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The murine model of Lyme disease was used to determine the role of inflammatory induced nitric oxide (NO)
during infection by the spirochete Borrelia burgdorferi. The outer surface lipoproteins of B. burgdorferi are
potent stimulators of inflammatory cytokines and NO production by cultured macrophages in vitro. The
addition of NO to cultures of B. burgdorferi prevents growth, suggesting a protective role of NO for the infected
host. NO is also a crucial effector in some models of arthritis. Therefore, the involvement of NO in controlling
B. burgdorferi infection and its participation in pathological development of arthritis were investigated. Both
mildly arthritic (BALB/c) and severely arthritic (C3H/HeJ) strains of mice systemically produced high levels
of NO 1 week after infection with B. burgdorferi, as determined by urinary nitrate. NO production remained
high throughout the infection in BALB/c mice, while in C3H/HeJ mice NO production returned rapidly to
uninfected levels. The in vivo inhibitor of the NO synthase enzyme NG-L-monomethyl arginine (LMMA) was
given to mice to investigate whether decreasing NO production would alter the course of disease. LMMA
effectively blocked NO production in infected mice; however, there was no significant difference in arthritis
development, spirochete infection of tissues, or production of specific antibody in LMMA-treated mice. These
results indicate that B. burgdorferi is able to persist in the host even in the presence of high levels of NO.
Furthermore, NO is not involved in the control of spirochete infection of tissues, nor is it involved in the
development of arthritis. The potent activity of NO against intracellular pathogens and the in vivo resistance
of B. burgdorferi to NO suggest that this organism is not located in an intracellular compartment during an
essential portion of its infection of the mammalian host.

Human Lyme disease is caused by infection with the spiro-
chete Borrelia burgdorferi (9, 29) and can result in a subacute
arthritis-tendonitis that is characterized by neutrophil infiltra-
tion and synovial hyperproliferation (51, 54). B. burgdorferi is a
potent stimulator of inflammatory cytokine production by cul-
tured cells (8, 13, 22, 27, 32, 33, 39, 47, 48, 56, 58, 60) and
elevated levels of interleukin 1 (IL-1) and tumor necrosis fac-
tor alpha have been found in sera and synovial fluid from
patients with Lyme disease (6, 13, 21, 43). In patients with
chronic Lyme arthritis, spirochete DNA has been detected in
the synovial fluid of the inflamed joint by PCR analysis (46).
Murine models of Lyme arthritis have also shown spirochetes
in arthritic joints by PCR (5), and a correlation between high
spirochete number and severe arthritis has been demonstrated
(63).
The outer surface lipoproteins (OspA and OspB) of B. burg-

dorferi are potent stimulatory molecules with both mitogenic
and cytokine stimulatory properties. OspA and OspB purified
from B. burgdorferi and recombinant lipidated OspA are mito-
genic for B lymphocytes and can induce the production of
inflammatory cytokines such as IL-1, IL-6, and tumor necrosis
factor alpha (37, 39, 47, 48, 52, 56, 60–62). OspA and OspB
also induce the production of nitric oxide (NO) by bone mar-
row-derived macrophages by transcriptional activation of the
cytokine-inducible nitric oxide synthase gene (iNOS) (37). The
production of NO was enhanced by gamma interferon, which

was provided either as a recombinant molecule or derived
from coculture with NK cells with strong responses requiring
as little as 5 ng of the OspA per ml (37). Other investigators
have found that B. burgdorferi induces NO production by mac-
rophages and neural cells (44, 58). Furthermore, spirochetes
are readily killed by exposure to NO in vitro (37, 44). These in
vitro studies suggest that NO could also play a role in control-
ling spirochete growth in vivo.
The effector molecule NO is enzymatically produced in im-

mune and inflammatory situations by iNOS (15, 24–26). iNOS
is capable of producing large amounts of NO for an extended
period of time; this sustained production of NO appears to be
important in cell-mediated defenses against many intracellular
pathogens (1, 2, 16, 19, 41). The importance of NO-mediated
cytostasis of intracellular pathogens has been demonstrated
with infection of cultured cells (1, 2, 16, 19, 41). In mice,
natural resistance to intracellular pathogens is correlated with
the production of high levels of NO, and inhibition of NO
production in vivo results in fulminant infection by these or-
ganisms (7, 16, 36). These studies have defined NO as a crucial
component of the murine defense to infection by intracellular
organisms. Our previous studies indicated that the mouse
strain more resistant to B. burgdorferi-induced arthritis (BALB/c)
harbors fewer tissue spirochetes than does the susceptible
strain (C3H/HeJ) (63). We wished to investigate if NO pro-
duction played an important role in control of spirochete num-
ber in the animal model of Lyme disease and if the observed
strain differences could be related to different NO responses.
NO has also been implicated as a major effector of certain

pathogenic states. Of relevance to these studies are the find-
ings that excessive localized production of NO is necessary for
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two types of arthritis development, streptococcal cell wall-in-
duced arthritis in rats (42) and autoimmune arthritis in lpr/lpr
mice (59). Inhibition of NO production in either of these
arthritis models reduces the severity of arthritis. NO can be
thought of as a double-edged sword; while it is an essential
defense against some pathogens, its overproduction in certain
tissues can have direct deleterious effects.
In this study, the mouse model of Lyme disease was used to

determine if B. burgdorferi infection induces the production of
NO in vivo and if mouse strain differences in infection are
related to quantitative differences in NO production. NO pro-
duction was inhibited by administration of NG-L-monomethyl
arginine (LMMA), which is a synthetic analog of L-arginine,
the normal substrate for the iNOS enzyme (7, 16, 18). The
involvement of NO in the host defense to infection by B.
burgdorferi in inhibitor-treated mice was determined. NO in-
volvement in arthritis development in NO-inhibited mice was
also assessed.

MATERIALS AND METHODS

Bacteria. The N40 isolate of B. burgdorferi was provided by Stephen Barthold,
Yale University, at passage 3 from an infected mouse (4). Cultures were main-
tained as 0.5-ml frozen stocks at 2708C. Fresh aliquots were seeded in 15 ml of
BSK-II (3) or BSK-H medium (Sigma) supplemented with 6% rabbit serum
(Gibco or Sigma, respectively) and were cultured at 328C for 2 to 4 days before
injection.
Care of mice. Female C3H/HeJ or BALB/c mice were obtained from Jackson

Laboratories at 4 to 5 weeks of age. Mice in metabolic cages (Nalgene) were
housed at the Veteran’s Administration Medical Center. Four mice were placed
in each metabolic cage to allow collection of sufficient volumes of urine for daily
measurement of nitrate/nitrite. Other animals were housed in conventional cages
at the University of Utah Animal Resource Center. All mice were weighed daily
and given distilled H2O for drinking. Mice were fed a chemically defined nitrate/
nitrite-free diet containing L-arginine (Ziegler Brothers, Inc.) ad libitum (7, 18).
This diet ensures that nitrates/nitrites measured in urine or serum come from
endogenous production (18). Mice were allowed to adapt to this diet for approx-
imately 5 days before collection of urine for baseline nitrate/nitrite determina-
tion. The amounts of food and water consumed daily were measured for mice
housed in metabolic cages.
Infection of mice.Mice at 5.5 to 6.5 weeks of age were infected by intradermal

injection of 2 3 103 or 2 3 105 B. burgdorferi cells into their shaven backs (4, 5).
During the course of these studies, we observed an increase in the virulence of
the spirochete when it was grown in BSK-H medium. This resulted in a reduction
of the number of spirochetes required for infection (see Fig. 1 to 3 compared
with Fig. 4 to 7). Full documentation of the effect of media on infectious dose will
be presented in a paper that is in preparation. Control mice (also termed mock
infected) were injected with an equal volume of sterile BSK-H culture medium.
Administration of inhibitor. LMMA (Chem-Biochem Research, Inc., Salt

Lake City, Utah) is a competitive inhibitor of the NOS enzymes and was used to
inhibit NO production in the mice (7, 16, 18). The inhibitor was given orally by
gavage twice daily (100 ml of a 0.6 M solution of LMMA per dose). Controls
received 100 ml of distilled water by gavage twice daily. This dosage gave almost
complete inhibition of NO in vivo without observable secondary toxic effects on
the mice (7, 18).
Measurement of joints. Rear ankle joints of mice anesthetized with methoxy-

flurane (Pitman-Moore) were measured with a metric caliper (Mitutoyo). Mea-
surements in the anterior-posterior position were taken through the thickest
portion of the ankle with the ankle extended.
Histology. One rear ankle joint was removed for histological analysis. Joints

were fixed in 10% formalin and then decalcified and embedded in paraffin.
Sections were stained with hematoxylin and eosin and then assessed by micros-
copy for arthritis severity. Sections were assessed for pathological severity in a
blind fashion.
DNA preparation of tissues. Control and infected mice were sacrificed at

various time points, and one rear ankle joint and the heart were separately
digested with 2.5 ml of a 1-mg/ml collagenase A (Boehringer Mannheim) solu-
tion in phosphate-buffered saline (pH 7.4). Collagenase A digestions were car-
ried out for at least 4 h at 378C. Hearts were minced with single-use razor blades.
Joints were taken by removing the skin and cutting above and below the joint,
avoiding muscle but including tendons and tendon sheaths. To obtain a single-
cell suspension of heart tissue, it was necessary to force the collagenase A-di-
gested sample through a 23-gauge needle. An equal volume of proteinase K
solution (0.2 mg of proteinase K per ml, 200 mM NaCl, 20 mM Tris-HCl [pH
8.0], 50 mM EDTA, 1% sodium dodecyl sulfate) was added to collagenase-
digested tissues, and the mixture was incubated overnight in a 568C water bath.
DNA was recovered by extraction of the digested sample with an equal volume

of phenol-chloroform and subsequent ethanol precipitation. Resuspended sam-
ples were digested with 0.1 mg of DNase-free RNase per ml for 1 h at 378C.
Extractions and precipitations were repeated, and the DNA was resuspended in
1.5 ml of sterile distilled H2O. DNA yield was determined from A260 measure-
ments.
Detection of B. burgdorferi sequences by PCR. DNA was diluted to 50 mg/ml,

and 3 ml (150 ng) was added to each amplification reaction mixture. Amplifica-
tion mixtures contained reaction buffer (50 mM Tris [pH 8.3], 3 mM MgCl2, 20
mM KC, 0.5 mg of bovine serum albumin), 70 pmol of each oligonucleotide
primer, 0.2 mM (each) the four deoxynucleoside triphosphates (Boehringer
Mannheim), 2.5 mCi of [32P]dCTP (Dupont NEN), and 0.72 U of Taq DNA
polymerase (BRL-Gibco). Mixtures of all reagents except DNA were prepared in
a batch, and equal amounts were added to tubes containing DNA samples.
Controls lacking DNA were always included to monitor the purity of the PCR
reagents. Published oligonucleotide primers were used for nidogen and OspA.
Nidogen primers were 59 CCA GCC ACA GAA TAC CAT CC 39 and 59 GGA
CAT ACT CTG CTG CCA TC 39, OspA149 was 59 TTA TGA AAA AAT ATT
TAT TGG GAA T 39, and OspA319 was 59 CTT TAA GCT CAA GCT TGT
CTA CTG T 39. The reaction conditions for nidogen were denaturing at 948C for
1 s, annealing at 608C for 1 s, and elongation at 728C for 6 s (22 cycles). Reaction
conditions for OspA were denaturing at 948C for 1 s, annealing at 558C for 1 s,
and elongation at 728C for 12 s (30 to 40 cycles). Reactions were carried out in
sealed glass capillary tubes (10 ml). Amplification was carried out in the 1605 Air
Thermocycler (Idaho Technologies) (57).
Reaction products were separated on a 6% polyacrylamide sequencing gel,

and products were identified by autoradiography. MspI-digested pBR322 DNA
end labeled with [32P]dCTP was used for molecular weight markers on the gel.
Nitrite assay. Endogenously synthesized NO is metabolized to the nitrogen

oxides nitrate and nitrite. In urine and serum, the major NO metabolite is nitrate
and must be converted to nitrite before measurement of nitrite levels by the
Greiss assay (7, 14, 18). Thus, all values given in Fig. 1 and 7 represent total
nitrite plus nitrate. Conversion of urinary nitrate to nitrite was done with Esch-
erichia coli nitrate reductase, as previously described (18). For serum nitrate
conversion, heparinized blood was collected from each mouse by cardiac punc-
turing, and the plasma was collected by centrifugation. A 200-ml aliquot of
plasma was then placed in a Millipore Ultrafree-MC 10,000 NMWL filter unit
and spun at 6,400 rpm for 20 min. Proteins with a molecular weight of greater
than 10,000 were collected on the column, while the residual liquid fraction,
containing the serum nitrates, passed through the column. The liquid fraction
was diluted 1:1 with distilled water and was then converted to nitrite by the
urinary nitrate conversion protocol. Converted nitrite was then measured by the
Greiss assay (14). The Greiss reagent was prepared by mixing equal volumes of
1% sulfanilamide in 30% acetic acid and 0.1% N-(1-naphthyl)ethylenediamine
dihydrochloride in 60% acetic acid. Samples were mixed at a ratio of 1:2 with the
Greiss reagent, and the color change was read with an enzyme-linked immu-
nosorbent assay (ELISA) reader at 570 nm.
Quantification of B. burgdorferi-specific IgM and IgG. Serum samples from

infected and control mice were taken at each sacrifice time point and analyzed
for anti-B. burgdorferi antibody by antibody-capture ELISA (62). Eleven columns
per plate were coated with 10 mg of B. burgdorferi sonicate per ml. The 12th
column was coated with goat anti-mouse immunoglobulin G (IgG), IgM, and IgA
(Zymed) at a concentration of 5 mg/ml. Dilutions of serum were added to wells
coated with B. burgdorferi sonicate, and known concentrations of murine IgG and
IgM were added to the wells coated with goat anti-mouse IgG, IgA, and IgM.
Unbound sample was removed by washing, and the anti-B. burgdorferi IgG and
IgM were detected by the addition of horseradish peroxidase-conjugated anti-
bodies to murine IgG or IgM (Boehringer Mannheim), respectively. Plates were
developed by incubation with 0.4 mg of o-phenylenediamine per ml and 0.01%
H2O2 and read at an optical density of 492 nm with a Vmax 96-well microtest plate
spectrophotometer (Molecular Devices). Comparison of the optical densities of
B. burgdorferi wells with the optical density of the standard curve allowed esti-
mation of antigen-specific antibody levels.

RESULTS

Previous findings demonstrated that sonicated B. burgdorferi
cells, as well as purified lipidated OspA, were capable of stim-
ulating mouse macrophages to produce high levels of nitric
oxide (37, 58). The observation that NO gas was toxic to cul-
tures of B. burgdorferi (37, 44) suggested that NO could be an
important host response to B. burgdorferi infection. The mouse
model of Lyme arthritis (4) was used to examine NO levels in
mildly arthritic and severely arthritic mice by assessing the
accumulation of nitrate in urine over sequential 24-h periods.
The amount of nitrate in urine is a reliable indicator of the
levels of NO produced in all tissues of the mouse (7, 18).
Urinary nitrate levels in uninfected or mock-infected mice
remain at baseline levels over the time course of an experiment
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(data not shown and references 7 and 18). C3H/HeJ and
BALB/c mice were housed in metabolic cages and were fed a
nitrite/nitrate-free diet. Urine samples from these mice were
collected daily starting 6 days before infection with B. burgdor-
feri. Ankles were measured once a week.
The level of urinary nitrate (measured as nitrite after con-

version with bacterial nitrate reductase) dramatically rose be-
tween days 7 and 10 postinfection in both BALB/c and C3H/
HeJ mice (Fig. 1). Nitrate production in BALB/c mice
remained elevated, while nitrate production in C3H/HeJ mice
dropped after 12 days to just above uninfected levels. This
difference in nitrate production in infected mice was correlated

with a difference in the severity of arthritis. C3H/HeJ mice
exhibited greater ankle swelling at 3 weeks postinfection than
did BALB/c mice (Fig. 2). Ankle swelling measurements of
arthritis severity were confirmed by histological analysis (data
not shown [described in reference 62]). The urinary nitrate
levels in infected mice were assessed in three separate exper-
iments for C3H/HeJ mice and two separate experiments for
BALB/c mice with similar results.
PCR was employed to determine the relative levels of spi-

rochete DNA in hearts and rear ankle joints from the infected
mice shown in Fig. 1 and 2 at the week-4 sacrifice. This tech-
nique has been used for relative quantification of spirochete
numbers in infected mouse tissue and demonstrated the rear
ankle joint and heart to be heavily and persistently infected
(63). Furthermore, C3H/HeJ mice were found to harbor rela-
tively more B. burgdorferi than BALB/c mice at many time
points following infection, with quantitative PCR demonstrat-
ing 5- to 10-fold more organisms in the tissues of C3H/HeJ
mice than tissues of BALB/c mice at 2 weeks postinfection.
Malawista et al. (40) have recently demonstrated a strong
correlation between tissues positive for B. burgdorferi infection
by PCR and culture positivity; no evidence for the persistence
of spirochete DNA in the absence of viable spirochetes was
found. The results shown in Fig. 3 at 4 weeks after infection
clearly demonstrate a greater intensity of OspA PCR product
in DNA from infected C3H/HeJ joints than in that from in-
fected BALB/c joints (63). Similar results were obtained with
DNA prepared from the hearts of infected animals (data not
shown). Thus, the constraints of the metabolic cage and the
special nitrite/nitrate-free diet did not alter the course of B.
burgdorferi infection in these mice.
The persistence of high levels of urinary nitrate in infected

BALB/c mice and its disappearance from C3H/HeJ mice sug-
gested that the high levels of nitric oxide production in vivo
were responsible for the lower number of spirochetes found in
BALB/c tissues. Conversely, the shutdown of NO in C3H/HeJ
mice suggested that a lack of NO production could better allow
spirochetes to grow and infect the joints.
This hypothesis was directly tested by inhibiting NO produc-

tion in infected mice of each strain. The inhibitor of NO syn-
thase LMMA was administered to mice twice per day at a dose
causing almost complete blockage of NO but not causing gen-
eralized toxicity (7, 18). C3H/HeJ mice were allowed to adjust
to a nitrite/nitrate-free diet for at least 5 days before infection.
The mice were divided into three experimental groups: (i) mock

FIG. 1. Urinary nitrite levels in infected mice. Urine was collected daily from
C3H/HeJ mice (closed squares) or BALB/c mice (open circles) and analyzed for
nitrite levels as described in Materials and Methods. Mice were infected with 2
3 105 B. burgdorferi cells on day 0. Baseline levels of urinary nitrite were
determined for 6 days prior to infection. Nitrite levels were determined from
samples of urine from four mice of the same strain, all of which were housed in
the same metabolic cage. Values are averages of pooled urinary nitrite based on
urine volumes and numbers of mice per cage.

FIG. 2. Ankle swelling of infected mice housed in metabolic cages (mice
described in the legend to Fig. 1). Ankle measurements were taken with metric
calipers. Closed squares, C3H/HeJ; open circles, BALB/c. Values are the means
6 the standard deviations for all mice at each time point.

FIG. 3. Relative numbers of spirochetes in infected mouse joints. The ani-
mals used for this analysis were the animals described in the legend to Fig. 1.
DNA was isolated from one ankle joint of each mouse and then analyzed by PCR
for OspA sequences. Sequences from the mouse gene nidogen were amplified to
ensure approximately equal loading of DNA into reaction mixtures. The lane
labeled BSK shows the lack of OspA sequences in DNA from a mock-infected
mouse, which was sacrificed and whose DNA was prepared simultaneously with
DNA from infected mice. Lanes 1 to 4 and 5 to 8 show relative OspA levels in
the joints of infected C3H/HeJ mice and BALB/c mice, respectively. Lane 9 had
a reaction mixture with no DNA present to ensure the purity of PCR reagents.
OspA amplification was for 30 cycles.
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infected, (ii) infected with B. burgdorferi and gavaged twice a
day with distilled H2O beginning 24 h postinfection, and (iii)
infected with B. burgdorferi and gavaged twice a day with
LMMA beginning 24 h postinfection. One mock-infected
mouse and four each of the H2O-treated and LMMA-treated
mice were sacrificed at weekly time points. Urine was collected
daily for assessment of endogenous nitrate production (18).
Figure 4 shows that administration of the inhibitor LMMA to
infected C3H/HeJ mice suppressed endogenous production of
nitrate to uninfected levels, even in infected mice. Overall,
LMMA-treated C3H/HeJ mice appeared to be as healthy as
H2O-treated infected mice and showed no observable negative
side effects of treatment with the inhibitor.
The severity of arthritis was assessed by standard histological

analysis of one rear ankle joint (the other being used for PCR
analysis [see below]). Joints were assessed from the weekly
sacrifices, and representative slides were examined in a blinded
fashion. Ankles taken at 4 weeks postinfection displayed the
most severe inflammation and are shown in Fig. 5. No differ-
ences in histological severity between H2O- and LMMA-
treated infected C3H/HeJ mice were seen at any time point.
The effect of inhibiting NO production on spirochete num-

ber in tissues was assessed by PCR (63). DNA was isolated
from one rear ankle joint and the heart of each mouse, as the
mice were sacrificed at regular intervals following infection.
These two tissues were chosen because both have been previ-
ously demonstrated by PCR to be heavily infected with spiro-
chetes (63). OspA sequences were amplified to assess relative
levels of spirochetes in tissues, and sequences from the mouse
nidogen gene were amplified to ensure approximately equal
DNA loading.
Figure 6 shows the comparison of spirochete infections in

the joints of H2O- and LMMA-treated C3H/HeJ mice. Spiro-
chetes were not detected in the joints until 2 weeks after
infection. There was no significant difference in the numbers of

spirochetes found in H2O-treated or LMMA-treated animals
at week 1, 2, or 3 postinfection. At 4 weeks postinfection, there
were somewhat fewer spirochetes in the joints of LMMA-
treated animals. PCR comparison of spirochete sequences in
the hearts of LMMA- and water-treated mice at each time
point displayed little effect of the inhibitor (shown in Fig. 6),
suggesting that the lack of effect of LMMA on ankle infection
by B. burgdorferi reflected the systemic effects of inhibiting NO
production (data not shown).
In a separate experiment, the effect of inhibiting NO pro-

duction in infected BALB/c mice was determined. This strain
maintains high levels of NO throughout 4 weeks of infection
and is relatively resistant to arthritis and more effective at
regulating spirochete number. The effect of NO inhibition
early in infection, prior to the appearance of specific immunity,
was of particular interest in this experiment. Therefore, mice
were housed in conventional cages, so that more experimental
time points could be included. Assessment of serum nitrates
required a volume of serum that could be obtained only by
sacrificing the mice; thus, samples were taken from individual
mice (two to four, depending on recovery of adequate serum
volumes) at 4, 7, 10, 14, 21, and 28 days (Fig. 7). These results
indicate a trend similar to urinary nitrate (Fig. 1) and demon-
strate complete inhibition by orally administered LMMA. Se-
rum nitrate is a measure of the level of nitrate in serum at a
single time point, whereas urinary nitrate is a measure of the
cumulative production of nitrate during a 24-h period. Thus,
differences in the appearance of the graphs in Fig. 1 and 7 for
BALB/c mice probably reflect the distinct sampling sources,
with urinary nitrate levels giving a more complete report of the
animal’s exposure.
Arthritis was assessed by weekly ankle measurements and by

histological analysis of ankles taken from mice at the indicated
sacrifice times. There was no difference in ankle swelling over
the 4-week course of the experiment. The histology was ana-
lyzed in a blinded fashion (tissues at 4 weeks postinfection
shown in Fig. 8A and B) and was mild, which is characteristic
of infected BALB/c mice. There was no significant difference
between water- and LMMA-treated BALB/c groups; thus, in-
hibition of NO production did not cause an increase in B.
burgdorferi-induced arthritis in BALB/c mice.
In BALB/c mice, spirochetes could not be detected by PCR

until day 10 postinfection, and then only at an extremely high
cycle number (40 cycles) (Fig. 9). At day 10, there were barely
detectable OspA bands in DNA from LMMA-treated mice
and no detectable DNA from water-treated mice; however, at
this time point, the presence of spirochetes was low in both
groups. At later time points, there were no significant differ-
ences in spirochete numbers in the joints of BALB/c mice
given H2O or LMMA (Fig. 9). PCR detection of B. burgdorferi
DNA in infected hearts provided similar results (data not
shown), again indicating that NO was not involved in regulat-
ing spirochetes at either site.
The DNA samples from every time point in a single exper-

imental group were run together at the same cycle number to
determine a time course for OspA levels. Figure 10 shows the
course of infection during the experiment, this time with DNA
prepared from the hearts of water-treated (Fig. 10A) or
LMMA-treated (Fig. 10B) infected C3H/HeJ mice. The spiro-
chete infection was greatest at approximately 2 weeks, with
spirochete levels subsequently decreasing. Treatment with
LMMA did not alter the time course of infection in either
mouse strain. Similar kinetics of infection in water and inhib-
itor groups were observed with ankles from C3H/HeJ mice and
hearts and ankles of BALB/c mice (data not shown). The
kinetics in water-treated animals are consistent with results

FIG. 4. Suppression of urinary nitrite by LMMA. C3H/HeJ mice given dis-
tilled water (closed circles) or C3H/HeJ mice given LMMA (open squares) were
housed in metabolic cages, and urine was collected daily for assessment of
urinary nitrite levels. Mice were infected with 2 3 103 B. burgdorferi cells on day
0. Baseline levels of urinary nitrite were determined for 3 days prior to infection.
Animals were given LMMA or distilled water twice daily by gavage starting
approximately 16 h after infection. Administration of LMMA significantly inhib-
ited nitrite production. Values are averages of urinary nitrite based on urine
volumes and numbers of mice per cage.
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FIG. 5. Histology of water- and inhibitor-treated C3H/HeJ mice. The mice depicted were two mice (described in the legend to Fig. 4) sacrificed at week 4. (A)
Inflammation and hyperproliferation of the synovium characteristic of rear ankle joints of infected C3H/HeJ mice (this section was from an infected C3H/HeJ mouse
given water); (B) same degree of inflammation and proliferation from the rear ankle joint of an infected C3H/HeJ mouse given the NO inhibitor LMMA. Histology
from all infected C3H/HeJ animals sacrificed at week 4 is represented.
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from previous experiments from our laboratory and those of
others (5, 63).
NO has been reported to inhibit the development of some

immune responses (20). To determine if there was an effect of
inhibiting NO production on the appearance of Borrelia-
specific IgG or IgM in infected mice, ELISAs with sonicated B.
burgdorferi as antigen were performed. IgG and IgM were
detected individually, and concentrations were estimated from
a standard curve. No significant differences were seen in IgM
levels with either mouse strain. LMMA had no effect on IgG
production in C3H/HeJ mice, although it did cause a slight
reduction in IgG production by infected BALB/c mice (Fig.
11).

DISCUSSION
Several previous studies led to the hypothesis that inflam-

mation-induced NO was involved in Lyme disease. These stud-
ies suggested that NO could be implicated in either the host
defense to B. burgdorferi infection or in the pathological events

associated with arthritis development. Observations support-
ing involvement of NO in host defenses are as follows: (i) B.
burgdorferi stimulates NO production in vitro (37, 58) and is
susceptible to killing by NO gas in vitro (37, 44); (ii) many
reports have found that B. burgdorferi can enter cells such as
endothelial cells and macrophages and persist for several days
(11, 34, 38, 45, 55); and (iii) the murine host defense against
true intracellular pathogens does require NO production, ei-
ther early in infection as established for Listeria monocytogenes,
or throughout infection as with Leishmania major (16, 18, 36).
The observations supporting involvement of NO in the pathol-
ogy of arthritis are from studies with other animal models of
arthritis; NO presence is essential for the development of
streptococcal cell wall arthritis in rats (42) and autoimmune
arthritis in lpr/lpr mice (59). Further, transgenic mice constitu-
tively producing tumor necrosis factor alpha, which is an in-
ducer of iNOS gene expression, spontaneously develop arthri-
tis (31).
The initial observations in this study were made with mice

housed in metabolic cages and analyzed for daily urinary ni-
trate production. This study (shown in Fig. 1 to 3) supported
involvement of NO in control of B. burgdorferi infection.
BALB/c mice had a sustained elevation of NO production
throughout infection. Infected C3H/HeJ mice initially pro-
duced NO in response to infection; however, this rapidly re-
turned to baseline levels by 2 weeks postinfection. B. burgdor-
feri presence in tissues was lower in BALB/c mice than in
infected C3H/HeJ mice at the 4-week time point of sacrifice
(Fig. 2). This mouse strain difference in infection was previ-
ously established with quantitative PCR as characteristic of the
entire time course of infection in the two strains of mice (63).
The drop in NO to baseline levels observed at 2 weeks postin-
fection with C3H/HeJ mice in Fig. 1 was concurrent with the
peak in infection of this strain of mice, as established in ref-
erence 63 and confirmed in the analysis shown in Fig. 10, in
which DNA from infected C3H/HeJ mice sacrificed at different
time points was subjected to PCR analysis. The correlation
between the drop in NO production and the peak in B. burg-
dorferi infection further supported the concept that NO was
part of the host defense to this organism.

FIG. 6. Effect of NO inhibition on spirochete numbers in C3H/HeJ mice.
Samples are from mice described in the legend to Fig. 4. One BSK-injected
mouse (lane 1) and four water-treated (lanes 2 to 4 for day 7 postinfection; lanes
2 to 5 for all other time points) and four LMMA-treated (lanes 5 to 8 for day 7
postinfection; lanes 6 to 9 for all other time points) mice were sacrificed at days
7, 14, 21, and 28 postinfection. One ankle joint was taken for DNA preparation
and PCR analysis. No spirochete DNA was detectable in BSK-injected animals
or in the water control of the reaction mixture (lane 9 for day 7 postinfection and
lane 10 for all other time points), and OspA sequences in infected joints were not
detectable until day 14 postinfection. Comparison of relative levels of OspA
sequences showed no significant difference in spirochete levels at day 7, 14, or 21
postinfection. There appeared to be slightly fewer sequences present at day 28
postinfection in LMMA-treated animals. OspA was amplified at 35 cycles for day
7 postinfection and at 30 cycles at all other time points.

FIG. 7. Suppression of serum nitrate by LMMA treatment of infected
BALB/c mice. BALB/c mice infected with 2 3 103 B. burgdorferi cells were given
distilled water (closed squares) or LMMA (closed circles) twice daily by gavage
starting 16 h after infection. Uninfected control mice (closed triangles) received
water gavage. Mice were housed in conventional cages, and levels of nitrate in
serum in mice sacrificed at the indicated times postinfection were determined.
Recovery of serum nitrates is described in Materials and Methods. Values are
averages 6 the standard deviations for each mouse determined from sera col-
lected from two to four mice in each group, depending on recovery of sufficient
serum volume.
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FIG. 8. Effect of NO inhibition on severity of arthritis in infected BALB/c mice. Two of the mice described in the legend to Fig. 7 and sacrificed at week 4 are
depicted. (A) Mild inflammation characteristic of rear ankle joints of infected BALB/c mice gavaged twice daily with water; (B) similar inflammation from the rear ankle
joint of an infected BALB/c mouse given the NO inhibitor LMMA. Histology from all infected BALB/c animals sacrificed at week 4 is represented.
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From the experiment displayed in Fig. 1 to 3, we predicted
that NO was a crucial component of the defense of BALB/c
mice against B. burgdorferi and that blocking NO production
would critically affect the outcome of disease in BALB/c mice.
The synthetic analog of L-arginine, LMMA, is thought to func-
tion as a competitive inhibitor of the NOS enzymes (7, 18). The
dose that was given, 120 mM per day, effectively blocks NO
production by iNOS, while having little effect on the other
biosynthetic pathways involving arginine, such as protein syn-
thesis (7). Mice received LMMA twice daily by gavage, which
ensured that each animal received the same dosage. We pre-
dicted that inhibitor-treated BALB/c mice would display more
severe infection of ankle joints and hearts and more severe
arthritis, similar to that seen with infected C3H/HeJ mice. This
did not occur. Spirochete infection in NO-inhibited BALB/c
mice was essentially the same as that in control mice at early
and late time points (Fig. 9), and arthritis severity was unaf-
fected (Fig. 8).

We also hypothesized that NO could contribute to patho-
logical developments in C3H/HeJ mice, in which elevation of
inflammatory cytokines could be greater and of longer dura-
tion because of the greater degree of spirochete infection in
tissues. Previously, we had found elevation of IL-6 in infected
C3H/HeJ mice through 4 weeks of infection (62). In C3H/HeJ
mice, we predicted that blocking the spike of NO would result

FIG. 9. Effect of NO inhibition on numbers of spirochetes in BALB/c mice.
The mice used in this experiment are described in the legend to Fig. 5B. One
BSK-injected mouse (lane 1) and four water-treated (lanes 2 to 5) and four
LMMA-treated (lanes 6 to 9) mice were sacrificed at days 4, 7, 10, 14, 21, and 28
postinfection. One ankle joint was taken for DNA preparation and PCR analysis.
No spirochete DNA was detectable in BSK-injected animals or in the water
control of the reaction mixture (lane 10), and OspA sequences in infected joints
were not detectable until day 10 postinfection. Comparison of relative levels of
OspA sequences showed no significant difference in spirochete levels at any time
point after infection. OspA sequences were amplified for 40 cycles in the day 4
and 7 postinfection samples and for 32 cycles at the other time points.

FIG. 10. Appearance of spirochete DNA in infected hearts was not altered
by LMMA treatment. Hearts from the infected C3H/HeJ animals described in
the legend to Fig. 4 were taken, and DNA was isolated for PCR analysis. Each
time point sample was run on the same gel to visualize the time course of
infection and relative spirochete numbers. OspA sequences were undetectable
until day 14 postinfection (lanes 6 to 9), at which time the number of spirochetes
in the heart was maximal. The number of spirochetes gradually began to decrease
with time after infection (lanes 10 to 21). No OspA sequences were detectable in
the BSK-injected mouse (lane 1) or in the reaction mixture control (lane 22).
OspA was amplified at 30 cycles. (A) Water-treated mice; (B) inhibitor-treated
mice. dH2O, distilled water.

FIG. 11. IgG and IgM levels in infected mice given distilled water or LMMA.
BALB/c mice (A and B) and C3H/HeJ mice (C and D) were infected with 2 3
103 B. burgdorferi cells (closed symbols) or were injected with an equal volume of
BSK medium (open squares). Serum was taken at every sacrifice from each
mouse and was assessed for IgG and IgM specific for Borrelia antigens. Closed
circles, animals treated with distilled water twice daily by gavage; closed triangles,
animals treated with LMMA twice daily by gavage. Administration of the NO
inhibitor did not significantly affect production of antibody to Borrelia antigens.
Values are averages of Ig levels in all mice sacrificed at a single time point.
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in less-severe arthritis. Again, this was not the case, since the
histological severity of arthritis was the same in mice receiving
the inhibitor of NO production (Fig. 5). Inhibiting the spike in
NO production also did not alter the course of B. burgdorferi
infection in C3H/HeJ mice, as determined by PCR detection of
B. burgdorferiDNA in ankle joints (Fig. 6) and hearts (Fig. 10).
This lack of effect of inhibiting NO production in Lyme

disease is striking in comparison with an infection in which NO
is a crucial component of the host’s defense. For example, in
murine leishmaniasis, the mouse strain that is resistant to
Leishmania infection is C3H, the mouse strain that is most
susceptible to infection with B. burgdorferi. This contrast is
carried further with our analysis of urinary nitrate levels. C3H
mice maintain high levels of NO throughout the cure pheno-
type characteristic of their infection with L. major (16). L.
major-infected BALB/c mice fail to produce NO, and these
animals succumb to infection (16, 36). The contrast is now
further extended, since blocking NO production in L. major-
infected C3H mice alters the outcome to resemble that of the
susceptible phenotype (BALB/c-like), and the animals die of
overwhelming infection. Inhibiting NO production in either
BALB/c or C3H/HeJ mice infected with B. burgdorferi had
virtually no effect on the clinical course of disease, which is in
complete contrast to the L. major model. In another infectious
model, mice infected with Toxoplasma gondii, a known stimu-
lant of NO production, display greater resistance to coinfection
with intracellular pathogens but no increased resistance to
coinfection by extracellular pathogens (23). The importance of
NO in controlling infection by viruses, another type of patho-
gen that replicates within cells, has been recently shown. The
gamma interferon-induced inhibition of replication of ec-
tromelia, vaccinia virus, and herpes simplex type 1 viruses in
murine macrophages is dependent on NO (12, 30). Further-
more, NO-blocking studies in mice have established that the
host defense to ectromelia is dependent on NO in vivo (30).
These studies with other pathogens support our interpretation
that NO is not an effector molecule for control of B. burgdorferi
infection. The facts that infected mice make large amounts of
NO and that NO effectively kills B. burgdorferi in culture sug-
gest that these spirochetes are not in the intracellular environ-
ment necessary for exposure to the high concentrations of NO
required for cytostasis of pathogens.
The persistent infection caused by B. burgdorferi has led to

speculation that this organism is sequestered in an intracellular
location. Importantly, no study has conclusively demonstrated
that B. burgdorferi achieves an intracellular site in vivo or can
multiply within mammalian cells (11, 34, 38, 45, 55). Our find-
ings support the concept that an intracellular niche is not an
essential part of B. burgdorferi infection and persistence. Thus,
while B. burgdorferi are susceptible to NO-mediated cytostasis
in vitro, they are resistant to the intracellular NO defense
mechanism in vivo. Additionally, antibody given at the time of
infection can be protective; however, these same antibodies
given after infection is established or arising from infection are
ineffective at clearing the organism (17, 28, 53). Therefore, B.
burgdorferi is also not dealt with effectively in vivo by the
classical defenses against extracellular pathogens to which it
also succumbs in vitro, i.e., antibody, complement, and opsono-
phagocytosis by neutrophils and macrophages (10, 35, 49, 50).
The paradox of susceptibility to these extracellular defenses in
vitro but not in vivo is thought to be crucial to the persistence
of infection caused by B. burgdorferi. This must now be ex-
tended to the in vivo resistance of B. burgdorferi to NO. B.
burgdorferi either must be sequestered in a niche protected
from both intracellular and extracellular defenses, or it must
produce evasive molecules upon entrance into the mammalian

host which permit survival. These studies point out that this
organism possesses a powerful adaptive mechanism for sur-
vival that is yet to be defined.
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