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Antibody responses to outer surface protein A (OspA) of Borrelia burgdorferi may occur during periods of
arthritis late in the clinical course of untreated Lyme disease. These antibody responses are paradoxical, given
the conclusive evidence demonstrating that B. burgdorferi transmitted to the mammalian host expresses little
or no OspA. The parallel occurrence of OspA antibodies and arthritic episodes suggests that OspA expression
is upregulated during infection with B. burgdorferi. We hypothesized that this was due to the inflammatory
environment caused by the immune response to the spirochete. To test our hypothesis, we adapted an in vivo
model that mimics the host-pathogen interaction. Dialysis chambers containing B. burgdorferi were implanted
into the peritoneal cavities of mice in the presence or absence of zymosan, a yeast cell wall extract that induces
inflammation. Spirochetes were harvested 2 days later, and OspA expression was assessed at the protein and
transcription level by Western blotting and real-time reverse transcription-PCR, respectively. Flow cytometry
was also utilized to evaluate OspA protein expression on individual spirochetes. B. burgdorferi maintained in
an inflammatory in vivo environment show an increased OspA expression relative to B. burgdorferi kept under
normal in vivo conditions. Furthermore, host-adapted B. burgdorferi with a low OspA phenotype upregulates
OspA expression when transferred to an inflammatory in vivo environment. The results obtained by these
techniques uniformly identify inflammation as a mediator of in vivo OspA expression in host-adapted B.
burgdorferi, providing insights into the behavior of live spirochetes in the mammalian host.

Lyme disease, a chronic, multisystem inflammatory disease,
is caused by infection with the tick-borne spirochete, Borrelia
burgdorferi (41). Infection is characterized by a clinical course
that may include cardiac anomalies, neurological damage, and
persistent chronic arthritis (40). Disease transmission occurs by
the tick vector, the eastern black-legged deer tick, Ixodes
scapularis. As an infected nymphal tick draws its blood meal, B.
burgdorferi harbored in its gut multiply and migrate to the tick’s
salivary glands and into the human host. After 53 h of tick
attachment (31), pathogenic B. burgdorferi spirochetes are
transmitted to the host. Erythema migrans, the most common
feature of early Lyme disease, occurs shortly thereafter.

Careful analysis has shown that B. burgdorferi is a microaero-
philic bacterium that survives at a range of temperatures, al-
though B. burgdorferi exists ideally at 33°C (3). The motility of
this organism is achieved by a total of 7 to 11 periplasmic
flagella that are positioned on both ends of the spirochete,
permitting it to flex and pause. B. burgdorferi is further char-
acterized by the marked temporal expression of many outer
surface proteins during their life cycle in the arthropod and
mammalian environments (31).

The outer surface protein A (OspA) of B. burgdorferi has
been a focus of scientific scrutiny since its identification. (21).
This 31-kDa lipoprotein is localized on the surface and in the
periplasmic space of B. burgdorferi. Reportedly, OspA interacts
with the tick midgut mediating spirochete adhesion (33). B.
burgdorferi modulates its OspA lipoprotein expression as it
cycles between the arthropod and the host during its enzootic

cycle (17). Spirochetes in the midgut of unfed ticks express
OspA in copious amounts; collectively, OspA and flagellin
account for one-third of the total protein (11). The majority of
spirochetes in a feeding nymphal tick clear OspA from their
surface and express another lipoprotein, OspC, instead (39). In
the tick, OspC is not present on the spirochetal surface prior to
the blood meal (12, 39). B. burgdorferi transmitted to the host
express little or no OspA (7). This is evidenced in B. burgdor-
feri-infected mice that typically develop antibodies to OspC but
rarely seroconvert to OspA (28).

Several observations provide evidence that OspA expression
by B. burgdorferi is further modulated once the spirochetes
have infected the mammalian host. Late in the course of Lyme
disease, antibody responses to OspA have been reported (4,
15, 23). Moreover, in a unique collection of serial serum sam-
ples collected from Lyme disease patients who had not re-
ceived antibiotics, it was noted that spiking OspA serum anti-
body titers coincided with arthritic episodes (24). Interestingly,
the strength of the anti-OspA titers correlated with the severity
and duration of arthritis in these patients (24). Given that B.
burgdorferi does not express OspA when it first infects the host
(12), the appearance of these antibody titers strongly suggests
that the spirochete can upregulate OspA expression within the
host. If these antibody responses are indicative of OspA ex-
pression, then perhaps inflammation induced in response to
the spirochetal infection is triggering OspA expression by B.
burgdorferi.

Until recently, the study of B. burgdorferi lipoprotein expres-
sion in the mammalian host was difficult due to the limited
number of spirochetes that could be identified in host tissue.
The dialysis membrane chamber model system (1), whereby
spirochetes are cultivated in dialysis membrane chambers im-
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planted into rats, has advanced the study of in vivo B. burgdor-
feri lipoprotein expression. Sizeable numbers of “host-adapt-
ed” spirochetes displaying a low OspA phenotype can be
harvested from these chambers. Thus, this in vivo model sys-
tem is ideal for the identification of a signal(s) that leads to an
increase in OspA expression. On the other hand, in vitro-
cultivated B. burgdorferi constitutively express a high level of
OspA (28), hampering studies on the regulation of expression
of this protein. We report here that OspA expression in vivo is
significantly higher when spirochetes are placed in an inflam-
matory environment. We document this by comparing the level
of OspA proteins and transcripts in chamber-grown spiro-
chetes in mice in the presence or absence of inflammation.

MATERIALS AND METHODS

Bacteria. The infectious clone D10/E9 of B. burgdorferi N40 (8, 9) was used in
these experiments. Spirochetes were cultured until mid-log phase (5 � 107

cells/ml) in BSK-H medium supplemented with 6% rabbit serum (Sigma Chem-
ical Co., St. Louis, Mo.) at 33°C. Cell densities were estimated by dark-field
microscopy. For the flow cytometric studies, an OspA� mutant strain of B.
burgdorferi 297 (22) was used as a negative control.

Mice. Female Swiss-Webster retired breeders were purchased from Charles
River Laboratories, Raleigh, N.C. Mice were housed in filter frame cages and fed
food and water ad libitum. Mice were sacrificed by carbon dioxide inhalation.

Dialysis chamber implants. We modified the dialysis membrane chamber
model (1) by implanting the chambers into mice instead of rats. Chamber
implants were prepared under sterile conditions from SpectraPor dialysis tubing
with a molecular mass cutoff of 50 kDa (Sigma). The dialysis tubing was tied
tightly at one end. The tubing was rinsed in sterile water, boiled in 0.5 mM
EDTA, and boiled in sterile water, as previously described (1). Then, 1 ml of a
low-passage, mid-log-phase growth culture of N40 B. burgdorferi (5 � 107 spiro-
chetes) was loaded into the sterile chamber, and the open end of the chamber
was then tied. The final dimensions of the chambers were ca. 2.5 cm in length and
1 ml in volume. The chambers were placed into BSK medium at 33°C until they
were implanted.

Chamber implant surgery. Mice were anesthetized with an 800-�l subcutane-
ous injection of a solution of isotonic saline containing 2.5% Avertin (34).
Avertin was prepared by dissolving 2-2-2-tribromoethanol (Aldrich Chemical
Company, Inc., Milwaukee, Wis.) in an equivalent volume of tert-amyl alcohol
(Fisher Scientific, Pittsburgh, Pa.). When the pedal reflex was absent, an incision
was made in the lower abdomen through the skin. Another incision was made
through the peritoneum. A dialysis chamber containing B. burgdorferi was in-
serted through this incision into the peritoneal cavity. The body wall was sutured,
and the skin was stapled with Michel clips (Harvard Apparatus, Inc., Holliston,
Mass.).

To induce peritoneal inflammation, animals received an intraperitoneal injec-
tion of 1 ml of a Zymosan A (Sigma) suspension (2 mg/ml in phosphate-buffered
saline [PBS]) after the peritoneum was cut and before the chamber was im-
planted.

Harvesting chambers. The dialysis chambers were recovered 48 h after im-
plantation. After CO2 euthanization, the chambers were immediately removed.
Spirochetes extracted from the chambers were counted by dark-field microscopy.

Analysis of peritoneal exudates for inflammation. After the removal of the
chambers, peritoneal cavities were washed with 2 ml of PBS containing 3 mM
EDTA. Cell counts were determined. Exudates were centrifuged at 400 � g for
10 min. The cell-free supernatants were tested by enzyme-linked immunosorbent
assay (ELISA) for proinflammatory cytokines, including interleukin-2 (IL-2),
gamma interferon (IFN-�), and tumor necrosis factor alpha (TNF-�; Pharmin-
gen, San Diego, Calif.).

Western blotting. Spirochetes were washed briefly in phosphate-buffered sa-
line (PBS)–0.2% bovine serum albumin (BSA) and then again in PBS alone.
Cells were pelleted and resuspended in a small volume of PBS. Samples were
boiled in sodium dodecyl sulfate (SDS) sample buffer and resolved by SDS-
polyacrylamide gel electrophoresis in a 12.5% gel. After electrophoresis, proteins
were blotted onto a polyvinylidene difluoride membrane and probed with murine
monoclonal antibodies (MAb) specific for OspA, OspC, and flagellin. MAb
H5332 (5), which recognizes OspA, was provided by Jenifer Coburn (Tufts-New
England Medical Center, Boston, Mass.). MAb 4B8F4 (32), specific for OspC,
was provided by Barbara Johnson (College of Veterinary Medicine and Biomed-

ical Sciences, Colorado State University, Fort Collins). MAb CB-1 (10), which
recognizes flagellin, was provided by Jorge Benach (State University of New
York, Stony Brook). Proteins were visualized by using secondary horseradish
peroxidase-conjugated antibodies and ECL detection reagents (Amersham Bio-
science Corp., Piscataway, N.J.). Staining for flagellin levels allowed us to control
for equivalent loading of the different bacterial samples.

Analyzing B. burgdorferi by flow cytometry. B. burgdorferi (5 � 107 organisms)
extracted from in vivo chambers or from in vitro cultures was stained for analysis
in a final concentration of 0.2% Triton X-100. Flagellin was detected with the
immunoglobulin G3 (IgG3) MAb CB-1 (10), and OspA was detected with the
IgG2b MAb LA-2 (18). Samples were vortex mixed, and primary antibody stain-
ing was done at 34°C for 1 h. Secondary staining was done with isotype-specific
antibodies (Southern Biotechnology Associates, Inc., Birmingham, Ala.): anti-
IgG3 antibody conjugated to fluorescein isothiocyanate and anti-IgG2b antibody
conjugated to phycoerythrin. Secondary staining was done in the dark at room
temperature for 30 min. At the end of the secondary incubation, the samples
were centrifuged at 3,000 � g for 3 min. Then, 900 �l of supernatant was
removed from each sample, and the pellet was resuspended in the remaining
supernatant. A total of 900 �l of fluorescence-activated cell sorting (FACS)
fixative was added to the samples. The FACS fixative was prepared by dissolving
1% paraformaldehyde in FA buffer (VMRD, Inc., Pullman, Wash.). Samples
were vortexed and analyzed by flow cytometry.

Real-time reverse transcription-PCR. Total RNA was isolated from spiro-
chetes by using the Trizol reagent (Invitrogen Corp., Carlsbad, Calif.). Samples
were coprecipitated with yeast carrier tRNA (Sigma) to enhance RNA yield.
RNA product was further purified by using an RNeasy kit (Qiagen, Inc., Valen-
cia, Calif.) with an on-column DNase reagent (Qiagen). Synthesis of cDNA was
conducted by using random primers (Invitrogen) and Superscript II enzyme
(Invitrogen). Real-time SYBR Green (Applied Biosystems, Foster City, Calif.)
PCRs were run with sample cDNA to detect OspA and RecA levels. The
sequences of the OspA primers (24) used were as follows: 5� primer 5�-TGTA
AGCAAAATGTTAGC-3� and 3� primer 5�-AAGTTCAACTGAAACTTCCC-
3�. The sequences of the RecA primers (29) used were as follows: 5� primer
5�-GCCAAAGTTCTGCAACATTAACACCTAAAG-3� and 3� primer 5�-GTG
GATCTATTGTATTAGATGAGGCTCTCG-3�. Standard controls consisting

FIG. 1. Western blot of proteins obtained from chamber-grown B.
burgdorferi. B. burgdorferi samples were loaded into sterile chambers
and placed in culture or implanted into mice. After 48 h, spirochetes
were extracted from the chambers, washed, lysed, and then resolved by
SDS-polyacrylamide gel electrophoresis on a 12.5% gel. Protein bands
were transferred to a polyvinylidene difluoride membrane and probed
with MAbs H5332, 4B8F4, and CB-1 specific for OspA, OspC, and
flagellin, respectively. Proteins were visualized by using horseradish
peroxidase-conjugated secondary antibodies and enhanced chemilumi-
nescence detection reagents. (A) B. burgdorferi cultivated in chambers
placed in BSK medium at 33°C. (B) Chambers implanted into the
peritoneal cavities of mice. (C) B. burgdorferi cultivated in chambers
implanted into the peritoneal cavities of mice that receive an injection
of zymosan to induce inflammation.
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of 10-fold dilution series of RecA and OspA cDNA were run in parallel. Sample
OspA values relative to the OspA standard curve were determined. Sample
RecA values relative to the RecA standard curve were also determined. OspA/
RecA ratios were calculated for each sample.

RESULTS

OspA expression in host-adapted B. burgdorferi is modu-
lated by zymosan-induced inflammation. At the onset of in-
fection, as the tick draws its blood meal, spirochetes pass from
its gut through its salivary glands and into the mammalian host.
During this passage, OspA expression by spirochetes is sub-
stantially downregulated. As previously reported, spirochetes
experimentally acquire this host-adapted, low-OspA pheno-
type when cultured inside dialysis chambers implanted into rats
(1). In vivo, the dialysis membrane permits the passage of host
factors that mediate the downregulation of OspA by the spi-
rochetes within the chamber. In our approach, we first sought
to demonstrate that spirochetes downregulate OspA expres-
sion in a murine adaptation of the rat chamber model.

At 48 h after implantation, chambers were removed from in
vitro cultures and harvested from mice. Spirochetes were ex-
tracted and lysed. A Western blot that is representative of two
independent experiments is shown in Fig. 1. Control B. burg-
dorferi cultivated in vitro expressed a high level of OspA (Fig.
1A), whereas B. burgdorferi cultivated in mice downregulated
OspA expression (Fig. 1B). The Western blot analysis in Fig. 1
also confirms that OspC is upregulated under in vivo condi-
tions in spirochetes extracted from chambers in normal mice.
The consistent levels of flagellin verify that the lanes contain
equivalent amounts of B. burgdorferi protein lysate. Thus, with

the downregulation of OspA and the concomitant upregula-
tion of OspC, we document that the murine model provides
results similar to those of the previously described rat model
(1), providing the basis to test whether inflammation influences
OspA expression. For this purpose, mice were injected with
zymosan at the time of chamber implantation. Zymosan is a
yeast cell wall extract that induces strong peritonitis within
hours of intraperitoneal administration (26, 27). Zymosan does
not alter the expression of OspA in vitro, as determined by
Western blotting (data not shown). As can be seen in Fig. 1,
the OspA expression level was higher in B. burgdorferi culti-
vated for 48 h in an inflamed environment (Fig. 1C) compared
to the control, in vivo-adapted conditions (Fig. 1B).

OspA expression by B. burgdorferi can be measured by flow
cytometry. Flow cytometry has been utilized to assess green
fluorescent protein expression by B. burgdorferi transformants
(16). We sought to determine whether we could utilize this
technique to characterize the OspA expression profile of host-
adapted B. burgdorferi. Fluorescence microscopy had been
used previously to study the OspA expression profile of a
limited number of B. burgdorferi identified in infected tissue
(31). Flow cytometry allows the analysis of thousands of host-
adapted B. burgdorferi, as well as the quantitation of OspA
expression per microbe.

We analyzed the spirochetes by flow cytometry. Since this
represents a novel approach, the assay conditions were opti-
mized with in vitro-cultured spirochetes (Fig. 2). Triton X-100,
a mild detergent, was added to disrupt the B. burgdorferi outer
membrane and expose the periplasmic flagella for staining
(Fig. 2B and D to F). OspA and flagellin were stained with

FIG. 2. FACS profile of in vitro-grown B. burgdorferi. (A) Unstained B. burgdorferi; (B) flagellin staining with Triton X-100; (C) flagellin staining
without Triton X-100; (D) OspA staining of spirochetes with Triton X-100; (E) flagellin and OspA staining of spirochetes with Triton X-100;
(F) flagellin and OspA staining of OspA� mutant B. burgdorferi with Triton X-100.
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primary MAbs LA-2 and CB-1, respectively, and isotype-spe-
cific secondary antibodies.

When Triton X-100 was included with our anti-flagellin and
anti-OspA antibodies, we could identify a double-positive (i.e.,
OspA� flagellin�) population of spirochetes (Fig. 2E). Stain-
ing for flagellin in the absence of Triton X-100 yields a flagel-
lin-negative population (Fig. 2C), indicating that Triton X-100
is necessary to achieve efficient staining. An unstained sample
of B. burgdorferi is negative for both flagellin and OspA (Fig.
2A). B. burgdorferi 297 OspA� mutant (22) is positive for
flagellin and negative for OspA (Fig. 2F), confirming the spec-
ificity of this flow cytometric assay.

Downregulation of OspA by chamber-grown B. burgdorferi
can be demonstrated by flow cytometry. Next, we sought to
determine whether flow cytometry could be used to demon-
strate the downregulation of OspA by B. burgdorferi chamber-
grown in the murine host (Fig. 3A). Chambers were implanted
and removed from mice 48 h later according to the techniques
described in Materials and Methods. We detected reduced
OspA staining of flagellin-positive populations of in vivo cham-
ber-grown spirochetes compared to in vitro spirochetes (Fig.
3B). In Fig. 3C, we demonstrate that the linear mean fluores-
cence intensity (MFI) of OspA by host-adapted, chamber-
grown B. burgdorferi was significantly lower than that of in
vitro-grown B. burgdorferi (P � 0.0003, Student t test).

OspA expression is significantly greater in host-adapted B.
burgdorferi harvested from zymosan-induced inflammatory
conditions compared to control conditions. Spirochetes were
extracted from in vitro chambers (n � 3), as well as from
chambers implanted under control conditions (n � 7) and
from chambers implanted under inflammatory conditions (n �

7). Spirochetes were double stained for OspA and flagellin and
then analyzed by flow cytometry (Fig. 4A). MFIs were deter-
mined for the flagellin-positive spirochete populations from
each chamber in each of the three groups (Fig. 4B). In vitro,
chamber-grown spirochetes expressed the highest amount of
OspA. In vivo, chamber-grown B. burgdorferi cultivated in a
zymosan-induced inflammatory environment expressed more
OspA compared to spirochetes chamber-grown under control
in vivo conditions (P � 0.007, Student t test).

Transcription of OspA is significantly higher in host-
adapted B. burgdorferi harvested from zymosan-induced in-
flammatory conditions compared to control conditions. To
confirm evidence from protein expression experiments, we ex-
amined the effect of zymosan-induced inflammation on OspA
transcription. We isolated RNA from B. burgdorferi extracted
from the chambers treated as described above. We generated
cDNA by using random primers, and then we quantitated the
levels of OspA and RecA by using real-time PCR. As depicted
in Fig. 5, OspA transcription was significantly higher in B.
burgdorferi cultivated under in vivo inflamed conditions com-
pared to in vivo control conditions (P � 0.018, t test).

OspA expression is induced in chamber-grown, host-
adapted B. burgdorferi after transfer to an inflammatory mi-
lieu. To analyze our hypothesis in more detail, we asked the
question whether OspA expression could be induced in host-
adapted B. burgdorferi with very low OspA expression. For this
purpose, we implanted chambers into mice to acquire host-
adapted spirochetes with a low OspA phenotype (Fig. 3). At
48 h after implantation, these chambers were transferred to
untreated or to zymosan-treated mice. After an additional
12 h, chambers were removed from these mice. Spirochetes

FIG. 3. FACS profile of in vitro chamber-grown B. burgdorferi and in vivo chamber-grown B. burgdorferi. Dialysis chambers were prepared
containing low-passage B. burgdorferi N40. Chambers were either placed in vitro at 33°C in BSK medium or implanted into the mouse peritoneal
cavity. After 48 h, chambers were removed, and spirochetes were syringe extracted from chambers, counted, and stained for flow cytometry.
(A) OspA and flagellin staining of in vitro-, chamber-grown spirochetes and in vivo-, chamber-grown spirochetes. (B) OspA staining of
flagellin-positive populations of in vitro-, chamber-grown spirochetes and in vivo-, chamber-grown spirochetes. (C) The average of the MFIs for
each of the groups. We determined the MFI of OspA expression for each chamber’s flagellin-positive population. MFIs were determined for B.
burgdorferi populations extracted from in vitro chambers (n � 3) and from host-adapted, in vivo chambers (n � 8). Error bars indicate the standard
error of the mean (SEM). Data are significantly different (P � 0.0003, Student t test). These results are representative of three independent
experiments.

4006 CROWLEY AND HUBER INFECT. IMMUN.



were extracted from the chambers implanted under control
conditions (n � 7) and chambers implanted under inflamma-
tory conditions (n � 9). Spirochetes were stained and analyzed
by flow cytometry (Fig. 6). Host-adapted, chamber-grown B.
burgdorferi transferred to a zymosan-induced inflammatory en-
vironment significantly upregulated OspA expression relative
to spirochetes transferred to control conditions (P � 0.01,
Student t test).

Zymosan-induced inflammation is characterized by in-
creased proinflammatory cytokines and cell counts. To cor-
roborate the presence of inflammation elicited by zymosan, we
examined the peritoneal washes from mice 48 h after chamber
implantation. We determined cell counts and measured the
levels of proinflammatory cytokines by ELISA. IFN-� (Fig. 7A,
P � 0.003) and TNF-� (Fig. 7C, P � 0.002) were found to be
significantly increased in the group of mice administered zy-
mosan, although IL-2 (Fig. 7B, P � 0.07) was not. Cell counts
were also significantly increased in the zymosan-treated groups
(Fig. 7D, P � 0.04).

DISCUSSION

B. burgdorferi is a pathogen that preferentially expresses
proteins in response to local environmental changes. Prior
studies have reported that a variety of environmental cues can
induce specific lipoprotein expression in B. burgdorferi, includ-
ing temperature and pH (19, 30, 38, 43). Recently, one study

directly implicated a role for inflammatory signals in spiro-
chete host-adaptation; namely, Anguita et al. demonstrated
that signals associated with the proinflammatory cytokine
IFN-� trigger recombination at the variable major protein-like
sequence locus during early infection, facilitating in vivo anti-
genic variation by spirochetes (2).

To investigate our hypothesis that inflammation might in-
duce OspA expression, we chose zymosan-induced peritonitis
as our model of inflammation. Zymosan A is a yeast cell wall
extract consisting of “ghost cells,” measuring 3 �m in diameter
(13). Zymosan induces a profound inflammation via its pri-
mary component, 	-1,3-glucan, within hours of administration
(14, 35). The resulting inflammatory cascade includes the ac-
tivation of the alternative complement pathway, the classical
complement pathway, and phagocytic cells. Zymosan is an
attractive candidate to mimic Borrelia-induced inflammation
for two reasons. First, it signals through Toll-like receptor 2
(42), the same Toll-like receptor involved in the recognition
and signaling of Borrelia lipoproteins (20). Second, zymosan is
commonly used to induce experimental animal models of ar-
thritis (25).

To clearly discern changes in OspA expression, we were
compelled to use an in vivo model where there is little OspA
expression. In contrast, in vitro-cultured B. burgdorferi ex-
presses very high levels of OspA. Our in vivo model was de-
veloped as a variation of the Akins et al. dialysis chamber

FIG. 4. FACS profile of chamber-grown B. burgdorferi under in vitro, in vivo, and in vivo-inflamed conditions. Dialysis chambers were prepared
containing low-passage B. burgdorferi N40. Chambers were either placed in vitro at 33°C, implanted in vivo, or implanted in vivo with an
intraperitoneal injection of zymosan to elicit peritoneal inflammation. After 48 h, chambers were removed and spirochetes were syringe extracted
from the chambers, counted, and stained for flow cytometry. After gating on the flagellin-positive population, we determined the MFI of OspA
in this population. (A) OspA staining of flagellin-positive population of in vitro, in vivo, and in vivo-inflamed cultured spirochetes. Bars indicate
the average MFI for each group. (B) The average of the MFIs determined by flow cytometry for B. burgdorferi populations extracted from in vitro
chambers (n � 3); host-adapted, in vivo chambers (n � 7); and host-adapted during inflammation chambers (n � 7). The data represent the
average of the values determined for each chamber, and the error bars indicate the SEM. The difference between the in vivo-inflamed group and
the in vivo control group is significant (P � 0.007, Student t test). The data represent the results of three independent experiments.
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model (1). We chose mice for our analyses instead of rats
because inflammation can be demonstrated and characterized
more easily and thoroughly in the murine model. Using this
system, we confirmed that B. burgdorferi harvested from dial-
ysis chambers appears to be similar to the bona fide, host-
adapted spirochetes extracted from infected tissue (1). An-
other critical advantage of the chamber system is that far more
spirochetes can be extracted from a chamber than from an
infected tissue sample, a difference of several orders of mag-
nitude. We utilized this system to assess the in vivo adaptation
of spirochetes during inflammation.

In the present study, we provide evidence that B. burgdorferi
expresses OspA in the context of in vivo inflammation in a
mammalian model. We demonstrate the host-adapted down-
regulation of OspA in a mouse model of the Akins et al.
chamber implant system. Furthermore, we show that B. burg-
dorferi maintained in an inflammatory in vivo environment
shows increased OspA protein expression relative to B. burg-
dorferi kept under normal in vivo conditions. We assessed this
by Western blotting, as well as by a new and unique approach
for spirochetal analysis: flow cytometry. The use of flow cytom-
etry to determine OspA expression enabled us to visualize the
heterogeneity inherent in a large B. burgdorferi population. In
addition, by using real-time reverse transcription-PCR, we
found that the level of OspA steady-state RNA was higher in
inflammatory in vivo conditions than in normal in vivo condi-
tions. Collectively, these data indicate that OspA is expressed
in an inflammatory environment, perhaps because OspA is

upregulated or alternatively, because OspA downregulation is
inhibited. We then proceeded to show that host-adapted spi-
rochetes with a low OspA phenotype upregulate OspA expres-
sion when transferred into an inflammatory in vivo environ-
ment. These experiments directly identify zymosan-mediated
inflammation as a stimulus for OspA induction.

Our data indicate that the inflammation induced in a mam-
malian host, characterized by both a proinflammatory cytokine
profile and a cellular infiltrate, promotes the expression of
OspA in B. burgdorferi. We have not identified the mechanism
responsible for OspA expression by B. burgdorferi in an in vivo
inflammatory milieu. Furthermore, we have not yet identified
the specific inflammatory signal(s) eliciting this response, al-
though we can deduce several characteristics regarding the
nature of the signal(s): (i) it is associated with zymosan-in-
duced inflammation; (ii) it is less than 50 kDa in size in order
to transverse the dialysis membrane; and (iii) it is located in the
peritoneal environment in this model.

Alternative hypotheses, unrelated to OspA upregulation,
have been proposed to resolve the OspA paradox. For in-
stance, previous reports suggested that low levels of OspA may

FIG. 5. Transcription of OspA by chamber-grown B. burgdorferi
during zymosan-induced inflammatory conditions. Dialysis chambers
containing B. burgdorferi were implanted into mice. Mice either re-
ceived a chamber implant alone or a chamber implant and an i.p.
injection of zymosan to elicit inflammation. After 48 h, chambers were
harvested and the spirochetes were extracted. RNA from spirochetes
was isolated and coprecipitated with yeast tRNA. cDNA was then
generated by using random primers. The levels of OspA and RecA
transcripts were quantitated by using real-time PCR. OspA/RecA tran-
script ratios were determined for each chamber. This bar graph depicts
OspA transcription relative to RecA under untreated in vivo condi-
tions (n � 5) compared to zymosan-treated, in vivo-inflamed condi-
tions (n � 5). Bars represent the mean for each group, and the error
bars indicate the SEM (P � 0.018, Student t test).

FIG. 6. FACS analysis of chamber-grown, host-adapted B. burgdor-
feri transferred to inflammatory conditions compared to control con-
ditions. Dialysis chambers containing low-passage B. burgdorferi N40
were implanted into mice for 48 h. Chambers were then removed and
transferred to mice with or without zymosan-induced peritoneal in-
flammation. After an additional 12 h, chambers were removed and
spirochetes were syringe extracted, counted, and stained for flow cy-
tometry. We determined the MFI of OspA in the flagellin-positive
population. Bars indicate the average MFI for each category: host-
adapted chambers transferred to control mice (n � 7) and host-
adapted chambers transferred to mice with zymosan-induced inflam-
mation (n � 9). The data represent the average of the values
determined for each chamber, and the error bars indicate the SEM.
The difference between the in vivo-inflamed group and the in vivo
control group is statistically significant (P � 0.01, t test). The data
represent the results of two independent experiments.
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be expressed by spirochetes transmitted to the host (36, 37).
This supports the notion that the serological response to OspA
may be driven by the long-term persistence of the OspA anti-
gen. Furthermore, a recent report describes polyclonal stimu-
lation of memory B cells in an antigen-independent manner
(6). We remain in favor of the OspA induction hypothesis. It
seems unlikely that the OspA antigen is continuously ex-
pressed because OspA antibodies are only detectable late in
the disease. On the other hand, it seems likely that a sudden,
strong antigen stimulus would be required to elicit the spiking
titers of anti-OspA antibodies that may occur months to years
after transmission (24).

In summary, we have sought to understand the paradoxical
existence of anti-OspA antibody titers that may occur late in
untreated B. burgdorferi infection. Using the dialysis chamber
model system in mice, we have identified inflammation as a
mediator of in vivo OspA expression by B. burgdorferi. We have
also utilized flow cytometry to study large populations of host-
adapted spirochetes grown under inflammatory conditions.
These approaches allowed us to investigate the in vivo behav-
ior of B. burgdorferi, which may provide clues to our under-
standing of the clinical course of chronic Lyme arthritis.
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