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Lyme disease is an inflammatory syndrome caused by infection with Borrelia burgdorferi. Although this
syndrome has important implications for human pregnancy, little is known about gestational infection with B.
burgdorferi. Fetal death occurred in 33 of 280 gestational sacs (12%) in 39 C3H/HeN female mice infected by
intradermal injection of B. burgdorferi 4 days after mating (acute infection), compared with 0 of 191 sacs in 25
control mice (P = 0.0001). Forty-six percent of acutely infected mice suffered at least one fetal death, compared
with none of the control animals (P = 0.0002). There were no fetal deaths in 18 C3H/HeN mice infected 3 weeks
prior to mating (chronic infection). A sensitive PCR technique detected B. burgdorferi DNA in the uteri of
acutely infected mice but did not detect DNA in the uteri of controls or chronically infected mice. Spirochete
DNA was only rarely detected in fetal tissues, and its presence was not required for fetal death. The inclusion
of an internal competitive PCR target indicated that the lack of B. burgdorferi sequences in fetal DNA was not
due to the presence of a PCR inhibitor. Histologic analysis of gestational tissues from infected animals
demonstrated nonspecific pathology consistent with fetal death. These findings indicate an association between
murine fetal death and acute infection with B. burgdorferi early in gestation but not with chronic infection. Our
data suggest that fetal death is due to a maternal response to infection rather than fetal infection. These
findings could provide an explanation for observations in humans in which sporadic cases of fetal death in
women infected with B. burgdorferi during pregnancy have been reported, while previous infection has not been

associated with fetal death.

Lyme disease is a multisystem inflammatory disorder caused
by infection with the tick-borne spirochete Borrelia burgdorferi
(29). This disorder has generated considerable interest as the
most common vector-borne illness in the United States (6, 16).
Lyme disease is characterized by an enlarging skin lesion
around the site of the tick bite, termed erythema migrans.
Erythema migrans may be complicated by cardiac, neurologic,
or arthritic manifestations that develop weeks to months after
the initial infection (29).

Clinically, B. burgdorferi infection most resembles syphilis,
which has long been associated with devastating perinatal out-
comes (33). This led to concern by obstetricians regarding
possible untoward fetal effects of B. burgdorferi. Indeed, several
adverse perinatal outcomes, including preterm delivery, fetal
death, and malformations, have been noted (15, 17, 26, 32).
Congenital infections from transplacental transmission of B.
burgdorferi have also been documented (14, 15, 26, 32). How-
ever, adverse fetal outcomes are not increased in women with
antibodies indicating previous Lyme disease (30).

It is apparent that Lyme disease has important implications
for human pregnancy, but there are few animal models with
which to study the perinatal effects of infection with B. burg-
dorferi. We established a murine model of Lyme disease in
pregnancy to determine whether B. burgdorferi infection causes
fetal wastage. We also used PCR to evaluate transplacental
transmission of the spirochete.

* Corresponding author. Mailing address: Room 2B200, University
of Utah School of Medicine, 50 North Medical Dr., Salt Lake City, UT
84132. Phone: (801) 581-7260. Fax: (801) 585-5146.

66

MATERIALS AND METHODS

Mice. C3H/HeN, C57BL/6, and BALB/c mice were obtained from the Na-
tional Cancer Institute or Jackson Laboratories. Animals had free access to food
and water and were exposed to a 12-h light/12-h dark cycle. Six to 8-week-old
virgin C3H/HeN female mice were mated with 8- to 12-week-old C57BL/6 males,
and the day of coital plugging was established as day O of pregnancy. This
allogeneic mating is well characterized and is not normally abortion prone.
C3H/HeN X C3H/HeN and BALB/c X BALB/c matings were also used. Studies
were approved by the University of Utah Institutional Animal Care and Use
Committee.

Bacteria. B. burgdorferi was the uncloned N40 isolate at passage 5 from an
infected mouse, kindly provided by Stephen Barthold, Yale University (2). Cul-
tures were maintained as 0.5-ml frozen stocks at —70°C. Fresh aliquots were
seeded in 15 ml of BSK-IT medium (Sigma) (1) and cultured at 30°C for 3 to 5
days prior to injection.

Infection of mice with B. burgdorferi. C3H/HeN or BALB/c females were
infected by intradermal injection with B. burgdorferi (2 X 10° to 3 X 107 of
low-passage-number N40 isolate) or vehicle (BSK-II medium; Sigma) in the
shaven back either 3 weeks before mating (chronic infection) or 4 days after
mating (acute infection). Methoxyflurane (Pitman-Moore, Mundelein, Ill.) was
used as an inhalational anesthetic during the injections. Additional mice were
injected with B. burgdorferi 5 days prior to mating.

Determination of fetal status. Pregnant animals were sacrificed on days 14 to
16 of pregnancy, and the fetal status was determined. Live pups (pink, round
uniform sacs, formed fetus with a heartbeat) were distinguished from fetal deaths
(malformed, hemorrhagic sacs, formed fetus with no heartbeat), which rarely
occur spontaneously in these matings, and resorptions (very small, pale, grey
sacs, no discernible fetus), which probably occur early in gestation and are
occasionally seen in normal murine pregnancy. Gestational sacs were examined
under a 10X dissecting microscope. Fetal outcomes between groups were com-
pared by using chi-square analysis and Fisher’s exact test.

Histology. Gestational sacs from animals infected on day 4 of gestation were
taken for histologic analysis. Samples were fixed in 10% neutral buffered forma-
lin solution and embedded in paraffin blocks, and sections were stained with
hematoxylin and eosin. All histologic examinations were performed by a single
observer.

Preparation of DNA from infected tissues. Uteri, placentas, and fetuses of
control and infected mice were removed from mice that were sacrificed at the
indicated times. After a saline rinse, tissues were minced with single-use razor
blades and digested with 0.1% collagenase A (Boehringer Mannheim) in phos-
phate-buffered saline for 4 h at 37°C. Collagenase digestion yielded single-cell
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TABLE 1. Fetal outcome after acute infection with B. burgdorferi on day 4 of gestation
Treatment No. of No. of No. (%) of No. (%) of No. (%) of fetal No. (%) of
reatmen mice gestational sacs live fetuses fetal deaths resorptions affected mice
None (controls) 25 191 183 (96) 0 8(4) 0
B. burgdorferi
2 X 10? 12 83 69 (83) 8 (10)* 6(7) 4(33)
2 X 10° 9 76 61 (72) 14 (18)* 1(1) 6 (66)
107 10 70 62 (88) 6 (9) 2(2) 3(30)
2 % 107 8 51 45 (88) 5 (10)* 1(1) 5(63)
All doses 39 280 237 (85) 33 (12)¢ 10 (4) 18 (46)

“ Increased compared with controls; P < 0.001; X2

suspensions, which were mixed with an equal volume of 0.2 mg of proteinase K
(Boehringer Mannheim) per ml in 200 mM NaCl-20 mM Tris-HCI (pH 8.0)-50
mM EDTA-1% sodium dodecyl sulfate (7). Samples were digested with pro-
teinase K for 16 h at 50°C. DNA was recovered by phenol-chloroform extraction
and ethanol precipitation, and samples were digested with 0.001 mg of DNase-
free RNase per ml for 1 h at 37°C. Phenol-chloroform extraction and ethanol
precipitation were repeated, and the DNA was resuspended in distilled H,O and
diluted to 50 pg/ml.

PCR. Three microliters (150 ng) of DNA was added to each amplification
reaction mix. Reactions were carried out in 50 mM Tris (pH 8.3)-3 mM
MgCl,-20 mM KCI-0.5 mg of bovine serum albumin, with 70 pmol of each
oligonucleotide primer, 0.8 mM each of the four deoxynucleoside triphosphates
(Boehringer Mannheim), 2.5 wCi of [3*?P]dCTP (New England Nuclear Research
Products), and 0.72 U of Tag DNA polymerase (5,000 U/ml; BRL-GIBCO) (31).
Controls lacking DNA were always included to monitor the purity of reagents.
DNA was amplified with primers specific for OspA, an outer surface lipoprotein
of B. burgdorferi. This assay can detect as few as three spirochetes (36). DNA was
also amplified with primers specific for the single-copy murine gene for nidogen
to ensure that approximately equivalent amounts of DNA from each tissue
sample were analyzed. Primers were as follows: OspA319 (5'-CTT TAA GCT
CAA GCT TGT CTA CTG T-3'), OspAl49 (5'-TTA TGA AAA AAT ATT
TAT TGG GAA T-3') (19), and nidogen (5'-CCA GCC ACA GAA TAC CAT
CC-3’ and 5'-GGA CAT ACT CTG CCA TC-3') (23). The reaction conditions
for OspA were denaturing at 94°C for 1 s, annealing at 55°C for 1 s, and
elongation at 72°C for 12 s. The reaction conditions for nidogen were denaturing
at 94°C for 1 s, annealing at 60°C for 1 s, and elongation at 72°C for 6 s.
Amplification was carried out in sealed glass capillary tubes (10-ul volume) in a
model 1605 Air Thermocycler (Idaho Technologies). Cycle numbers are indi-
cated in the figure legends.

Reaction products were separated on a 6% polyacrylamide sequencing gel,
identified by autoradiography, and in some cases analyzed in a Bio-Rad Phos-
phorImager equipped with Phosphoranalyst software. Mspl-digested pBR332
DNA was end labeled with [*?P]dCTP and used for molecular weight markers on
the gel.

Quantitative PCR with a competitive internal control. Quantitative PCR was
performed by adding increasing numbers of copies of a competitive target to
standard PCR mixes containing 150 ng of tissue DNA. The competitive target
contained 25 bp of OspA sequences flanking a 188-bp flagellin gene sequence
(kind gift of David Persing, Mayo Clinic, Rochester, Minn.). The target was
generated by amplifying B. burgdorferi DNA with chimeric 50-nucleotide primers
containing the OspA149 or OspA319 primer contiguous with sequences from the
B. burgdorferi flagellin gene (35).

Increasing numbers of copies of the competitive target were added to standard
PCR mixes containing 125 ng of tissue DNA (24). Amplification reactions were
done with OspA149 and OspA319 oligonucleotide primers for 30 cycles as
described above. After separation by electrophoresis on 6% polyacrylamide gels,
the isotope content of each band was determined with a PhosphorImager. This
allowed calculation of the ratio of the copy number of the competitor to target
sequences for each sample. Calculations were corrected for the 1.45-fold greater
GC content of the competitive target compared with the amplified OspA se-
quence.

RESULTS

Pregnancy outcome. C3H mice infected with B. burgdorferi
began to develop arthritis 2 weeks after inoculation, as evi-
denced by enlarged and swollen ankle joints. Fetal outcome for
acutely infected (day 4 of gestation) pregnant mice (mated
with C57BL/6 males) is shown in Table 1. B. burgdorferi caused
a significant increase in the proportion of fetal deaths at all
doses tested (P < 0.001; x?). There was no change in the
proportion of fetal deaths over increasing doses of inoculum.

Forty-six percent of acutely infected pregnant mice suffered at
least one fetal death, compared to none of the controls (P =
0.0002; x?).

To determine whether inoculation during pregnancy was
required for fetal death to occur, additional C3H/HeN females
were infected with 2 X 10° B. burgdorferi cells 5 days prior to
mating with C57BL/6 males. These mice were subjected to an
acute infection initiated just prior to gestation. Fetal death
occurred in 10 of 72 gestational sacs (14%) in eight mice,
compared with 0 of 64 gestational sacs in eight control mice (P
< 0.001). Fetal outcome was similar in mice that were acutely
infected both just prior to and just after mating, indicating that
introduction of the spirochete during pregnancy was not a
requirement for fetal death.

In contrast, there were no fetal deaths in 18 chronically
infected mice that were inoculated 3 weeks prior to mating
(Table 2). Reproductive outcome was normal in these mice
despite the development of severe arthritis 2 to 3 weeks after
infection.

Additional experiments were performed to ascertain
whether the fetal effects of maternal B. burgdorferi infection
are strain specific. In the model of Barthold et al., inbred
strains of mice respond differently to infection (2). For exam-
ple, C3H mice develop severe arthritis, while BALB/c and
C57BL/6 mice develop arthritis of mild and intermediate se-
verity, respectively (2, 3, 35, 36).

In one set of experiments, C3H/HeN females were infected
with 2 X 10° B. burgdorferi cells 4 days after mating with
C3H/HeN males (acute infection). Fetal death occurred in 7 of
68 gestational sacs (10%) in eight infected mice, compared
with 0 of 65 gestational sacs in eight control mice (P < 0.001).
The proportion of fetal deaths was similar to that in acutely
infected C3H/HeN females mated with C57BL/6 males. Al-
though C3H mice develop more severe arthritis when infected
with B. burgdorferi than C57BL/6 mice, our data show that
these strains do not differ in their paternal contribution to
susceptibility to B. burgdorferi-induced fetal death.

TABLE 2. Fetal outcome after chronic infection with
B. burgdorferi 3 weeks prior to mating”

No. of No._of No. (%) No. (%)
Treatment mice gestational of live of fet.al
sacs fetuses resorptions
None (controls) 5 38 36 (95) 2(5)
B. burgdorferi
10° 6 50 50 (100) 0
107 6 43 41 (95) 2(5)
2 X 107 6 37 35 (95) 2(5)
All doses 18 130 126 (97) 4(3)

“In this analysis, there were no fetal deaths and no affected mice.
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FIG. 1. Detection of B. burgdorferi (B.B.) DNA in tissues from pregnant
mice. C3H/HeN mice (mated with C57BL/6 males) were inoculated on day 4 of
gestation with media (control) or indicated doses of B. burgdorferi. PCR ampli-
fication was performed for 22 cycles with nidogen gene primers and 35 cycles
with OspA149 and OspA319 primers. PCR of DNA in tissues from four of eight
infected and two of four control mice is shown. Abbreviations: F, fetus; P,
placenta; U, uterus; FD, fetal death; B, water blank.

We also studied the maternal contribution of inbred strains
of mice to susceptibility of B. burgdorferi-induced fetal death.
BALB/c female mice were infected with 2 X 10° B. burgdorferi
cells 4 days after mating with BALB/c males. BALB/c mice
treated with both B. burgdorferi and vehicle suffered high rates
of fetal deaths. This mating was quite sensitive to the handling
required for intradermal injection, and the high rate of back-
ground fetal wastage precluded any conclusions about the rate
of B. burgdorferi-induced fetal death in BALB/c mothers.

Detection of B. burgdorferi DNA in murine tissues. PCR
using primers specific for OspA was used to determine the
presence of spirochete DNA in intrauterine tissues. Figure 1
shows a representative PCR performed with DNA taken from
C3H/HeN female mice mated with C57BL/6 males and in-
fected with B. burgdorferi on day 4 of gestation. These mice
were sacrificed 10 to 12 days later. B. burgdorferi DNA was
detected in all uteri taken from eight infected mice but was not
detected in any of four control animals. In addition, B. burg-
dorferi DNA was not detected in any of 10 fetuses (including 2
fetuses that were dead at the time of sacrifice) and was only
faintly detected in one of eight placentas from infected ani-
mals. OspA sequences were not detected in fetuses even after
PCR amplification for 35 cycles. These data indicate that trans-
placental transmission of B. burgdorferi is not required for fetal
death in association with murine Lyme disease.

Similar results were obtained with DNA taken from C3H/
HeN female mice mated with C3H/HeN males and infected
with B. burgdorferi on day 4 of gestation. OspA sequences were
detected in the uteri but not the placentas or fetuses of in-
fected mice.

We amplified DNA from intrauterine tissues in the presence
of both a competitive target and primers specific for OspA, to
be certain that the absence of detectable OspA sequences in
fetal DNA was not a result of a PCR inhibitor (24). The
competitive target was readily amplified in the presence of
fetal DNA taken from infected mice (Fig. 2). This finding
implies that the lack of detectable OspA sequences in fetal
tissues is due to the absence of spirochetes, as opposed to an
inhibitor of the PCR. There was some variability in the inten-
sity of the signal from the competitive target among samples.
This was likely due to differences in exposure times, freshness
of *?P, and slight day-to-day assay variability. However, in all
cases, the competitive target was easily detected to a level of 40
copies.

This method can also be used to quantify the number of
copies of a gene sequence in tissues (24) and has been used to
determine the number of OspA gene sequences in infected
tissues in murine Lyme disease (35). We estimate that there
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FIG. 2. Amplification of B. burgdorferi DNA in the presence of a competitive
target. A constant amount of tissue DNA (150 ng) was incubated with increasing
copies of the competitive target DNA. Lanes: 1, 50,000 copies of the competitive
target; 2, 10,000 copies; 3, 5,000 copies; 4, 1,000 copies; 5, 200 copies; 6, 40
copies; 7, 0 copies. PCR amplification was performed with oligonucleotides
OspA149 and OspA319 for 30 cycles. Tissues were taken from a pregnant mouse
inoculated with B. burgdorferi on day 4 of gestation (A [uterus] and B [fetus]) and
3 weeks prior to mating (C [uterus]).

are 107 copies of the ospA gene sequence in the uteri of acutely
infected mice (Fig. 2).

We considered the possibility that sacrifice of animals by day
16 of gestation might cause us to miss fetal B. burgdorferi
transmission in acutely infected mothers. Fetuses could be
infected transplacentally either later in gestation or during the
process of labor and delivery. In an additional experiment,
fetuses were allowed to deliver spontaneously from four C3H/
HeN mice mated with C57BL/6 males and infected with 2 X
10° B. burgdorferi cells on day 4 of gestation. No B. burgdorferi
DNA was found in any of eight of these fetuses (Fig. 3). These
data, taken together with the absence of spirochete DNA in
fetuses from acutely infected animals that were sacrificed, in-
dicate that fetal infection does not routinely occur under these
conditions.

However, fetal infection may sometimes occur. We detected
a faint band of osp4 DNA in one of three fetuses and one of
two placentas taken from mice that were infected with B.
burgdorferi 5 days prior to mating and sacrificed on day 14 of
gestation. It is noteworthy that the detection of spirochete



VoL. 63, 1995

Spontaneous Delivered
e

, N
FFFFFFFFRFPUB

OspA ' ' ' 3‘3 l . -
Nidogen “m..'.‘.

12 3 4 56 6 7 8 9 10 1112

FIG. 3. Detection of B. burgdorferi DNA in spontaneously delivered neo-
nates. C3H/HeN mice (mated with C57BL/6 males) were inoculated on day 4 of
gestation with 2 X 10° B. burgdorferi cells and allowed to spontaneously deliver
(lanes 1 to 8). Tissues from an acutely infected mouse were also tested (lanes 9
to 11) as a positive control. PCR amplification was performed for 22 cycles with
nidogen gene primers and 35 cycles with OspA149 and OspA319 primers. Ab-
breviations: F, fetus; P, placenta; U, uterus; B, water blank.

DNA in the fetus did not correlate with fetal outcome. The
fetus with detectable B. burgdorferi sequences was alive, while
one of the fetuses without detectable osp4A DNA was dead at
the time of sacrifice.

In contrast to uteri harvested from acutely infected animals,
no B. burgdorferi DNA was detected in two uteri taken from
pregnant mice chronically infected with B. burgdorferi 5 to 6
weeks prior to sacrifice (Fig. 4). Amplification of the compet-
itive target was not inhibited by the presence of DNA from the
uteri of these animals (Fig. 2).

Histology. Histologic features of gestational sacs associated
with dead fetuses were nonspecific. These postmortem changes
included decidual necrosis, calcifications, and collapse of the
fetal circulation, representing typical changes in decidual and
placental tissue after murine fetal death of any cause (25a)
(Fig. 5). The labyrinthine zones of the placentas of live fetuses
from mothers infected with B. burgdorferi exhibited more
edema and vacuolar changes than controls. However, these
changes were also nonspecific, were not associated with an
inflammatory response, and were found in a few control ani-
mals. Fetal tissues of dead animals showed nonspecific auto-
lytic changes, and tissues from live fetuses of infected mothers
showed intact visceral histology without diagnostic pathology.
Polymorphonuclear infiltrates were not consistently noted in
the gestational tissues of animals infected with B. burgdorferi.

DISCUSSION

Acute infection with B. burgdorferi early in gestation is as-
sociated with fetal death in C3H mice, but chronic infection is
not. These data are consistent with observations in human
pregnancy. Sporadic cases of fetal loss associated with Lyme
disease have been reported, and all were characterized by
acute infection during pregnancy (14, 15, 17, 26, 32). In con-
trast, perinatal outcome in previously infected women in areas
of endemicity are similar to outcomes in the general popula-
tion (30, 34). As with our chronically infected mice, previous or
chronic infection with B. burgdorferi is not associated with
perinatal loss in humans. Adverse perinatal outcomes have
also been noted in a canine model of B. burgdorferi infection
(10). Gustafson and colleagues noted higher rates of perinatal
loss, increased fetal resorptions, and shorter gestations in bea-
gles that were acutely infected with B. burgdorferi during preg-
nancy than in controls (10).

In our model, transplacental transmission of B. burgdorferi
was not required for fetal death. Spirochete DNA was not
demonstrated in any fetuses, including several that suffered in
utero death, taken from or born to mothers infected on day 4
of gestation. We used a very sensitive and specific PCR tech-
nique that can detect as few as three spirochetes in 150 ng of
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FIG. 4. Detection of B. burgdorferi DNA in tissues from acutely and chron-
ically infected mice. C3H/HeN mice (mated with C57BL/6 males) were inocu-
lated with 2 X 10° B. burgdorferi cells on day 4 of gestation (acute infection) or
3 weeks prior to mating (chronic infection). PCR amplification was performed
for 22 cycles with nidogen gene primers and 35 cycles with OspA149 and
OspA319 primers. Abbreviations: F, fetus; P, placenta; U, uterus; B, water blank.

tissue DNA (36). This technique was chosen because PCR is a
more sensitive method than culture or immunohistology for
the detection of B. burgdorferi in synovial fluid and tissues (12,
22). Also, we have not been able to reliably culture B. burg-
dorferi from gestational tissues. Spirochetes that were added to
uterine, gestational, and fetal tissues were not recovered by
culture in BSK-II medium but were detected by PCR (unpub-
lished observations). Furthermore, we ruled out the possibility
of a PCR inhibitor as the reason for inability to detect OspA
sequences by amplifying a competitive internal control in the
presence of fetal DNA.

Transplacental transmission of the spirochete did not rou-
tinely occur in our mouse model. This finding is consistent with
the observations that vertical transmission of B. burgdorferi
does not occur in either Lewis rats (21) or outbred white-
footed mice (Peromyscus leucopus) (18), as assayed by spiro-
chete culture and infectivity. However, we cannot exclude the
possibility of occasional murine transplacental transmission of
B. burgdorferi under these or other conditions. In fact, we
detected a faint band of B. burgdorferi DNA in one fetal sample
taken from an animal that was infected 5 days prior to mating.
This could represent contamination during tissue handling.
However, this is unlikely since no OspA sequences were de-
tected in fetuses from animals infected on gestational day 4 or
in any control animals that were sacrificed and processed along
with infected mice. Alternatively, spirochete load to the uterus
may be higher in mice infected 5 days prior to as opposed to 4
days after fertilization, increasing the chances for fetal infec-
tion. Tissues in C3H mice are most heavily infected 2 weeks
postinoculation (3, 36).

Spirochete DNA was detected in all uteri tested from
acutely infected animals but was not present in uteri taken
from chronically infected animals. Thus, B. burgdorferi was
present in the uterus at time points associated with fetal death
but absent at time points associated with normal reproductive
outcome. This finding, as well as the lack of association be-
tween transplacental transmission of the spirochete and fetal
death, implies that fetal death is due to a maternal response to
infection rather than fetal infection. There is considerable pre-
cedent for such a mechanism of fetal death. Systemic maternal
infections in women can cause perinatal loss without directly
infecting the fetus (5, 9), and the administration of lipopoly-
saccharide to pregnant mice causes fetal death via a maternal
response as opposed to a direct fetal effect (28).

The mechanism(s) by which a maternal response to B. burg-
dorferi causes fetal death is unknown. We speculate that intra-
uterine production of inflammatory mediators may play a role
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FIG. 5. Gestational tissues from study animals (hematoxylin and eosin stain; original magnification, X10). Shown are gestational tissues from sacs containing a dead
fetus after acute maternal infection (day 4) with B. burgdorferi (A and B) and containing a live fetus from a control animal (C). Animals were sacrificed on day 15 of
gestation. (A) Nonspecific changes related to intrauterine fetal demise include calcifications at the decidual placental interface (broad arrow) and extensive necrosis
without inflammatory infiltration (narrow arrows). (B) Extensive decidual necrosis (broad arrow) with a perimeter of neutrophils. The overlying normal appearing
trophoblast (narrow arrow) is encroached by the decidual lesion. Although prominent in this section, neutrophils were not a consistent feature in infected animals. (C)
The labyrinthine trophoblast is prominent with obvious fetal vascular channels (arrows).

in the pathogenesis of fetal loss. B. burgdorferi, as well as OspA
and OspB, can stimulate the production of interleukin-1 (4, 11,
13, 19, 20) and tumor necrosis factor alpha (8, 13, 25) in vivo
and in vitro. Maternal production of these inflammatory cyto-
kines has been implicated as a cause of murine fetal death
(27, 28). Other compounds induced by B. burgdorferi-specific
lipoproteins that could potentially cause fetal harm include
nitric oxide, interleukin-6, and gamma interferon (13). Alter-
natively, maternal inflammatory mediators may be nonspecifi-
cally induced by tissue destruction secondary to spirochete
invasion in the uterus. The mechanism of fetal loss appears to
be different from that of arthritis, since fetal death is not
associated with an infiltrate of polymorphonuclear cells.

The presence of uterine spirochetes did not inevitably cause
fetal death. It is unclear why some fetuses die in utero while
others appear unaffected by maternal infection with B. burg-
dorferi. Spirochete inoculum was not the explanation for this
phenomenon, since increasing doses of B. burgdorferi did not
cause increased rates of fetal death. However, it is possible that
lower inocula would have exhibited dose dependence.

Infection of C3H/HeN mice with B. burgdorferi provides an
excellent model for the study of Lyme disease during preg-
nancy, although murine Lyme disease may differ from human
pregnancy with regards to the rate of fetal infection. We are
currently using this model to better characterize the maternal
intrauterine response to infection with B. burgdorferi and to

FETAL OUTCOME IN MURINE LYME DISEASE 71

explore the mechanisms of B. burgdorferi-induced fetal death.
This model may also provide insight into the pathophysiology
of insidious intrauterine infection during pregnancy.

ACKNOWLEDGMENTS

This work was supported by grants AI-32223 from the National
Institutes of Health to J.J.W., 5P30-CA-42014 from the American
Cancer Society to the University of Utah, and NIH-K12-HD0049 in
partial support of RM.S. RM.S. is a fellow of the Reproductive
Scientist Development Program.

We are indebted to David Persing for providing the competitive
target and to Julie Andrews for assistance in preparing the manuscript.

REFERENCES

1. Barbour, A. G. 1984. Isolation and cultivation of Lyme disease spirochetes.
Yale J. Biol. Med. 57:521.

2. Barthold, S. W., D. S. Beck, G. M. Hansen, G. A. Terwilliger, and K. D.
Moody. 1990. Lyme borreliosis in selected strains and ages of laboratory
mice. J. Infect. Dis. 162:133-138.

3. Barthold, S. W., D. H. Persing, A. L. Armstrong, and R. A. Peeples. 1991.
Kinetics of Borrelia burgdorferi dissemination and evolution of disease after
intradermal inoculation of mice. Am. J. Pathol. 139:263-273.

4. Beck, G., J. Benach, and G. S. Habicht. 1989. Isolation of interleukin 1 from
joint fluids of patients with Lyme disease. J. Rheumatol. 16:800-806.

5. Burkman, R. T., and R. L. Friedlander. 1975. Ruptured appendix in preg-
nancy. Am. J. Obstet. Gynecol. 122:265.

6. Centers for Disease Control and Prevention. 1988. Lyme disease—Connect-
icut. Morbid. Mortal. Weekly Rep. 37:1-3.

7. Coligan, J. E., A. M. Kruisbeek, D. H. Margulies, E. M. Shevach, and W.



72

10.

11.

12.

13.

14.
15.
16.
17.

18.

19.

20.

21.

22.

SILVER ET AL.

Strober (ed.). 1991. Current protocols in immunology. John Wiley & Sons,
New York.

. Defosse, D. L., and R. C. Johnson. 1992. In vitro and in vivo induction of tumor

necrosis factor alpha by Borrelia burgdorferi. Infect. Immun. 60:1109-1113.

. Duff, P. 1984. Pyelonephritis in pregnancy. Clin. Obstet. Gynecol. 27:17-31.

Gustafson, J. M., E. C. Burgess, M. D. Wachal, and H. Steinberg. 1993.
Intrauterine transmission of Borrelia burgdorferi in dogs. Am. J. Vet. Res.
54:882-890.

Kenefick, K. B., J. A. Lederer, R. F. Schell, and C. J. Czuprynski. 1992.
Borrelia burgdorferi stimulates release of interleukin-1 activity from bovine
peripheral blood monocytes. Infect. Immun. 60:3630-3634.

Lebach, A., P. Hindersson, J. Vuust, and K. Hansen. 1991. Comparison of in
vitro culture and polymerase chain reaction for detection of Borrelia burg-
dorferi in tissue from experimentally infected animals. J. Clin. Microbiol. 29:
731-737.

Ma, Y., K. Seiler, K.-F. Tai, L. Yang, M. Woods, and J. J. Weis. 1994. Outer
surface lipoproteins of Borrelia burgdorferi stimulate nitric oxide production
by the cytokine-inducible pathway. Infect. Immun. 62:3663-3671.
MacDonald, A. B. 1989. Gestational Lyme borreliosis: implications for the
fetus. Rheum. Dis. Clin. North Am. 15:657-677.

MacDonald, A. B., J. L. Benach, and W. Burgdorfer. 1987. Stillbirth follow-
ing maternal Lyme disease. N.Y. State J. Med. Nov:615-616.

Magid, D., B. Schwartz, J. Craft, and J. S. Schwartz. 1992. Prevention of
Lyme disease after tick bites. N. Engl. J. Med. 327:534-541.

Markowitz, L. E., A. C. Steere, J. L. Benach, J. D. Slade, and C. V. Broome.
1986. Lyme disease during pregnancy. JAMA 255:3394-3396.

Mather, T. N., S. R. Telford, and G. H. Adler. 1991. Absence of transpla-
cental transmission of Lyme disease spirochetes from reservoir mice (Pero-
myscus leucopus) to their offspring. J. Infect. Dis. 164:564-567.

Miller, L. C., S. Isa, E. Vannier, K. Georgilis, A. C. Steere, and C. A.
Dinarrello. 1992. Live Borrelia burgdorferi preferentially activate interleu-
kin-1B gene expression and protein synthesis over the interleukin-1 receptor
antagonist. J. Clin. Invest. 90:906-912.

Miller, L. C., E. Lynch, S. Isa, J. Logan, C. A. Dinarello, and A. C. Steere.
1993. Balance of synovial fluid IL-18 and IL-1 receptor antagonist and
recovery from Lyme arthritis. Lancet 341:146-148.

Moody, K. D., and S. W. Barthold. 1991. Relative infectivity of Borrelia
burgdorferi in Lewis rats by various routes of inoculation. Am. J. Trop. Med.
Hyg. 44:135-139.

Nocton, J. J., F. Dressler, B. J. Rutledge, P. N. Ryn, D. H. Persing, and A. C.
Steere. 1994. Detection of Borrelia burgdorferi DNA by polymerase chain
reaction in synovial fluid from patients with Lyme arthritis. N. Engl. J. Med.
330:229-234.

23.

24.

25.

INFECT. IMMUN.

Pachner, A. R., E. Delaney, and N. S. Ricalton. 1993. Murine Lyme borre-
liosis: route of inoculation determines immune response and infectivity. Reg.
Immunol. 4:345-351.

Piatak, M., K. C. Luk, B. Williams, and J. D. Lifson. 1993. Quantitative
competitive polymerase chain reaction for accurate quantitation of HIV
DNA and RNA species. BioTechniques 14:70-80.

Radolf, J. D., M. V. Norgard, M. E. Brandt, R. D. Isaacs, P. A. Thompson,
and B. Beutler. 1991. Lipoproteins of Borrelia burgdorferi and Treponema
pallidum activate cachectin/tumor necrosis factor synthesis. J. Immunol. 147:
1968-1974.

25a.Salafia, C. M. Unpublished data.

26.

27.

28.

29.
30.

31.

32

33.

34

35.

36.

Schlesinger, P. A., P. H. Duray, B. A. Burke, A. C. Steere, and M. T. Stillman.
1985. Maternal-fetal transmission of the Lyme disease spirochete, Borrelia
burgdorferi. Ann. Intern. Med. 103:67-69.

Silen, M. L., A. Firpo, S. Morgello, S. F. Lowry, and T. Francus. 1989.
Interleukin-1a and tumor necrosis factor o cause placental injury in the rat.
Am. J. Pathol. 135:239-244.

Silver, R. M., W. S. Lohner, R. A. Daynes, M. D. Mitchell, and D. W. Branch.
1994. Lipopolysaccharide-induced fetal death: the role of tumor necrosis
factor alpha. Biol. Reprod. 50:1108-1112.

Steere, A. C. 1989. Lyme disease. N. Engl. J. Med. 321:586-596.

Strobino, B. A., C. L. Williams, S. Abid, R. Chalson, and P. Spierling. 1993.
Lyme disease and pregnancy outcome: a prospective study of two thousand
prenatal patients. Am. J. Obstet. Gynecol. 169:367-374.

Tan, S. S., and J. H. Weis. 1992. Development of a sensitive reverse tran-
scriptase PCR assay, RT-PCR, utilizing rapid cycle times. PCR Methods
Appl. 2:137-143.

Weber, K., H. J. Bratzke, U. Neubert, B. Wilske, and P. H. Duray. 1988.
Borrelia burgdorferi in a newborn despite oral penicillin for Lyme borreliosis
during pregnancy. Pediatr. Infect. Dis. J. 7:286-289.

Wendel, G. D. 1988. Gestational and congenital syphilis. Clin. Perinatal. 15:
287-303.

Williams, C. L., J. L. Benach, A. S. Curran, and P. Spierling. 1988. Lyme
disease during pregnancy: a cord blood serosurvey. Ann. N.Y. Acad. Sci. 539:
504-506.

Yang, L., Y. Ma, R. Schoenfeld, M. Griffiths, E. Eichwald, B. Areneo, and
J. J. Weis. 1992. Evidence for B-lymphocyte mitogen activity in Borrelia
burgdorferi-infected mice. Infect. Immun. 60:3033-3041.

Yang, L., J. H. Weis, E. Eichwald, C. P. Kolbert, D. H. Persing, and J. J.
Weis. Heritable susceptibility to severe Borrelia burgdorferi-induced arthritis
is dominant and is associated with persistence of large numbers of spiro-
chetes in tissues.



