of Health grant

T32RR07001.

We thank J. Kelley, M. Stoll, and A. Kaiserauer for technical

assistance.

REFERENCES

1. Brown, M. B., and L. Reyes. 1991. Immunoglobulin class- and
subclass-specific responses to Mycoplasma pulmonis in sera
and secretions of naturally infected Sprague-Dawley female
rats. Infect. Immun. 5§9:2181-2185.

2. Cassell, G. H., M. K. Davidson, J. K. Davis, and J. R. Lindsey.
1983. Recovery and identification of murine mycoplasmas, p.
129-142. In J. G. Tully and S. Razin (ed.), Methods in myco-
plasmology, vol. II. Academic Press, New York.

3. Cassell, G. H., J. K. Davis, J. R. Lindsey, M. K. Davidson, M. B.
Brown, and H. J. Baker. 1983. Detection of Mycoplasma
pulmonis infections by ELISA. Lab. Anim. 12:27-38.

4. Cassell, G. H., J. R. Lindsey, H. J. Baker, and J. K. Davis. 1979.
Mycoplasmal and rickettsial diseases, p. 243-269. In H. J.
Baker, J. R. Lindsey, and S. H. Weisbroth (ed.), The laboratory
rat, vol. I. Academic Press, New York.

. Cassell, G. H., J. R. Lindsey, and J. K. Davis. 1981. Respiratory
and genital mycoplasmosis of laboratory rodents: implications
for biomedical research. Isr. J. Med. Sci. 17:548-554.

6. Cox, N. R., M. K. Davidson, J. K. Davis, J. R. Lindsey, and
G. H. Cassell. 1988. Natural mycoplasmal infections in isolator-
maintained LEW/Tru rats. Lab. Anim. Sci. 38:381-388.

7. Davis, J. K., J. W. Simecka, J. S. P. Williamson, S. E. Ross,
M. M. Juliana, R. B. Thorp, and G. H. Cassell. 1985. Nonspe-
cific lymphocyte responses in F344 and LEW rats: susceptibility
to murine respiratory mycoplasmosis and examination of cellu-
lar basis for strain differences. Infect. Inmun. 49:152-158.

8. Furr, P. M., and D. Taylor-Robinson. 1984. Enhancement of
experimental Mycoplasma pulmonis infection of the mouse
genital tract by progesterone treatment. J. Hyg. Camb. 92:139-
144.

9. Hart, B. L., E. Korinek, and P. Brennan. 1987. Postcopulatory
genital grooming in male rats: prevention of sexually transmit-
ted infections. Phys. Behav. 41:321-325.

10. Hunt, J. 1989. Macrophages in human uteroplacental tissues: a

review. Am. J. Reprod. Immunol. 21:119-122.

GENITAL MYCOPLASMOSIS AND PREGNANCY OUTCOME IN RATS

11

12.

13.

14.

15.

16.
17.
18.

19.

20.

21.

22.

23.

639

. Hunt, J. 1989. Cytokine networks in the uteroplacental unit:
macrophages as pivotal regulatory cells. J. Reprod. Immunol.
16:1-17.

Lai, W. C., M. Bennett, S. P. Pakes, V. Kumar, D. Steutermann,
I. Owusu, and A. Mikhael. 1990. Resistance to Mycoplasma
pulmonis mediated by activated natural killer cells. J. Infect.
Dis. 161:1269-1275.

Leader, R. W., 1. Leader, and E. Witschi. 1970. Genital myco-
plasmosis in rats treated with testosterone propionate to pro-
duce constant estrus. J. Am. Vet. Med. Assoc. 157:1923-1925.
Lindsey, J. R. 1986. Prevalence of viral and mycoplasmal
infections in laboratory rodents, p. 801-808. In N. Bhatt, R. O.
Jacoby, H. C. Morse, and A. E. New (ed.), Viral and myco-
plasmal infections in laboratory rodents: effects on biomedical
research. Academic Press, Orlando, Fla.

Lindsey, J. R., M. K. Davidson, T. R. Schoeb, and G. H. Cassell.
1985. Mycoplasma pulmonis-host relationships in a breeding
colony of Sprague-Dawley rats with enzootic murine respiratory
mycoplasmosis. Lab. Anim. Sci. 35:597-608.

Razin, S. 1981. Mycoplasmas: the smallest pathogenic procary-
otes. Isr. J. Med. Sci. 17:510-515.

Ruuth, E., and F. Praz. 1989. Interactions between mycoplas-
mas and the immune system. Immunol. Rev. 12:133-160.
Schuurs, A. H. W. M., and H. A. M. Verheul. 1990. Effects of
gender and sex steroids on the immune response. J. Steroid
Biochem. 35:157-172.

Simecka, J. W., and G. H. Cassell. 1987. Serum antibody and
cellular responses in LEW and F344 rats after immunization
with Mycoplasma pulmonis antigens. Infect. Immun. 55:731-
735.

Simecka, J. W., J. K. Davis, and G. H. Cassell. 1989. Serum
antibody does not account for differences in the severity of
chronic respiratory disease caused by Mycoplasma pulmonis in
LEW and F344 rats. Infect. Immun. 5§7:3570-3575.
Taylor-Robinson, D., and P. M. Furr. 1985. The interplay of
host and organism factors in infection of the mouse genital tract
by Mycoplasma pulmonis. J. Hyg. 95:7-14.

Weinberg, E. D. 1984. Pregnancy-associated depression of
cell-mediated immunity. Rev. Infect. Dis. 6:814-831.

Yancey, A., J. W. Simecka, H. L. Watson, S. Ross, and G. H.
Cassell. 1992. Sex differences in susceptibility to Mycoplasma
pulmonis induced respiratory disease in C3H/HeN mice, abstr.
G-27, p. 164. Abstr. 92nd Gen. Meet. Am. Soc. Microbiol. 1992.



