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We document for the first time an infectious but nonarthritogenic variant of Borrelia burgdorferi. Strain
25015, previously isolated from an Ixodes dammini larva collected in upstate New York, was infectious but
failed to produce arthritis or carditis in laboratory rats and mice. By contrast, pathogenic strain N40 invariably
caused arthritis. This nonarthritogenic variant, with proteins with molecular weights different from those of
the standard B31 strain, was frequently isolated from normal joint tissues of experimentally infected rats.
Outer surface proteins A and B of strain 25015 have molecular weights of about 32,500 and 35,500,
respectively, in contrast to molecular weights of approximately 31,000 and 34,000, respectively, for outer
surface proteins A and B of strains B31 and N40. A prominent low-molecular-weight protein of about 23,500
also characterizes strain 25015. Test animals infected for 30 to 60 days had relatively high antibody titers
(=1:1,280). The nonarthritogenic variant will be useful, along with pathogenic strains, in providing
comparative insight into the pathogenesis of Lyme borreliosis. Homologous immunoblotting of sera from rats
and mice inoculated with both the arthritogenic and nonarthritogenic strains revealed antibody reactivities to

proteins of B. burgdorferi different from those revealed in the heterologous tests.

The etiologic agent of Lyme borreliosis (30), Borrelia
burgdorferi (13, 17), causes multisystemic infection with
signs and symptoms primarily associated with integumen-
tary, musculoskeletal, cardiac, and nervous systems (29).
Disease severity and manifestations are highly variable.
Different patterns of disease also occur in different geo-
graphic areas. For example, acrodermatitis chronicum atro-
phicans and lymphadenosis benigna cutis are common in
Europe (3, 33) but rare in the United States (19). This
diversity in clinical manifestations may, in part, be related to
differences among B. burgdorferi isolates or host suscepti-
bility. Heterogeneities in molecular weights of structural
proteins, antigenicity, and DNA have all been demonstrated
among B. burgdorferi isolates (7, 20, 24). Proteins of North
American isolates tend to be more homogeneous than those
of European isolates (7, 34), but a few North American
isolates which vary substantially from the typical pattern
have been described (1, 2, 11, 18).

Laboratory rats and mice both have been shown to be
susceptible to infection and induction of arthritis and carditis
by B. burgdorferi (8-10, 23), thus allowing evaluation of
infectivity and pathogenicity of B. burgdorferi strains.
Among several B. burgdorferi isolates found to be capable of
infecting rats experimentally, all were also found to be
arthritogenic (9, 10). We report here an atypical variant from
upstate New York (2) that is infectious, but not pathogenic,
in laboratory rats and mice. We further document that
homologous antisera reacted to proteins of B. burgdorferi in
immunoblot analyses differently from the heterologous anti-
sera.

MATERIALS AND METHODS

Rats, mice, and borreliae. The infectiousness and ability to
induce arthritis of two strains of B. burgdorferi with dis-
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tinctly different proteins of different molecular weights were
compared in inbred Lewis/SSNCR rats obtained from the
Frederick Cancer Research Facility, National Cancer Insti-
tute (Frederick, Md.) (10), and in C3H/HeNCriBR (C3H)
mice from Charles River Laboratories, Raleigh, N.C. (8).
The N40 strain of B. burgdorferi originated from an adult
Ixodes dammini collected in Westchester County, N.Y.,
and has been shown to infect and cause arthritis in rats and
mice (8, 10). The second strain (25015) was isolated from a
fully fed I. dammini larva removed from a white-footed
mouse captured in Dutchess County, N.Y. (2). This isolate
had higher-molecular-weight OspA and OspB proteins
(about 32,500 and 35,500, respectively) than the standard
B31 and N40 strains (31,000 and 34,000, respectively), had a
prominent protein band with a relatively low molecular
weight of 23,500 (see Fig. 1), and was infectious in Syrian
hamsters.

The two isolates were low passage (three passages or less)
and grew in modified Barbour-Stoenner-Kelly (BSK) me-
dium (4). Aliquots of N40 and 25015 spirochetes were frozen
in liquid nitrogen until needed, at which time cultures were
inoculated with seed stock and incubated at 35°C for approx-
imately 1 week. Three-day-old rats and 3-week-old mice
were inoculated intraperitoneally in the lower left abdom-
inal quadrant with 10° borreliae of either the N40 or 25015
strains in 0.1 ml of BSK medium. Spirochetes were enumer-
ated in a counting chamber (Hausser Scientific Partnership,
Horsham, Pa.) under dark-field microscopy. Immature rats
and 3-week-old mice were selected because arthritis invari-
ably occurs in these animals following inoculation of patho-
genic strains (8, 10). Rats were examined daily for joint
swelling and lameness and were sacrificed with carbon
dioxide gas on days 14, 30, or 60 postinoculation. Mice were
tested similarly, except they were sacrificed 21 days after
inoculation.

Borreliae isolation and SDS-PAGE procedures. Attempts
were made to isolate spirochetes in BSK medium from the
blood and from the spleen, kidney, bladder, joint, brain, ear,
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TABLE 1. Incidence of arthritis and isolation of B. burgdorferi from tissues at intervals after inoculation of 3-day-old rats
or 3-week-old mice with strain N40 or 25015

. Days after No. of tissues positive/total no. tested
Species Inoculum inoculation — - - - - -
Arthritis Bladder Spleen Kidney Liver Joint Blood Brain Ear Combined

Rat N40 30 5/5 S 717 m 3/5 1/5 0/5 SI5 NT“ m
25015 14 0/5 1/5 2/5 SIS 0/5 5/5 1/5 0/5 3/5 SIS

30 0/5 0/5 1/5 /5 0/4 5/5 0/5 0/5 SIS SIS

60 0/6 5lé6 0/6 0/6 0/6 4/6 0/6 0/6 0/6 6/6

Mouse N40 21 4/4 NT 4/4 NT NT NT NT NT NT 4/4
25015 21 0/8 NT 2/7 2/8 NT NT NT NT NT 3/8

“ NT, Not tested.

or liver of each test animal (16, 26, 28). Isolates from
different tissues were compared with the original inoculum
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) (7). Gels were stained with Coomassie
brilliant blue R-250 after proteins were separated by their
molecular weights in a vertical gel unit (SE600; Hoefer
Scientific Instruments, San Francisco, Calif.).

ELISA procedures. Serum of cardiac blood from each
inoculated rat was tested for detectable antibody by a
whole-cell antigen enzyme-linked immunosorbent assay
(ELISA) (22), using horseradish peroxidase labeled goat
anti-rat immunoglobulins (heavy and light chains) (Kirke-
gaard and Perry Laboratories, Inc., Gaithersburg, Md.)
diluted 1:300 in phosphate-buffered saline solution. In this
ELISA, cutoff optical density values of >0.21, >0.18, and
=0.13 were considered positive for rat serum dilutions of
1:160, 1:320, and =1:640, respectively. The cutoff values
were determined by statistically analyzing net optical den-
sity values for dilutions of serum representing 15 normal
rats.

Western immunoblot analysis. Proteins of B. burgdorferi
strains N40 and 25015 were separated by SDS-PAGE and
transferred to nitrocellulose paper (32). The protein-contain-
ing membrane was saturated in blocking solution (10% calf
serum in Tris-buffered saline [15 g of Trisma hydrochloride,
2.82 g of Trisma base, and 175.44 g of NaCl brought to 6
liters of distilled water with the pH adjusted to 7.5 with HCl])
and was then exposed for 2 h to a 1:100 dilution of rat or
mouse serum. Following two washings in blocking solution,
the membrane was submersed for 2 h in alkaline phos-
phatase-labeled goat conjugate (affinity-purified antibody to
rat immunoglobulin G [IgG] [y]) or alkaline phosphatase-
labeled affinity purified goat antibody to mouse IgG (vy)
(Kirkegaard and Perry Laboratories) diluted 1:500 in Tris-
buffered saline. The membrane was again washed two times
in Tris-buffered saline containing 0.05% Tween 20, and
protein bands with attached antibody were stained with
phosphatase substrate (0.1 M Tris buffer solution [pH 9.5],
Nitroblue Tetrazolium concentrate solution, and 5-bromo-4-
chloro-3 indolyl phosphate concentrate solution; Kirkegaard
and Perry Laboratories).

The biotinylated SDS-PAGE molecular weight protein
standards (Bio-Rad, South Richmond, Calif.) of rabbit mus-
cle phosphorylase b (97,400), bovine serum albumin
(66,200), ovalbumin (42,700), bovine carbonic anhydrase B
(31,000), soybean trypsin inhibitor (21,500), and egg white
lysozyme (14,400) were used to identify the molecular
weights of protein bands that reacted positively in immuno-
blots. Murine monoclonal antibodies H5332 and H9724 were
used to verify molecular weight locations of the OspA and
flagellin proteins (6, 7).

Pathology. Brain, heart, lung, spleen, liver, kidney, and
joints of all limbs (shoulder, elbow, carpus, knee, tarsus,
hip, metacarpus, metatarsus, and phalanges) of rats and
mice were fixed in neutral-buffered Formalin (pH 7.2).
Tissues, including joints after they were demineralized, were
embedded in paraffin, sectioned to thicknesses of 5 to 7 pm,
and stained with hematoxylin and eosin. The Dieterle silver
method was used to stain spirochetes in selected tissues (14).

RESULTS

Infection and pathology. The N40 and 25015 strains of B.
burgdorferi both were infectious in 3-day-old rats, but only
N40 was pathogenic (Table 1). Borreliae were isolated from
one or more tissues of each animal inoculated with either
strain. Strain N40 was isolated from all tissues tested.
Isolations of strain 25015 were most frequently made from
joint and skin tissues. In contrast to strain N40, strain 25015
did not frequently infect the liver or brain. Borreliae reiso-
lated from rats inoculated with N40 or 25015 were indistin-
guishable from their respective original inoculum by SDS-
PAGE (Fig. 1).

The N40 but not the 25015 strain of B. burgdorferi was
arthritogenic following inoculation of 3-day-old rats (Table
1). All five rats inoculated with strain N40 had histological
evidence of acute inflammation involving multiple joints,
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FIG. 1. Coomassie brilliant blue R-250-stained proteins of
whole-cell lysates of B. burgdorferi N40 and 25015 inoculated into
rats and after reisolation. Lane A, N40 prior to inoculation; lane B,
N40 reisolated from spleen of rat infected for 30 days; lane C, 25015
prior to inoculation; lane D, 25015 reisolated from spleen of rat
infected for 30 days. Molecular weights are in thousands.
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FIG. 2. Arthritis of the tibiotarsal joint of a rat at 30 days after
intraperitoneal inoculation of B. burgdorferi N40. The synovium is
hypercellular due to infiltration with leukocytes, and the joint space
contains fibrinopurulent exudate. Hematoxylin-eosin stain was
used. Magnification, X60.

tendons, and bursae of one or more limbs at 30 days after
inoculation (Fig. 2). There was infiltration of periarticular
connective tissue within neutrophils, with exudation of
neutrophils and fibrin into synovial spaces. This was accom-
panied by vascular congestion and edema as described
previously (8-10, 23). One of these rats also had carditis.
Inflammatory lesions were not observed in rats examined at
14, 30, or 60 days after inoculation with strain 25015, even
though borreliae were isolated from joint tissues of 14 of 16
rats and from other tissues in all of the rats (Table 1).
Spirochetes were discernible in the connective tissue around
joints and in the skin (Fig. 3) of rats examined at 14 days
after inoculation with strain 25015.

Likewise, the pathogenicity of strain N40, but not strain
25015, was demonstrated in C3H mice inoculated at 3 weeks
of age (Table 1). All four mice inoculated with strain N40
were culture positive and had inflammatory lesions in mul-
tiple joints, tendons, bursae, and heart at 21 days after
inoculation. Eight mice inoculated with strain 25015 had no
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FIG. 3. Spirochete within dermal connective tissue (arrow) of a
rat at 14 days after intraperitoneal inoculation of B. burgdorferi
25015. The Dieterle silver stain method was used. Magnification,
X965.

lesions at 21 days after inoculation. Borreliae were isolated
from the spleens, kidneys, or both tissues of three of these
mice.

ELISA. There were positive IgG antibody titers, using
N40 antigen, recorded for all six rats infected for 30 days
with strain N40 and for 0 of 5, 4 of 13, and 5 of 6 rats infected
with strain 25015 for 14, 30, and 60 days, respectively.
Significant ELISA titers for homologous and heterologous
tests ranged from 1:160 to 1:640.

When rats were inoculated with strain 25015, 1 of 5, 12 of
12, and 6 of 6 serum specimens tested with homologous
antigen were positive at 14, 30, and 60 days postinoculation,
respectively. Sera from rats inoculated for 30 or 60 days had
homologous titers of =1:1,280, with 10 of 18 serum speci-
mens having titers of =1:10,240. Six of seven N40 antisera
from rats infected for 30 days had positive titers ranging from
1:320 to 1:1,280 when 25015 antigen was tested.

Western blot analyses. Sera from rats inoculated with
strain N40 for 30 days had light to dark bands with molecular
weights of 20,000 and 24,000 and two to four bands with
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FIG. 4. Representative IgG immunoblots of B. burgdorferi N40
and 25015 with homologous and heterologous sera from rats infected
for 14, 30, or 60 days and with monoclonal antibodies H5332 and
H9724. Lane A, Monoclonal antibodies H5332 and H9724; lanes B
and F, 30-day-old N40 antiserum; lanes C and G, 14-day-old 25015
antiserum; lanes D and H, 30-day-old 25015 antiserum; lanes E
and I, 60-day-old 25015 antiserum. Molecular weights are in thou-
sands.

molecular weights of 35,000 to 39,000 when homologous
tests were conducted (Fig. 4 and 5). When 25015 antigen was
reacted with N40 antisera, a band that varied from faint to
dark also was consistently present at a molecular weight of
24,000, and 8 of 10 serum specimens had a band that varied
in intensity with a molecular weight of 42,000 (Fig. 4 and 5).
Total numbers of bands in the homologous tests ranged from
5 to 11, while in the heterologous tests 1 to 9 bands were
observed. The OspA and flagellin standard monoclonal
antibodies that were used in the immunoblots attached to
proteins of N40 antigen had molecular weights of 30,000 and
38,000 to 39,000, respectively; the molecular weights were
32,000 and 38,000 to 39,000, respectively, for 25015 antigen.

Progressively more bands appeared in immunoblots with
time of infection in rats inoculated with strain 25015. In
homologous tests, numbers of bands ranged from 3 to 4, 5 to
12, and 11 to 16 for infection intervals of 14, 30, and 60 days,
respectively. In the heterologous tests with N40 antigen,
only one serum specimen with two bands reacted at 14 days,
two to six bands appeared at 30 days, and three to seven
bands appeared after 60 days. All sera from rats infected for
14, 30, and 60 days reacted in homologous tests with protein
bands with molecular weights of 24,000 and 42,000 (Fig. 4
and 6B and D). These bands were light to dark. In homolo-
gous tests with sera from rats infected for 30 and 60 days, a
distinct dark band also consistently stained at a molecular
weight of 36,000. When 25015 antisera from rats infected for
30 and 60 days were reacted with N40 antigen, bands often
appeared at molecular weights of 20,000, 36,000 to 38,000,
and 53,000 (Fig. 4 and 6A and C). The staining intensities of
these bands varied from faint to dark.

Sera from mice infected for 21 days reacted strongly in
immunoblots (Fig. 7 and 8). As with the rats, more bands
were expressed in homologous than heterologous tests.
There were 9 to 12 bands stained in N40 homologous
reactions compared with S to 8 bands when the 25015 antigen
was tested with N40 antisera. Light or dark bands in the
homologous test consistently appeared at molecular weights
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FIG. S. Frequency distribution of visualized protein bands of
sera from 10 rats infected with B. burgdorferi N40 for 30 days in
immunoblot tests with strain N40 (A) and 25015 (B) antigens. B,
Dark staining; [, light staining; [J, faint staining.

of about 20,000, 24,000, 30,000, 35,000, 36,000, 37,000, and
42,000 (Fig. 7 and 8A). Lightly stained bands to proteins with
molecular weights of 24,000, 39,000, and 42,000 were con-
sistently detected when N40 antisera were reacted with
25015 antigen (Fig. 7 and 8B).

Homologous mouse antisera to the 25015 antigen dis-
played multiple bands ranging in number from 15 to 17 (Fig.
7). Light and dark bands consistently occurred at molecular
weights of about 18,000, 20,000, 21,000, 24,000, 30,000,
32,000, 34,000, 35,000, 36,000, 38,000, 39,000, and 42,000
(Fig. 8D). When 25015 antisera were exposed to N40 anti-
gen, 6 to 10 bands became apparent (Fig. 7); staining was
either light or dark at molecular weights of about 20,000,
24,000, 30,000, and 37,000 (Fig. 8C).

Sera from uninfected rats and mice were negative with
N40 and 25015 antigens.

DISCUSSION

In previous studies, inbred and outbred rats and mice were
susceptible to infection with B. burgdorferi and developed
arthritis (8-10, 23). All of the strains shown to be infectious
thus far were also arthritogenic in rats (9, 10). Our report of
an infectious but nonarthritogenic strain of B. burgdorferi is
unique and was confirmed in two different host species. This
variant possesses protein bands that are distinctly different
from those of the standard B31 strain. It offers the opportu-
nity to compare the DNAs and other chemical compositions
of strains that cause arthritis with those of one that is
apparently nonpathogenic. Future studies could help clarify
the pathogenic basis of lesion development.

Strains with protein bands similar to those of strain 25015
have not yet been isolated from humans. Thus, the relation-
ship of this variant to human disease is unknown. Rats and
mice infected with 25015 exhibit a strong immunologic
response, even though pathogenesis is inapparent. Although
sera from humans diagnosed with Lyme borreliosis react
with 25015 in ELISA, the specificity of the antigen is
insufficient to differentiate between variants (2). Nonethe-
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FIG. 6. Frequency distribution of visualized protein bands of sera from rats infected with B. burgdorferi 25015 for 30 days (A and B; n =
13 serum specimens tested) or 60 days (C and D; n = 6 serum specimens tested) in immunoblot tests with antigens from strains N40 and 25015.

M, Dark staining; E, light staining; (J, faint staining.

less, asymptomatic individuals with significant antibody
titers to antigens indistinguishable from the B31 strain are
documented (31). Possibly, variants similar to strain 25015
are infectious to humans but are nonarthritogenic, as strain
25015 is in rats and mice. Further efforts are needed to
determine the prevalence of the 25015 variant and to deter-
mine whether humans and domestic animals become in-
fected.

Live spirochetes of the N40 strain are needed to cause
arthritis in rats (10). Yet, 25015 organisms were frequently
isolated from the joint capsules or closely adhering connec-
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FIG. 7. Representative IgG immunoblots of B. burgdorferi N40
and 25015 with homologous and heterologous sera from mice
infected for 21 days. Lanes A and C, N40 antiserum; lanes B and D,
25015 antiserum. Molecular weights are in thousands.

tive tissues of animals without arthritis. It is unknown
whether this diversity of host response results from different
antigens or quantities of spirochetes in the tissues or whether
the spirochetes invade different tissues. Detailed histological
and chemical studies may explain these differences in host
responses.

We confirmed the findings of an earlier study (23) which
showed that serum antibodies to B. burgdorferi in rats
increased with time of infection. There were rising antibody
titers in ELISA and an expansion of immune response in
Western blot analyses. The presence of antibodies in sera
from rats and mice infected with the nonarthritogenic strain
25015 suggests to us that pathogenicity is not necessarily
correlated with antibody production.

More and different antigens were expressed in homolo-
gous rat and mouse immunoblots than were expressed in
heterologous tests. Serologic specificity has been reported in
murine sera exposed to spotted fever group rickettsiae and
has been used to serotype antigens (25). Possibly, reciprocal
cross testing of borrelial antigens and antisera by immuno-
blotting procedures could similarly be used to further char-
acterize variants and could also be useful in determining
whether antigens of one strain are likely to confer immunity
to other isolates.

Immunoblots increasingly are being used to detect anti-
bodies to B. burgdorferi in humans (5, 21) and domestic
animals (12, 15). Our finding of diverse reactions in homol-
ogous and heterologous tests with laboratory mice and rats
infected with different variants leads us to suggest that
efforts should be made to determine immunoblot patterns of
human and domestic animal sera, with available variants
being used as the antigen. Previously, sera of dogs and
white-footed mice were reported to produce immunoblot
patterns that varied when similar but slightly different strains
of B. burgdorferi were used as the antigen (15, 27). Reactions
in serum to antigens of two or more distinctly different B.
burgdorferi variants may result in significantly different
banding patterns.
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FIG. 8. Frequency distribution of visualized protein bands of sera from mice infected for 21 days with B. burgdorferi N40 (A and B; n =
4 serum specimens tested) and 25015 (C and D; n = 8 serum specimens tested) in immunoblot tests with antigens N40 and 25015. @, Dark
staining; [, light staining; O, faint staining.
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