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Recently, we demonstrated that blocking the entry of neutrophils into Borrelia burgdorferi-infected joints in
mice deficient in the chemokine receptor CXCR2 prevented the development of experimental Lyme arthritis.
Neutrophils were marginalized in blood vessels at the site of infection but could not enter the joint tissue. In
the present study, we treated both genetically arthritis-resistant DBA/2J (DBA) and arthritis-susceptible
C3H/HeJ (C3H) mice with the neutrophil-depleting monoclonal antibody RB6-8C5 (RB6) to determine the
effect on arthritis development. Surprisingly, both DBA and C3H mice treated with RB6 developed arthritis at
1 week postinfection, approximately 1 week earlier than the control-treated C3H mice. The early development
of arthritis in the RB6-treated mice was accompanied by an influx into the joints of cells with ring-shaped
polymorphonuclear leukocyte (PMN) cell morphology that were negative for the Gr-1 neutrophil maturation
marker. RB6 treatment of mice also resulted in increased numbers of B. burgdorferi cells in the joints at 7 days
postinfection and earlier expression of the chemokines KC and monocyte chemoattractant protein 1 in the
joints compared to control-treated animals. Together, these results suggest that recruitment of neutrophils or
PMN-like cells into an infected joint is a key requirement for Lyme arthritis development and that altered
recruitment of these cells into the joints of arthritis-resistant mice can exacerbate the development of
pathology.

Lyme disease is caused by infection with the spirochete Bor-
relia burgdorferi and is transmitted through the bite of an in-
fected Ixodes tick (17). Since its recognition in the mid-1970s,
Lyme disease has become the most common arthropod-trans-
mitted disease in the United States, with some 18,000 new
cases reported each year (19). Arthritis is a common pathology
associated with Lyme disease and occurs in about 60% of
individuals who are not treated with antibiotics near the time
of infection (46). This arthritis can be severe, is typically asso-
ciated with the presence of spirochetes in the joint tissue, and
is characterized by a marked inflammatory cell infiltrate, syno-
vial hypertrophy, and tendonitis (46).

Experimental inoculation of B. burgdorferi into mice recapit-
ulates a portion of the disease spectrum seen in humans (6).
Murine genetics control the development of pathology follow-
ing experimental infection and lead to a spectrum of disease
susceptibilities in different mouse strains. While the cellular
mechanisms responsible for resistance or susceptibility to
Lyme arthritis are unknown, only in BALB/c mice has a direct
correlation been found between the development of pathology
and the number of spirochetes located within the joints (28).
C3H/HeJ (C3H) mice infected with as few as 200 spirochetes
go on to develop severe arthritis and harbor large numbers of
spirochetes within their ankle tissue (14, 28, 54). Conversely,
infected DBA/2J (DBA) and C57BL/6 (B6) mice develop only

mild arthritis even when they are infected with as many as 1 �
106 spirochetes despite harboring large numbers of spirochetes
in their ankle tissue, like C3H mice (14, 28). The cellular
mechanisms responsible for these phenotypic differences are
contained within the innate immune response. Studies in which
immunodeficient SCID or RAG�/� mice with arthritis-resis-
tant B6 or DBA genetic backgrounds or with arthritis-suscep-
tible C3H genetic backgrounds were used demonstrated that
these mice exhibited the disease phenotypes of their wild-type
counterparts (15, 44). While a number of studies have demon-
strated the ability of pro- or anti-inflammatory cytokines to
modulate arthritis severity, the underlying genetic basis for
arthritis resistance or susceptibility resides in innate immunity
(2–4, 16, 27, 29).

Recently, we reported that differential production of the
chemokines KC and monocyte chemoattractant protein 1
(MCP-1) correlated with the development of Lyme arthritis in
joints of arthritis-susceptible mouse strains but not in joints of
arthritis-resistant mouse strains (13). KC and MCP-1 are pow-
erful chemoattractants for neutrophils and monocytes, respec-
tively, which are cells that make up the majority of the inflam-
matory infiltrate in the joints of mice experimentally infected
with B. burgdorferi. Infection of mice deficient in the receptor
for KC (CXCR2) resulted in an inability of neutrophils to
enter the joint tissue and blocked the development of arthritis
(13). Thus, neutrophil recruitment into the joint tissue appears
to be a requirement for development of experimental Lyme
arthritis. Neutrophils have been shown to constitute a large
percentage of the inflammatory response in humans with Lyme
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arthritis (52). Similarly, neutrophils have been reported to play
key roles in other models of arthritis (1, 31, 33, 40, 42, 51, 53).
In experimental Lyme arthritis in mice, some investigators
have noted a correlation between neutrophil influx into joint
tissue and severe arthritis (43), while other workers have sug-
gested that neutrophils mediate protection against arthritis
development through their bactericidal activity in joint tissue
(5).

In the present study, we examined the role of neutrophils in
the development of experimental Lyme arthritis by treating
arthritis-resistant and -susceptible mouse strains with the neu-
trophil-depleting antibody RB6-8C5 (RB6). To our surprise,
both strains of mice began to develop a severe arthritis accom-
panied by an influx of polymorphonuclear leukocyte (PMN)-
like cells and an increase in joint spirochetal loads within the
first week after infection. These results suggest that neutrophils
are critical for early host defense against spirochetes and sup-
port the hypothesis that neutrophils play a role in mediating
the development of pathology.

MATERIALS AND METHODS

Experimental infection of mice. Female C3H and DBA mice that were 4 to 6
weeks old were purchased from The Jackson Laboratories (Bar Harbor, Maine)
and housed in microisolator cages under specific-pathogen-free conditions. A
virulent, low-passage, clonal isolate of the N40 strain of B. burgdorferi was used
in all experiments. Frozen stocks were grown to the log phase in 7 ml of
Barbour-Stoenner-Kelly H medium (BSK-H medium) (Sigma-Aldrich, St. Louis,
Mo.) by incubating cultures for 5 days at 32°C. Spirochetes were enumerated by
dark-field microscopy by using a Petroff-Hausser counting chamber (Hausser
Scientific Company, Horsham, Pa.). Mice were inoculated in both hind footpads
with 2.5 � 105 B. burgdorferi cells in 50 �l of BSK-H medium. For the dose-
response experiments, C3H mice were treated daily with control immunoglob-
ulin G (IgG) or RB6 beginning 1 day prior to infection. Experimental groups of
mice were then infected in both hind footpads with increasing log doses (2.5 �
103 to 2.5 � 106 cells) of B. burgdorferi in 50 �l of BSK-H medium and were
sacrificed 7 days later.

RB6 treatment of mice. Monoclonal antibody RB6 is a rat IgG2B antibody that
selectively binds to and depletes mature mouse neutrophils and eosinophils (22,
23). The RB6 hybridoma was a kind gift from Robert L. Coffman (DNAX
Research Institute, Palo Alto, Calif.). The antibody was affinity purified from cell
culture supernatants by using a protein G column (Pharmacia, Piscataway, N.J.).
To deplete mice of neutrophils, 0.2 mg of RB6 was administered intraperitone-
ally 1 day prior to infection and then daily for 21 days. Control mice were
inoculated with an equal volume of normal rat IgG (Sigma). In preliminary
experiments, we found that following a single injection of RB6 the number of
peripheral blood neutrophils began to rebound by the third day. Thus, mice were
given daily injections to ensure continued depletion of neutrophils from the
circulation. Neutrophil depletion did not lead to any obvious deterioration in the
health of mice throughout the experimental period. Peripheral blood smears
were examined on day 0 and weekly thereafter for randomly selected mice for the
duration of the neutrophil depletion period. Briefly, blood was collected from the
retroorbital plexus, smeared onto a slide, and allowed to dry. The blood smears
were stained with Diff-Quick, and at least 200 nucleated cells per slide were
counted by an individual experienced in counting blood differentials. Percentages
of specific cell types were determined from the total number of cells counted.
Neutrophils in RB6-treated mice were depleted so that they accounted for less
than 7% of the circulating nucleated cells throughout the experiment.

Assessment of arthritis. Ankle swelling was monitored by weekly measure-
ment with a metric caliper (Ralmike’s Tool-A-Rama, South Plainfield, N.J.) of
the thickest anteroposterior portion of the tibiotarsal joint. Baseline ankle di-
ameters were determined immediately prior to infection, and experimental di-
ameters were determined weekly thereafter. Baseline measurements were sub-
tracted from the experimental measurements to determine increases in ankle
diameter. To determine arthritis severity scores, a histologic analysis of the right
tibiotarsal joint from each mouse was performed following sacrifice at 7 or 21
days postinfection. The joint was excised by cutting just above and below the
tibiotarsal joint, fixed in 10% buffered zinc-formalin, and embedded in paraffin,
and 5-�m sections were stained with hematoxylin and eosin (H&E). The sections

were evaluated in a blinded manner by two independent observers and were
assessed for arthritis severity on a scale of 0 to 3 (8). A score of 0 indicated
normal tissue, 1 and 2 indicated mild and moderate inflammation, respectively,
and 3 indicated severe arthritis. The pathology present in histologic sections was
characterized by edema and neutrophil and monocyte infiltration into the joints,
tendons, and ligament sheaths; hypertrophy and hyperplasia of the synovium;
and fibrin exudates. The extent of the observed inflammatory changes formed the
basis for the arthritis severity scores.

Culture of B. burgdorferi from tissues. Experimental samples of blood, heart,
spleen, urinary bladder, and skin (ear punch) were aseptically collected from
mice infected for 21 days and were cultured at 32°C in BSK-H medium. After 14
days the cultures were scored for the presence of spirochetes by placing 10 �l of
supernatant on a microscope slide under a coverslip (22 by 22 mm) and exam-
ining 20 high-power fields by dark-field microscopy.

Quantitative assessment of B. burgdorferi in tissues. Quantitative multiplex
real-time PCR was performed as described previously (13) by using the ABI
Prism 7700 sequence detection system (PE Applied Biosystems, Foster City,
Calif.) to analyze levels of B. burgdorferi DNA present in the tissues of infected
mice. Briefly, following mouse sacrifice, ankles were excised, snap frozen in
liquid N2, and stored at �80°C. The frozen tissue was pulverized, and the DNA
was extracted with a DNEasy tissue kit (QIAGEN, Valencia, Calif.). The DNA
was eluted in 100 �l of elution buffer and diluted to a concentration of 50 �g/ml
with Tris-EDTA buffer. One microliter of a diluted sample, which has been
estimated to contain 1,000 copies of the mouse Nidogen gene (32), was then used
in PCRs. The mouse Nidogen gene was used as an endogenous control as
described previously (13). Quantification of B. burgdorferi DNA in samples was
done by detection of the Flagellin gene by using primers and probes as described
previously (34). The Taqman PCR conditions were as follows: 50°C for 2 min,
95°C for 10 min, and then 45 cycles of 95°C for 15 s and 60°C for 1 min.
Quantitative multiplex real-time PCR for each sample was performed in dupli-
cate or triplicate for the Flagellin gene, and the results were normalized to copies
of Nidogen DNA from the same tube. The B. burgdorferi DNA in each sample
was quantified by comparison to a standard curve for known numbers of B.
burgdorferi cells. Similarly, normalization of the mouse DNA in each sample was
performed by comparison to a standard curve for dilutions of mouse DNA from
the same tissue (ear or ankle).

Quantification of cytokine levels in joint extracts. Joint extracts were prepared
by using slight modifications of the method of Kasama et al. (26), as described
previously (13). Briefly, the joints were excised by removing the skin and cutting
just above and below the ankle joint, and they were snap frozen in liquid
nitrogen. The joints were pulverized with a hammer and homogenized on ice in
1 ml of lysis buffer (Hanks balanced salt solution containing 0.2% protease
inhibitor cocktail [Sigma] and 0.5% NP-40) by using a tissue homogenizer (IKA
Works, Wilmington, N.C.). The homogenized tissues were then centrifuged at
2,000 � g for 10 min at 4°C, and the supernatants were filtered through a
0.45-mm-pore-size filter. The filtrates were diluted in 1.5 ml of lysis buffer, split
into aliquots, and stored at �80°C until they were analyzed. A number of murine
cytokines and chemokines were then quantified by enzyme-linked immunosor-
bent assays (ELISA). Interleukin-1� (IL-1�), IL-4, IL-6, IL-10, IL-12p70, gamma
interferon (IFN-�), tumor necrosis factor alpha (TNF-�), granulocyte-macro-
phage colony-stimulating factor, and MCP-1 were quantified by using OptEIA
ELISA sets (BD Pharmingen, San Diego, Calif.). Macrophage inflammatory
protein 1� (MIP-1�), MIP-2, and KC were quantified by using DuoSet ELISA
sets (R&D Systems, Minneapolis, Minn.) according to the manufacturer’s in-
structions. Total protein concentrations in the samples were determined by using
a protein assay kit (Pierce Chemical Co., Rockford, Ill.). Data are expressed
below in picograms of cytokine per milligram of protein.

Immunohistochemistry. Immunohistochemistry analyses of ankle sections
were performed as described previously (13). Briefly, paraffin sections were fixed
in xylene and rehydrated by using ethanol and 1 M phosphate-buffered saline
(pH 6.0). Endogenous peroxidases were quenched prior to blocking of nonspe-
cific binding with 1.5% normal rabbit serum (Vectastain ABC kit; Vector Lab-
oratories, Burlingame, Calif.) diluted in phosphate-buffered saline. Sections were
incubated overnight at 4°C with a 1:500 dilution of RB6 (22). Normal rat serum
was used as a negative control. A biotinylated rabbit anti-rat IgG antibody was
used as the secondary antibody. Following incubation with streptavidin-conju-
gated horseradish peroxidase, diaminobenzidine tetrahydrochloride (Sigma) was
used as the peroxidase substrate. The slides were counterstained with Mayer’s
hematoxylin solution (Fisher Scientific, Fair Lawn, N.J.), and the stained sections
were then dehydrated and mounted.

For myeloperoxidase (MPO) immunohistochemistry analysis the sections were
rehydrated as described above, and endogenous peroxidases were blocked with
hydrogen peroxide. The sections were pretreated with proteinase K (1:40 dilu-
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tion) and then blocked with bovine serum albumin. They were then incubated
with the primary antibody, a polyclonal rabbit anti-MPO antibody (Dako,
Carpinteria, Calif.) diluted 1:200, for 60 min at room temperature. A biotinylated
swine anti-rabbit antibody (diluted 1:300) was used as the secondary antibody,
and the cells were then treated with streptavidin-conjugated horseradish perox-
idase and diaminobenzidine tetrahydrochloride and counterstained as described
above. All steps were completed with a Dako autostainer (Dako).

Statistical analysis. Results are expressed below as means � standard devia-
tions. Data were analyzed by using Student’s t test or analysis of variance fol-
lowed by the Tukey test for multiple comparisons by using SigmaStat software
(SPSS, Inc., Chicago, Ill.). Significance levels were set at � 	 0.05.

RESULTS

Neutrophil depletion results in exacerbated arthritis devel-
opment. To determine the role of neutrophils in the develop-
ment of experimental Lyme arthritis, we treated arthritis-re-
sistant DBA mice and arthritis-susceptible C3H mice with the
neutrophil-specific monoclonal antibody RB6. Previous re-
ports have shown that treatment of mice with this antibody
renders them severely neutropenic for up to 3 days following
administration (21, 23, 38). In preliminary studies, we found
that neutrophils in the circulation were recovering by 3 days
postinjection. Therefore, the mice were treated with antibody
on a daily basis. Peripheral blood was collected from mice on
days 0, 7, 14, and 21 of infection to determine the extent of the
neutropenia. Peripheral blood counts are shown in Table 1.
Generally, very few neutrophils (less than 5% of nucleated
cells) were found in the peripheral blood of RB6-treated mice
through 14 days of infection. By day 21, the levels had risen
slightly in both mouse strains to 6 to 7% of the nucleated cells.

Control and neutropenic mice with resistant and susceptible
genetic backgrounds were inoculated in both hind footpads
with the N40 strain of B. burgdorferi. Neutrophils typically
respond rapidly to sites of infection. Therefore, footpad inoc-
ulation was used to deliver the spirochetes to a site directly
adjacent to the tibiotarsal joints and to avoid the differences in
dissemination of spirochetes that can occur between mice of
different strains and with different immunological status (7,

45). Ankle swelling is usually indicative of an underlying in-
flammatory response. Development of pathology was moni-
tored by measuring ankle diameters on a weekly basis (Fig. 1).
In this system, pathology in susceptible animals typically de-
velops during the second week of infection (see the curve for
IgG-treated C3H mice in Fig. 1A). RB6-treated mice, how-
ever, had statistically greater ankle swelling during the first
week of infection than control IgG-treated animals (Fig. 1).
RB6-treated C3H mice had significantly greater ankle swelling
(P 
 0.01) than the IgG-treated C3H mice at day 7 postinfec-
tion, but the two types of mice had similar levels of ankle
swelling at days 14 and 21 (Fig. 1A). RB6-treated DBA mice,
however, had exacerbated ankle swelling compared with IgG-
treated DBA mice throughout the experimental period (Fig.
1B) (P 
 0.001).

We also determined histopathological lesion scores as a
measure of arthritis severity for mice infected for 7 or 21 days
(Fig. 1C). At 7 days postinfection, the RB6-treated C3H mice
had significantly higher arthritis severity scores than the IgG-
treated C3H mice (P 
 0.05). Similarly, the day 7 arthritis
severity scores for the RB6-treated DBA mice were signifi-
cantly higher than the scores for the IgG-treated DBA mice (P

 0.01). By 21 days postinfection the IgG- and RB6-treated
C3H mice had similar arthritis severity scores (Fig. 1C). In
contrast, the RB6-treated DBA mice still had significantly
higher arthritis severity scores than the IgG-treated DBA mice
(P 
 0.01). These results demonstrate that treatment of mice
with RB6 leads to the depletion of neutrophils from the circula-
tion and exacerbation of Lyme arthritis development. RB6-
treated C3H mice developed arthritis 1 week earlier than control
IgG-treated animals, while the remaining courses of arthritis de-
velopment were similar. RB6-treated DBA mice, however, devel-
oped more severe arthritis than the control IgG-treated DBA
mice developed during the first week of infection, and this trend
continued throughout the experimental period. Control IgG-
treated DBA mice were resistant to arthritis development.

TABLE 1. Peripheral blood counts in control IgG-treated and RB6-treated micea

Mouse strain Treatment Day
% of total counts

Neutrophils Lymphocytes Monocytes Eosinophils

C3H IgG 0 32.2 25.7 41.9 0.7
RB6 0 1.0 42.5 56.0 0.5

DBA IgG 0 23.1 23.9 53.0 0.0
RB6 0 0.0 30.7 68.9 0.4

C3H IgG 7 24.1 � 7.6 46.7 � 6.0 27.8 � 1.9 1.3 � 0.7
RB6 7 4.6 � 3.6 44.3 � 9.9 51.2 � 6.7 0.0 � 0.0

DBA IgG 7 25.0 � 9.4 57.1 � 5.2 17.2 � 5.2 0.4 � 0.6
RB6 7 0.9 � 1.3 49.2 � 2.4 46.1 � 1.9 0.0 � 0.0

C3H IgG 14 36.0 30.7 32.9 0.4
RB6 14 0.0 44.4 55.3 0.3

DBA IgG 14 27.8 38.7 33.2 0.3
RB6 14 0.4 37.5 61.7 0.4

C3H IgG 21 50.9 � 0.1 22.8 � 7.0 25.4 � 7.4 1.0 � 0.2
RB6 21 5.8 � 0.6 48.6 � 4.0 44.9 � 4.9 0.8 � 0.9

DBA IgG 21 33.7 � 6.0 36.6 � 2.1 31.3 � 8.0 0.3 � 0.2
RB6 21 6.6 � 3.9 61.4 � 4.0 30.0 � 1.6 2.1 � 0.5

a Mice were given daily intraperitoneal injections of 200 �g of control IgG or RB6 beginning on day �1. Mice were infected with 2.5 � 105 B. burgdorferi cells on
day 0 and blood was collected from the retroorbital plexus weekly. Blood smears were stained with Diff-Quick, and at least 200 cells per slide were counted. On days
0 and 14 one mouse per treatment per mouse strain was randomly chosen for bleeding. On days 7 and 21 groups of three mice were bled, and the data are averages
� standard deviations. The data are representative of at least four separate experiments.
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Neutrophil depletion in joint tissue. Differential staining of
circulating nucleated cells revealed that there was nearly com-
plete depletion of neutrophils following RB6 treatment. To
evaluate the level of neutrophil depletion in joint tissues, we
examined H&E-stained sections of joints from RB6- and IgG-
treated DBA and C3H mice on days 7 and 21 postinfection. In
joint sections from mice infected for 7 days, animals with both
DBA and C3H genetic backgrounds that were treated with
control IgG had mild inflammatory infiltrates consisting of

small numbers of both neutrophils and monocytes (Fig. 2A). In
contrast, mice treated with RB6 had a much more robust
inflammatory response (Fig. 2B), with a large number of cells
displaying a ring-shaped nuclear morphology (Fig. 2C). Immu-
nohistochemical staining of joint sections from RB6-treated
mice, however, revealed few positively staining cells in the
inflammatory infiltrate (Fig. 2D), indicating that the cells were
not expressing the neutrophil maturation marker Gr-1 recog-
nized by the RB6 antibody (25). Murine neutrophils display a
heterogeneous array of morphogenic cell types, including seg-
mented or segmented ring-shaped nuclei (10), and thus cannot
be separated into mature and immature populations based on
morphology alone. In mice, cells with ring-shaped nuclei are
usually considered to be PMN, but they have recently been
shown to include a subset of mononuclear cell (MNC)-like ring
cells (10). Separation of these populations on the basis of
morphology alone is not always feasible; however, they do have
some characteristic features (10). The PMN-like ring cells have
a slender ring nucleus that is constricted or lobular and has an
irregular contour. In addition, the width of the karyoplasmic
ring is smaller than the diameter of the cytoplasmic center. The
MNC-like ring cells have a round or ovoid nucleus with a
smooth contour, and the karyoplasmic ring is wider than the
diameter of the cytoplasmic center. Under high power (Fig. 2E
and F) most of the cells with ring-shaped nuclei appeared to be
PMN-like cells even though they did not express the Gr-1
maturation marker, which is typical of these cells under normal
conditions (10). Thus, under Gr-1-depleting conditions, Gr-1�

cells with PMN-like morphology can be dispatched to the site
of infection. Immunohistochemical staining revealed that nu-
merous cells with ring-shaped nuclei were positive for MPO
(Fig. 2G), indicating that they were of the PMN lineage. Other
cells with ring-shaped nuclei, however, were negative or
stained weakly for MPO (Fig. 2G), suggesting that these cells
were of the monocyte lineage.

Spirochete levels in neutropenic mice. In vitro, neutrophils
are capable of taking up and destroying B. burgdorferi (9, 36).
To determine the effect of neutrophil depletion on spirochete
numbers in vivo, we examined the presence of B. burgdorferi
and the relative numbers in various tissues. Tissue samples
were removed from animals infected for 21 days and cultured
in BSK-H medium for 14 days. The presence of spirochetes in
cultures of tissues was virtually the same for IgG- and RB6-
treated mice (Table 2). These results indicate that the overall
pattern of dissemination of the spirochetes within infected
animals was not altered by the absence of neutrophils in the
circulation. To determine the relative numbers of spirochetes
in joint tissues in control and neutropenic animals, we used
real-time quantitative PCR (13). By day 7 postinfection, tibio-
tarsal joints from both C3H and DBA mice treated with RB6
had four- to fivefold-greater levels of B. burgdorferi DNA than
the joints from control IgG-treated mice (Fig. 3A). By day 21
postinfection, however, the joints (Fig. 3B) and ears (Fig. 3C)
from RB6- and control IgG-treated mice contained similar
levels of B. burgdorferi DNA. Thus, early depletion of neutro-
phils resulted in an initial increase in spirochete numbers,
which was controlled both locally and systemically at later
times.

Effect of increased spirochetal loads on arthritis develop-
ment in neutropenic mice. The development of Lyme arthritis

FIG. 1. Development of experimental Lyme arthritis in control and
neutropenic mice. (A and B) Ankle swelling curves for C3H (A) and
DBA (B) mice treated with control isotype IgG or RB6. (C) Arthritis
severity scores determined from H&E-stained sections of tibiotarsal
joints from mice sacrificed on days 7 and 21 of infection. Open symbols
and bars, IgG-treated animals; solid symbols and bars, RB6-treated
animals. Sections were blindly evaluated and scored by two indepen-
dent observers on a scale of 0 to 3 as described in Materials and
Methods, and the values for each joint were averaged. Mice (five mice
per group) were 4 to 6 weeks old when they were infected in both hind
footpads with B. burgdorferi. Ankle diameters were measured weekly.
The data are means � standard deviations and are representative of
four separate experiments. An asterisk indicates that the P value is

0.05 for a comparison of IgG- and RB6-treated animals.
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FIG. 2. Histopathology of tibiotarsal joints from control and RB6-treated mice. Representative sections were obtained from a control
IgG-treated C3H mouse (A) and an RB6-treated mouse (B to G) sacrificed 7 days postinfection. (A and B) H&E-stained sections at a
magnification of �100. (C and D) H&E-stained and immunohistochemically stained sections at a magnification of �400. The arrows indicate
representative cells having ring-shaped nuclear morphology, and the arrowheads indicate representative neutrophils stained with RB6. (E and F)
H&E-stained sections at a magnification of �1,000. The arrows indicate PMN-like cells with ring-shaped nuclei. (G) Immunohistochemically
stained sections at a magnification of �1,000. The arrows indicate representative PMN-like cells that stained positive for MPO. The arrowheads
indicate MNC-like ring cells that were negative for MPO staining or exhibited low levels of MPO staining.
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in C3H and DBA mouse strains is relatively independent of the
number of B. burgdorferi cells within the infected joint (6, 14,
28). To determine if the increased number of spirochetes
within the joints of the neutropenic mice was responsible for
the earlier development of arthritis, we infected control IgG-
or RB6-treated C3H mice with increasing log doses of B.
burgdorferi. Increasing the infectious dose had little effect on
day 7 ankle swelling or arthritis severity scores in control IgG-
treated C3H mice (Fig. 4). In contrast, RB6-treated C3H mice
exhibited significantly increased ankle swelling and arthritis
severity scores (P 
 0.01) with increasing infectious doses.
Since the neutropenia had a minimal effect on either ankle

swelling or arthritis severity scores at the lower doses, it ap-
pears that a combination of neutropenia and increased spiro-
chetal loads within the joint tissue is required for the early
induction of arthritis.

RB6 treatment alters production of proinflammatory medi-
ators in joints of Borrelia-infected mice. Neutrophils are capa-
ble of producing a number of both pro- and anti-inflammatory
mediators (18), and these mediators have been shown to in-
fluence the development of pathology in other models of in-
fectious disease (11, 20, 35, 37, 39, 47, 49). Recently, we dem-
onstrated the importance of the production of KC and MCP-1
in inflammatory lesions in joints of susceptible mice infected
with B. burgdorferi (13). Differential production of these two
chemokines in resistant and susceptible animals became de-
tectable between 7 and 10 days postinfection and correlated
with the onset of arthritis. To determine if RB6 treatment
altered the production of inflammatory mediators in B. burg-
dorferi-infected animals, we measured the production of a
panel of cytokines and chemokines in ankle homogenates at
days 7 and 21 postinfection. Figure 5 shows the production of
representative cytokines and chemokines at day 7 postinocu-

FIG. 3. B. burgdorferi DNA copy numbers in joint and ear tissues of
control IgG- and RB6-treated mice. Mice were infected with 2.5 � 105

B. burgdorferi cells per footpad and treated daily with control IgG or
RB6. On day 7 (A) or 21 (B and C), tibiotarsal joints (A and B) or ear
samples (C) were collected, and the DNA was isolated and assessed by
quantitative real-time PCR as described in Materials and Methods.
Samples were normalized by using the single-copy mouse gene Nido-
gen, and the values are arithmetic means � standard deviations for 103

single-copy mouse genes. The experiment was conducted twice with
similar results by using three to five mice per group. An asterisk
indicates that the P value is 
0.05 for a comparison of IgG- and
RB6-treated animals.

FIG. 4. Arthritis development in response to increasing doses of B.
burgdorferi in IgG- or RB6-treated C3H mice. C3H mice treated with
either IgG or RB6 on day �1 were infected in both hind footpads with
increasing doses of B. burgdorferi. On day 7 postinfection ankle swell-
ing (A) and arthritis severity scores (B) were determined. Open bars,
IgG-treated mice; solid bars, RB6-treated mice. The values are means
� standard deviations and are representative of two separate experi-
ments performed with three mice per treatment group. (A) An asterisk
indicates that the P value is 
0.01 for a comparison of IgG- and
RB6-treated mice. (B) An asterisk indicates that the P value is 
0.01
for a comparison of RB6-treated mice that received 2,500,000 B. burg-
dorferi (Bb) cells and RB6-treated mice that received 25,000 B. burg-
dorferi cells.

TABLE 2. Isolation of B. burgdorferi from selected tissues of
control and neutropenic micea

Strain Treatment
Culture results

Blood Heart Spleen Bladder Ear

C3H Control IgG 3/8 5/8 0/8 8/8 8/8
C3H RB6 0/7 5/7 0/7 7/7 7/7
DBA Control IgG 1/8 5/8 1/8 5/8 7/8
DBA RB6 2/8 6/8 0/8 5/8 8/8

a Mice were infected with 2.5 � 105 B. burgdorferi spirochetes and sacrificed at
21 days postinfection. The data are number of cultures positive for B. burgdorferi/
number of cultures examined. The data are the results of one of two experiments.
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lation in ankles of IgG- or RB6-treated animals that were
infected with B. burgdorferi or were sham infected (BSK-H
medium only). Ankles from sham-infected animals were in-
cluded to control for the trauma of footpad inoculation. There
was no difference in the production of IL-4, IL-6, IFN-�, or
IL-12 in the joints between IgG- and RB6-treated animals (Fig.
5A to D). Although there was a trend toward higher IL-6 levels
in the RB6-treated B. burgdorferi-infected mice, it was not
statistically significant. However, we did find significantly
higher levels of KC and MCP-1 in the ankles of RB6-treated
mice than in the ankles of the IgG-treated mice (Fig. 5E and F)
(P 
 0.05). Joints from both DBA and C3H RB6-treated mice
produced high levels of KC and MCP-1 that correlated with
arthritis development. No differences were found in the levels
of IL-1�, IL-10, granulocyte-macrophage colony-stimulating
factor, TNF-�, MIP-1�, and MIP-2 in joints of IgG- and RB6-
treated mice (data not shown). At day 21 postinfection we
found no differences in the joint production of any of the
cytokines or chemokines, although there was a trend toward
higher levels of IL-6, KC, and MCP-1 in the joints of RB6-
treated animals (data not shown). The cytokines or chemo-
kines were not produced systemically as none of the serum
samples taken from control or RB6-treated C3H or DBA mice
on day 7 or 21 postinfection consistently contained threshold
levels (data not shown).

DISCUSSION

In a recent report, we demonstrated that entry of neutro-
phils into the joint tissue was required for development of
experimental Lyme arthritis (13). Joint tissue from arthritis-
susceptible C3H mice produced high levels of the chemokines
KC and MCP-1 in a manner that correlated with the develop-
ment of severe arthritis. Infection of mice deficient in the
receptor for KC (CXCR2) resulted in an inability of neutro-
phils to enter the joint tissue and a decrease in arthritis sever-
ity. In the present study, we investigated the effect of neutro-
phil depletion on the development of Lyme pathology in
arthritis-resistant and -susceptible mouse strains. Based on our
previous observations we expected that the neutropenic mice
would be prevented from developing severe arthritis. Surpris-
ingly, neutropenic mice belonging to both mouse strains began
developing arthritis earlier than the control-treated mice, and
genetically resistant DBA mice also developed severe arthritis
like C3H mice. Histologic examination of the tibiotarsal joints
from the neutropenic mice at 7 days postinfection revealed the
presence of numerous cells with ring-shaped morphology,
which are typically considered polymorphonuclear neutrophils
(10), within the inflammatory infiltrates. Immunohistochemis-
try revealed that most of these cells did not express the Gr-1
neutrophil maturation antigen recognized by RB6 and thus
were not affected by the antibody treatment. These cells with

FIG. 5. Cytokine production in ankles from B. burgdorferi- or sham-infected mice 7 days postinfection. Open bars, sham-infected mice; solid
bars, B. burgdorferi-infected mice. The mice were treated with control IgG or RB6, and the levels of IL-4 (A), IL-6 (B), IFN-� (C), IL-12 (D), KC
(E), and MCP-1 (F) in ankle homogenates were determined by ELISA as described previously (13). The data are means � standard deviations.
Five mice were sacrificed at each time, and each ankle was processed individually. The data are representative of two separate experiments. An
asterisk indicates that the P value is 
0.001 for a comparison of IgG- and RB6-treated mice for each strain.
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ring-shaped nuclei were likely to consist of a mixture of gran-
ulocytes and monocytes and their precursors, but under high-
power magnification morphologically they appeared to be
mostly PMN-like cells (10). Many of these cells also stained
positive for MPO, providing further evidence of their PMN
lineage. Recently, it was demonstrated that murine bone mar-
row contains a large number of functionally competent neu-
trophils with ring-shaped morphology that serve as a reservoir
for rapidly replacing circulating neutrophils during infection
(12). In the present study the functional capability of these
cells was not directly tested; however, since there was an in-
creased spirochetal burden in the joints of RB6-treated mice,
it is likely that these PMN-like cells at least had a decreased
capacity for bactericidal activities. The proximity of bone mar-
row to the site of infection may also be important for the
recruitment of Gr-1� PMN-like cells as this was not reported
to occur in other infectious disease models in which neutro-
phils were depleted from infected soft tissues, such as lungs or
livers (22, 23, 30, 35, 48). The contribution that these cells
might make to the development of pathology is currently un-
known.

Neutrophils have been implicated in arthritis pathology in a
number of other animal models, including the K/BxN mouse
rheumatoid arthritis model (53), streptococcal cell wall-in-
duced arthritis (41), adjuvant-induced arthritis (40), and col-
lagen-induced arthritis (24). In each of these models, depletion
of circulating neutrophils resulted in a decrease in arthritis
severity and joint swelling. Neutrophils are known to produce
a number of proinflammatory cytokines that can drive the
development of pathology, as well as chemokines capable of
recruiting antigen-specific T and B cells into the inflamed joint
(18). In contrast, in a model of Staphylococcus aureus-induced
septic arthritis, depletion of neutrophils resulted in a higher
frequency of arthritis, as well as increased levels of TNF-�,
IL-6, and IFN-�, compared to the control animals (51). The
increased frequency of arthritis, however, was likely due to the
100- to 1,000-fold increase in the bacterial burden in tissues
from the neutrophil-depleted mice (51). In the present study,
we found a four- to fivefold increase in spirochete loads in
joints of RB6-treated mice compared to the loads in IgG-
treated mice at 7 days postinfection. Infection of IgG-treated
C3H mice with increasing doses of B. burgdorferi did not result
in development of arthritis at 7 days postinfection, demonstrat-
ing that the increased spirochetal burden alone was not suffi-
cient to cause the earlier development of pathology seen in the
RB6-treated mice. Infection of RB6-treated mice with increas-
ing doses of B. burgdorferi had little effect at low doses but had
a dramatic effect on ankle swelling and arthritis severity scores
at higher doses. This suggests that a combination of altered
neutrophil responses and increased spirochetal burden is re-
quired for the earlier development of pathology seen in the
RB6-treated mice. Another possibility is that in the normal
mice, the neutrophils efficiently maintained the spirochete lev-
els below a threshold that prevented the development of pa-
thology. In the RB6-treated mice, the PMN-like cells were not
functionally competent to contain the growth of spirochetes,
allowing them to cross the bacterial burden threshold and
cause pathology. This simplistic view, however, does not ex-
plain why C3H and DBA mice develop different levels of
arthritis yet have similar levels of spirochetes within their joint

tissues (14), although different bacterial burden thresholds in
different mouse strains might be an explanation. It also does
not explain how blocking the entry of neutrophils into the joint
tissue in CXCR2-deficient mice prevented the development of
arthritis, even though the joints contained the same number of
spirochetes as the joints of the wild-type mice that developed
severe arthritis (13). It appears that there is a requirement for
neutrophils in the development of Lyme arthritis and that the
PMN-like cells can fulfill this requirement, even though they
are deficient in bactericidal capacity. Thus, during infectious
arthritis the continued persistence of bacteria in the joint may
result in sustained recruitment and activation of neutrophils
and ultimately in development of pathology and chronic in-
flammation. Conversely, during autoimmune arthritis, timely
removal of neutrophils and their proinflammatory mediators
may tip the balance toward anti-inflammatory mediators and
allow inflammation resolution and healing.

The effect of neutrophil depletion on arthritis development
in Lyme disease has not been studied directly previously. Bar-
thold and de Souza (5) targeted granulocytes for depletion
using cyclophosphamide treatment during B. burgdorferi infec-
tion of mice. They reported increased arthritis severity in cy-
clophosphamide-treated C3H mice at 14 days postinfection
compared to the arthritis in untreated mice. Genetically resis-
tant B6 mice had an increased incidence of arthritis following
cyclophosphamide treatment, but the arthritis severity scores
were similar to those of the untreated control B6 mice. These
results suggest that granulocytes might play an important role
in Lyme arthritis development; however, this interpretation is
limited by the nonspecificity of the action of cyclophospha-
mide. Cyclophosphamide is particularly damaging to neutro-
phils, although it is not specific for them, and it also causes
pancytopenia. Barthold and de Souza speculated that granu-
locytes might regulate Lyme arthritis development through
their bactericidal activity (5). In the present study, we extended
these findings by demonstrating specifically that neutrophils do
play a role in limiting borrelial growth during the early part of
the infection. However, this bactericidal activity alone is not
enough to control the development of pathology. In conjunc-
tion with our previous study (13), the present results demon-
strate that neutrophil presence within the infected joint tissue
is required for the development of Lyme arthritis and that
altered recruitment or activation of neutrophils can exacerbate
arthritis severity in resistant strains of mice.

Neutrophils and monocytes make up the majority of the
inflammatory infiltrate in the infected joint during experimen-
tal Lyme arthritis (6). We have recently demonstrated that the
recruitment of these cells into the joint during B. burgdorferi
infection is mediated via production of the chemokines KC and
MCP-1 (13). KC and MCP-1 were produced in the joints of
arthritis-susceptible C3H mice but not in the joints of arthritis-
resistant B6 or DBA mice during the second week of infection,
at a time that correlated with the development of severe ar-
thritis (13). In the present study, treatment of mice with RB6
resulted in earlier production of KC and MCP-1 by day 7
postinfection in joints of both genetically arthritis-resistant
DBA mice and genetically arthritis-susceptible C3H mice. This
early expression of KC and MCP-1 correlated with the early
development of arthritis in both mouse strains. These results
again suggest that KC and MCP-1 expression may be required
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for the development of experimental Lyme arthritis, although
in our previous study infection of CXCR2�/� mice but not
infection of CCR2�/� mice (CCR2 is the receptor for MCP-1)
altered the development of arthritis (13). Levels of MCP-1 at
inflammatory sites are regulated by receptor binding and in-
ternalization (50), and similar mechanisms are likely for other
chemokines as well. Thus, in the joints of RB6-treated mice the
increased expression of KC and MCP-1 by day 7 postinfection
likely resulted from the decreased uptake of these chemokines
by neutrophils and/or other cell types. Furthermore, our results
suggest that neutrophils may provide an early mechanism for
protection against inflammation as their depletion results in
early expression of KC and MCP-1 in joints and exacerbated
recruitment of inflammatory cells. In genetically resistant
mouse strains this early neutrophil protection appears to be
sustained, preventing the production of KC and MCP-1 and
resulting in only a mild inflammatory response to B. burgdorferi
infection. In genetically susceptible mouse strains the early
neutrophil protection is eventually overcome, resulting in the
production of KC and MCP-1, the recruitment of more inflam-
matory cells, and the development of severe arthritis. Further
experiments are required to elucidate the mechanisms respon-
sible for the differential regulation of neutrophils in this model
system.

Resistance or susceptibility to the development of experi-
mental Lyme arthritis has been correlated with the production
of certain anti- or proinflammatory cytokines, especially IL-4
and IFN-� (2–4, 16, 27, 29). Restimulation of splenocytes or
lymph node cells from arthritis-susceptible C3H mice resulted
in the production of high levels of IFN-� and low levels of IL-4,
while cells from arthritis-resistant DBA or B6 mice produced
lower levels of IFN-� and higher levels of IL-4 (27, 29). In a
recent study, we measured the levels of 12 cytokines and che-
mokines directly from the tibiotarsal joints of B. burgdorferi-
infected C3H and DBA or B6 mice (13). Surprisingly, virtually
no differences in cytokine production were found (with the
exception of MCP-1 and KC) between resistant and suscepti-
ble mouse strains, whether production was measured at the
protein level or at the mRNA level by quantitative real-time
PCR. In the present study, we again found no differences in the
levels of IL-4, IL-6, IL-12, and IFN-� between C3H and DBA
mice with or without RB6 treatment, when the levels were
measured directly from the infected joint, despite clear differ-
ences in the inflammatory responses. The regulatory mecha-
nisms controlling disease resistance or susceptibility in this
model system remain obscure, but they appear to depend upon
the presence and involvement of neutrophils.
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