Medical Microbiology and Immunology
© Springer-Verlag 2003
DOI 10.1007/s00430-003-0178-x

Original Investigation

Experimental infection of dogs with Borrelia
burgdorferi sensu stricto using Ixodes scapularis
ticks artificially infected by capillary feeding
Jon B. Korshus · Ulrike G. Munderloh · Russell F. Bey · Timothy J. Kurtti (✉)
J. B. Korshus
Fort Dodge Animal Health, 800 N.W. 5th St., Fort Dodge, IA 50501, USA
R. F. Bey
Department of Veterinary Microbiology, University of Minnesota, St. Paul, MN 55108, USA
U. G. Munderloh · T. J. Kurtti
Department of Entomology, University of Minnesota, 1980 Folwell Avenue, St. Paul, MN 55108,
USA
J. B. Korshus
Present address: Paddock Laboratories Inc., 3940 Quebec Ave N, New Hope, MN 55427, USA
✉ T. J. Kurtti
Phone: +1-612-6244740
Fax: +1-612-6255299
E-mail: kurtt001@maroon.tc.umn.edu
Received: 9 October 2002 / Published online: 22 July 2003

Abstract Specific pathogen-free dogs were experimentally infected with Borrelia burgdorferi
sensu stricto using nymphal or adult female Ixodes scapularis ticks artificially infected with
spirochetes by capillary feeding. The ticks were capillary fed B. burgdorferi isolate 610, previously
isolated from a dog with Lyme disease and grown in BSK medium. This isolate induced clinical
signs in the dogs similar to those for dogs infested with ticks naturally infected with B. burgdorferi.
Adult ticks were more efficient than nymphs in transmitting spirochetes to the dogs. One of five
dogs infested with nymphal ticks capillary fed B. burgdorferi was skin biopsy culture and
serologically positive, and demonstrated lameness. In contrast, all five dogs infested with adult
female ticks that had been capillary fed with B. burgdorferi were culture and serologically positive,
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with one dog developing lameness. The immunoblot profiles of dogs challenged with female ticks
infected by capillary feeding (8 weeks post challenge) were similar to immunoblots (4 weeks post
challenge) from dogs challenged with naturally infected females collected in the field. These
studies demonstrated that B. burgdorferi cultured in BSK medium can be capillary fed to either
nymphal or adult female ticks under laboratory controlled conditions for the purpose of transmitting
the spirochete to dogs during the tick’s blood meal. This tick infection system would be useful for
a controlled and defined challenge of vaccinated and non-vaccinated dogs for proper evaluation
of vaccine efficacy, which is difficult to achieve using field-collected ticks. Furthermore, this
system may also be useful for investigation of the pathogenesis of Lyme disease, evaluation of
the pathogenicity of new isolates of B. burgdorferi, or evaluation of antibiotic therapy.
Keywords Lyme disease · Borrelia burgdorferi sensu stricto · Ixodes scapularis ticks ·
Experimental infection · Capillary feeding

Introduction
Borrelia burgdorferi sensu stricto, the spirochete that causes Lyme disease in the United States,
is transmitted to a mammalian host mainly by Ixodes scapularis ticks [7]. The spirochete also
causes Lyme borreliosis in dogs [19, 27, 33, 34, 35, 58], where the disease can be divided into an
early and late stage [29]. The most common clinical sign of early Lyme disease is sudden on set
of lameness with swelling in the affected joints [9, 23, 27, 28, 29, 34, 51]. Associated clinical signs
of lethargy, fever, anorexia, arthralgia, lymphadenopathy, and generalized pain are also observed
during this stage. The ELISA is mostly used to document exposure of dogs to B. burgdorferi and
IgG antibodies are detectable 4–6 weeks after exposure [39]. During the early stage the spirochetes
are susceptible to antibiotics. If left untreated, neurological, cardiac, renal disease, and arthritis,
are potential manifestations of the late-stage disease as the organisms can take residence in areas
not accessible to humoral and cellular immune responses or antibiotics. Remaining organisms
may then multiply and be responsible for sites of inflammation, resulting in recurrent episodes of
arthritis and other associated clinical signs [39, 55]. Antibiotic administration, orally or intravenous,
fails to eliminate a persistent infection in dogs but may prevent and cure joint disease [55]. However,
persistently infected dogs when subsequently treated therapeutically with an immunosuppressant
(e.g., prednisone) may develop severe polyarthritis [56].
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Vaccines that induce antibodies to outer surface proteins (Osp) of B. burgdorferi, specifically
OspA and B, can provide protection against infection and disease in dogs [11, 53]. To evaluate
efficacy of these vaccines, vaccinated as well as non-vaccinated control dogs must be challenged
with virulent organisms inoculated by a tick bite [1, 17, 24, 41]. Needle inoculation of cultured
spirochetes to evaluate vaccine efficacy is unsatisfactory because it fails to reproduce the natural
challenge and B. burgdorferi cultured in liquid medium can change their outer surface antigen
profile and lose infectivity [49, 59]. The diverse environmental changes that spirochetes experience,
especially at the time of transmission from one host to the other, induces differential expression
of genes important to spirochete survival in each host. Most notable is the change in the expression
of genes that code for immunogenic outer surface proteins, OspA and OspC [13, 50]. At the time
of transmission from the tick to the mammalian host spirochetes up-regulate ospC expression and
down-regulate ospA expression [50]. Thus, in dogs, as in humans, a primary immune response is
directed against those spirochetal proteins expressed during the blood meal, e.g., OspC, and rarely
to OspA [1, 53, 56]. Furthermore, pharmacologically active substances in tick saliva are also
transmitted and contribute to the infectivity and establishment of the spirochete [22]. Thus, a tick
bite challenge is necessary for proper evaluation of vaccine efficacy [11, 47, 48]. Infected ticks
used for such challenges have either been field collected from Lyme disease endemic areas or
laboratory-reared ticks experimentally infected with B. burgdorferi under controlled conditions.
Ticks collected from the field suffer from the shortcoming that they can vary in their levels of
spirochetal infection and strain identity [12, 20, 25, 40]. They may also harbor other canine
pathogens such as ehrlichial or babesial species that can complicate or negate a proper tick challenge
[36, 54]. The artificial infection of pathogen-free ticks in the laboratory provides a controlled
challenge system free of interfering disease agents and specific for the B. burgdorferi isolate
chosen. The method of capillary feeding ticks [5, 6, 32, 46] has been successfully used to artificially
infect ticks with several different tick-borne pathogens. It has also been used to evaluate changes
in outer surface proteins of B. burgdorferi fed to ticks and to evaluate vaccine efficacy in rodents
[15, 16, 17].
The objective of our research was to compare the host immune response of beagle dogs infected
with B. burgdorferi via the bite of ticks that were capillary fed B. burgdorferi sensu stricto strain
610 with field-collected ticks having acquired spirochetes naturally by feeding on a spirochetemic
host. We also determined if the dogs infested with the capillary fed ticks became infected and
demonstrated clinical signs of canine Lyme disease. Here we present evidence that the immune
response of dogs was similar following infection with either capillary fed or naturally infected
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ticks. We also present evidence that ticks that have been capillary fed spirochetes are capable of
transmitting the spirochete to dogs and that spirochetes transmitted this way can cause clinical
canine Lyme borreliosis.

Materials and methods
Bacteria
B. burgdorferi sensu stricto isolate 610 was recovered from a skin biopsy specimen of a dog
infested with ticks collected from a Lyme disease endemic area in rural LaCrosse, Wisconsin.
Isolate 610 was identified as B. burgdorferi sensu stricto by polymerase chain reaction (PCR) [31,
38]. Identification was also confirmed using the OspA-specific monoclonal antibody (mAb) H5332
[3]. Isolate S-1-10 from a white-footed mouse trapped in the LaCrosse Wisconsin endemic area,
[30] was used to prepare antigen for immunoblots and the whole cell ELISA assays. Isolate S-1-10
was selected for use as a standard in the ELISA and Western immunoblots because of its infectivity
and similarity to B31, the type strain for B. burgdorferi sensu stricto; the ospA gene sequences of
B31 and S-1-10 are identical [30]. S-1-10 was also chosen because it originated from the same
geographical area [31] as the field-collected ticks that were used in the preliminary study (see
below), during which isolate 610 was obtained. We used isolate 610 for capillary feeding trials
because of its apparent ability to induce clinical signs of Lyme borreliosis, including lameness, in
a dog. BSKH medium [45] (Sigma Chemical Co., St. Louis, MO) was used to grow spirochetes
for capillary feeding ticks. BSK medium [2] was used to isolate spirochetes from tissues of dogs.
Isolates S-1-10 and 610 were cultured at 32°C or 34°C and stored frozen in BSKH medium with
10% glycerol at −70°C or liquid nitrogen until used. Both isolates had been passaged less than ten
times after isolation from a dog (610) or receipt from Dr. Lovrich (S-1-10).

Ticks
I. scapularis adult and nymphal ticks used in these studies were from a laboratory colony in the
fourth to sixth generations [24]. Ticks were confirmed free of B. burgdorferi by PCR analysis of
tick tissues, by ear biopsy cultures of hamsters used to feed the ticks, and by phase-contrast
microscopic analysis of tick midguts.

4

Capillary feeding of B. burgdorferi to adult and nymphal ticks
B. burgdorferi isolate 610 passage three was cultured in BSK-H medium, grown to mid-log phase,
centrifuged, and resuspended in fresh BSK-H medium to a concentration of 1×108–1.5X108 cells/ml.
Ticks were immobilized in petri dishes with their dorsal side down using double-sided tape.
Micro-tip capillary pipettes were made using a capillary pipette puller (Sutter Instrument Co., San
Rafael, CA). The capillary pipette tip was broken off to fit loosely over the tick’s hypostome, and
filled with a spirochete suspension. The pipette was then placed carefully over the hypostome and
the tick was allowed to imbibe the suspension while housed in a humid chamber at 34°C. Feeding
ticks were examined with a dissecting microscope and those with a distended abdomen and anal
excretion, evidence that the ticks had imbibed spirochetes, were transferred to sterile vials and
stored at 28°C for 1 week. Only those ticks that had ingested spirochetes and excreted BSK medium
were used in the subsequent challenge (see next section); thus, all of the ticks placed on the dogs
had ingested spirochetes and had putative borrelial infections of the gut.

Tick challenge of dogs
All dogs were handled according to USDA animal welfare guidelines. Each dog was infested with
30 nymphal ticks or 10–11 adult females with 6–7 male ticks. Males were added to ensure that
females had mated and to maximize the feeding response and hence the challenge. I. scapularis
females mate off and on the host and mated females are more likely to engorge to repletion and
to transmit spirochetes. Furthermore, I. scapularis must feed for at least 3 days to transmit B.
burgdorferi to the host [43]. Ticks, randomly selected, were placed in small petri dishes. Petri
dishes were taped to a shaved area on the dorsal-anterior area of the thorax of each dog. The dishes
were further secured by placing a tape wrap around the thorax. Nymphal or adult female ticks
were allowed to feed for 6–7 days to reach full engorgement. After feeding the ticks were collected
and the presence of B. burgdorferi confirmed by either microscopy or culture of midgut tissue in
BSK medium. Two infection studies were conducted. In one study, 30 nymphal ticks infected with
isolate 610 were placed on each of five, 3-month-old beagles of mixed sex from Harlan Sprague
Dawley, Inc. (Madison, WI). Blood samples were collected from dogs at the time of tick placement,
at 2, 3, and 4 weeks, and then every 4 weeks to week 28 post tick placement. In the second study,
11 adult female ticks infected with isolate 610 and 7 male ticks were placed on each of five
approximately 4-month-old beagles of mixed sex acquired from Liberty Research, Inc. (Waverly,
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NY). Blood samples were collected from dogs at the time of tick placement, at 1, 2, 3, and 4 weeks,
and then every 4 weeks to week 32 post-tick placement.

ELISA and Western immunoblot
Sera from blood samples collected in each study were tested by ELISA and Western immunoblot.
Antibody response to antigens of B. burgdorferi was determined using a modification of a whole
cell ELISA used by the Regional Animal Health Laboratory (Baron, WI). Briefly, mid to late log
phase cultures of isolate S-1-10 were inactivated with binary ethyleneimine (BEI). Following
neutralization of BEI with sodium thiosulfate, the cells were washed by centrifugation three times
with sterile saline. The total protein content of the inactivated organisms was determined by
bicinchoninic acid (BCA) protein assay (Pierce Co., Rockford, IL). Wells of Immulon 3 plates
(Dynatech Laboratories, Inc., Chantilly, VA) were coated with whole cell antigen at 0.3 µg in
100 µl per well of 0.1 M carbonate buffer, pH 9.6. Plates were incubated in a humid chamber at
4°C for 15–17 h. Following incubation, unreacted sites were blocked with 0.15 M
phosphate-buffered saline (PBS) solution containing 5% nonfat dried milk and incubated in a
humid chamber for 60 min at 37°C. Wells were emptied and 50 µl of twofold dilutions of test sera
were added to wells of the Immulon 3 plates. Test sera were from dogs challenged using ticks
capillary fed B. burgdorferi isolate 610. Dog sera, serially diluted in PBS containing 0.05%
Tween-20 (PBS-TW), were added to duplicate wells and incubated in a humid chamber for 60 min
at 37°C. Positive and negative canine control sera were included on each plate. Plates were washed
three times with saline containing 0.05% Tween-20. Bound antibody was detected by adding 50-µl
aliquots of peroxidase-labeled goat anti-dog IgG (Kirkegaard & Perry Laboratories, Inc.,
Gaithersburg, MD). The plates were incubated in a humid chamber for 60 min at 37°C and washed
three times with PBS-TW. Bound antibody was visualized with o-phenylenediamine chromogen
substrate. The substrate was prepared by dissolving 30 mg o-phenylenediamine in a 0.051 M
dibasic sodium phosphate, 0.024 M citric acid, 0.012% hydrogen peroxide solution. Substrate was
added at 100 µl/well and allowed to react for 4 min. A 2 N sulfuric acid solution (50 µl/well) was
used to stop the reaction and the optical density of each well was determined at 490 nm using an
ELISA reader. The titer was defined as the reciprocal of the last dilution that gave an optical
density of 30% of the peak optical density.
For the Western immunoblot analysis, B. burgdorferi isolate S-1-10 was grown in BSK medium
at 32°C. Cultures in the mid to late logarithmic phase of growth were harvested by centrifugation
(15,000 g, 4°C, 30 min), and washed three times with sterile saline (0.85% NaCl, pH 7.2).
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Suspensions of approximately 1×108 cells were boiled 9 min in reducing sample buffer (0.06 M
TRIS-HCl, pH 6.8, 2% sodium dodecyl sulfate, 10% glycerol, 5% mercaptoethanol, 0.001%
bromophenol blue) and electrophoresed at 25 mA for 2–3 h on a 10% SDS-polyacrylamide gel
[26]. Proteins were transferred onto an Immobilon PVDF membrane (Millipore Corp., Bedford,
MA) by modification of the procedure described by Towbin et al. [57]. To block unreactive sites
the PVDF membranes were incubated for 90 min at 22°C in 20 mM TRIS (pH 7.2), 150 mM NaCl,
and 5% nonfat dried milk. Membrane strips were incubated with canine sera or mAb to OspA
(H5332) [4] diluted 1:75 in the blocking solution for 60 min at 22°C. Strips were then washed
twice in TBS containing 0.2% Triton X-100 and once in TBS. Bound antibody was detected by
the addition of horseradish peroxidase-labeled anti-canine IgG (Kirkegaard & Perry Laboratories)
or anti-murine IgG. Bound antibodies were visualized with a TMB membrane peroxidase substrate
system (Kirkegaard & Perry Laboratories).
To approximate the sizes of the immunoblot-stained antigens, we used molecular weight
standards containing prestained markers from Bio-Rad (Bio-Rad Laboratories, Inc., Hercules, CA;
phosphorylase B, 112 kDa; bovine serum albumin, 84 kDa; ovalbumin, 53.2 kDa; carbonic
anhydrase, 34.9 kDa; soybean trypsin inhibitor, 28.7 kDa; lysozyme, 20.5 kDa) or GIBCO BRL
(Life Technologies, Rockville, MD; myosin, H-chain, 200 kDa; phosphorylase B, 97 kDa; bovine
serum albumin, 68 kDa; ovalbumin, 43 kDa; carbonic anhydrase, 29 kDa; β-lactoglobulin, 18 kDa;
and, lysozyme, 14 kDa).

Skin biopsies, clinical signs and necropsy
Skin biopsy specimens were taken from anesthetized (a local anesthetic of xylazine, butorphanol
and tiletamine HCl-zolazepam HCl) dogs approximately 3 weeks following tick attachment and
at the time of necropsy. Biopsies were taken from the tick attachment site and from a site distant
to the tick bite site located in the posterior area of the dog. The sites were shaved, washed with
Solvahex Surgical Scrub (Solvay Animal Health, Inc., Mendota Hts., MN), and rinsed thoroughly
with sterile water. An elliptical incision was made through the dermal and subcutaneous skin
layers. Approximately 0.5 g skin was placed in 9 ml BSK medium, homogenized, and two additional
tenfold dilutions of the homogenate were made in 9 ml BSK medium. Cultures were incubated at
32°C for 6 weeks and were examined microscopically at weekly intervals for the presence of
spirochetes. Spirochetes were confirmed as B. burgdorferi by indirect fluorescence antibody
analysis using a B. burgdorferi mAb specific to OspA (H5332).

7

Dogs were observed daily following tick infestation for clinical signs of Lyme disease. Lameness,
stiff-leggedness, or reluctance to bear weight on the affected limb, with or without swelling, and
warmth at the affected joint was used as the primary clinical sign of Lyme disease. Dogs were
also observed for lethargy and fever usually associated with lameness. Daily observations were
made for 1 year.
To establish the extent of infection, dogs displaying lameness were euthanized humanely
(Beuthanasia) and necropsied either at the end of a study or immediately following an episode of
lameness. Tissue was taken from the elbow, carpus, knee, and tarsus joints. Approximately 0.5 g
tissue from each joint was added to 9 ml BSK medium with an additional 10-fold dilution made
in the same medium. These cultures were incubated and observed as previously described. The
heart, spleen, kidneys, and bladder were separately homogenized in 50 ml BSK medium using a
Stomacher (Seward Medical, London, England). A sample of the homogenate was further diluted
10- and 100-fold in BSK medium. All dilutions and a sample of the original organ homogenates
were incubated at 32°C and observed for 6 weeks; positive cultures were confirmed as B.
burgdorferi as described above.

Results
Immune response of dogs infected using naturally infected
ticks
In a preliminary study, adult ticks collected in the field from a Lyme disease endemic area in
LaCrosse, Wisconsin were used to challenge 15 dogs. Eight weeks post infestation, 14 (93.3%)
of the dogs were immunoblot positive for B. burgdorferi (Fig. 1). One dog identified as 610, and
from which isolate “610” was obtained, developed a severe case of recurrent arthritis, swollen
joints, lethargy, and fever. Serological analysis and recovery of B. burgdorferi from skin, joints,
heart, spleen, kidneys, and cerebrospinal fluid confirmed the diagnosis as Lyme borreliosis. Strong
bands in the 40-kDa range, putative 39 and 41 kDa antigens and weak or absent immune responses
in the region of Osp A, both indicative of an immune responses to B. burgdorferi induced by tick
bite [1, 10, 53], revealed that 13 of the15 dogs were immune positive for B. burgdorferi. In addition,
a series of bands with dominant reactivity was noted in the region of higher molecular weight
standards bovine serum albumin (68 kDa) and phosphorylase B (97 kDa) region
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Fig. 1. Western immunoblot of serum from dogs challenged with naturally infected Ixodes scapularis ticks
collected in rural LaCrosse, Wisconsin. An average of ten adult female ticks were allowed to feed on the
dogs for 7 days. Sera were collected from the dogs approximately 4 weeks post challenge and reacted against
S-1-10 antigen. Arrow points to lane depicting immune response of dog 610 from which isolate “610” was
recovered. The prestained molecular weight standard indicated was from Life Technologies and the positions
of the prestained proteins (in kDa) are shown on the right

Nymphal ticks capillary fed B. burgdorferi
Nymphal ticks infected with isolate 610 attached quickly and fed well. On day 6 the ticks were
collected and examined for extent of feeding. An average of 12 ticks per dog had fed to
engorgement. Only one of the five dogs (dog GCT) seroconverted and B. burgdorferi was isolated
from skin biopsiy specimens taken at the tick bite site. A rise in the borrelial antibody titer of that
dog was first detected 4 weeks post tick placement. The antibody response quickly elevated to an
ELISA titer of 2,560 by 8 weeks (data not shown) and remained elevated for 3 months post tick
placement at which time the dog exhibited an episode of lameness. The Western immunoblot of
serum from the infected dog also indicated that the dog had mounted an immune response to B.
burgdorferi by 8 weeks following infestation (Fig. 2). The presence of two bands in the 40-kDa
region and absence of a band in the OspA region, again consistent with published reports [1, 10,
53], were taken as evidence of an immune response to B. burgdorferi transmitted by tick bite.
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Bands were also present in the 100, 80, and 30-kDa ranges. Again, we noted a series of bands with
dominant reactivity in the region of bovine serum albumin (84 kDa) and phosphorylase B (112 kDa)
region

Fig. 2. Western immunoblots of sera from dogs challenged with Ixodes scapularis ticks capillary fed
Borrelia burgdorferi sensu stricto, isolate 610. A Western immunoblot of serum from one dog (GCT), of
five, that became serologically positive for B. burgdorferi when challenged with 30 laboratory reared I.
scapularis nymphs infected with isolate 610 B. burgdorferi via capillary feeding. Serum was collected prior
to tick challenge (0), 8 and 12 weeks after tick challenge. B Western immunoblot of sera from dogs, each
individually, challenged with 11 laboratory reared adult I. scapularis ticks infected with B. burgdorferi
isolate 610 via capillary feeding. Sera were collected prior to tick challenge (0), 4, 8 and 12 weeks post
challenge. Antisera were tested against B. burgdorferi isolate S-1-10 antigen. Note that all five dogs were
serologically positive by week 8. The positions of the prestained molecular weight markers from Bio-Rad
Laboratories (in kDa) are shown on the right of each panel

The other four dogs remained serologically negative for the duration of the study. The infected
dog had a fever of 102.7°F, a swollen carpal joint and exhibited lameness in the right front leg
approximately 3 months after tick feeding. Immediately following this lameness episode the dog
was euthanized and necropsied. The elbow and carpal joints had excessive yellowish synovial
fluid and B. burgdorferi was recovered from these joints and from the kidney. B. burgdorferi was
also recovered from the skin at the tick bite site and the skin from the posterior area of the dog.
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Adult ticks capillary fed B. burgdorferi
Three days following placement the infected adult female ticks had started to feed. When ticks
were collected on day 7 an average of eight ticks per dog had fed to engorgement. Positive ELISA
titers were detected in all five dogs by 4 weeks post placement of the adult ticks, indicating that
all dogs were exposed to spirochetal antigens. Titers peaked by 8 weeks and remained elevated
throughout the study. Immunoblots of sera collected 8 weeks post infestation showed Western
banding profiles (Fig. 2) characteristic of animals infected with B. burgdorferi by tick bite [1, 10,
53]. Characteristic bands were present in the 40-kDa range, but no bands were present in the region
of OspA. As with the dogs challenged with infected nymphs, we noted a series of bands with
dominant reactivity in the region delineated by the bovine serum albumin and phosphorylase B
molecular weight markers. These profiles were similar to those shown by dogs infected using
naturally infected field-collected ticks (compare with Fig. 1) and demonstrated that all dogs had
established B. burgdorferi infections. Furthermore, B. burgdorferi was isolated from skin biopsy
samples taken from each dog.
One dog infested with capillary fed adult s exhibited two episodes of lameness in the right front
leg approximately 3 months after tick placement. The dog had temperatures of 103.1 and 103.6°F
during the episodes and swelling was observed in the metacarpal joint area. This dog was also
necropsied following the episodes of lameness and B. burgdorferi was isolated from the tick bite
site, the skin in the posterior area of the dog, and from the right and left carpal and elbow joints.
Microscopic examination of synovial fluid from these joints indicated nonseptic inflammation
consistent with immune-mediated polyarthritis. The other four dogs showed no signs of lameness
or fever and were not necropsied.

Discussion
Vaccines for prevention against canine Lyme disease have been licensed based on efficacy studies
in which vaccinated and nonvaccinated dogs were challenged with B. burgdorferi-infected ticks
collected from the field. In fact, field-collected ticks have been the usual source of infection for
studying the pathogenesis of Lyme borreliosis and for testing immune protective responses.
However, ticks collected from the field may have low or variable infection rates, may be infected
with more than one strain or species of Borrelia, and may transmit other canine pathogens that
could interfere with proper evaluation of vaccine efficacy. In such studies the co-infection of ticks
with other canine pathogens was considered and the ticks were tested for such pathogens. These
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have included ehrlichial and babesial species along with the Powassan virus [1]. One study on the
regulation of interleukin 8 in synovial fluid was complicated by the use of ticks co-infected with
ehrlichia [54]. Such tests are limited by our knowledge of pathogens transmitted by the tick and
adequate diagnostic tests for these extraneous pathogens. An alternative method is to use ticks
reared on specific pathogen-free laboratory animals and infected with specific and characterized
strains of the pathogen. The production of nymphal or adult ticks naturally infected via feeding
on spirochetemic hosts is still somewhat imprecise and requires a lengthy process of blood meal
digestion and subsequent molting of the tick resulting in highly variable infection rates [41, 42].
An alternative approach is to use ticks infected by feeding them spirochetal suspensions via a
capillary tube. This method was first reported by Burgdorfer [6] and has been used by others
recently [15, 16, 17, 46]. A method to facilitate the mass feeding of ticks for such studies has
recently been described [5]. Until now host responses of dogs challenged with capillary fed ticks
had not been compared with those of dogs challenged using naturally infected ticks. We have
demonstrated that the immune responses of these dogs infected using capillary fed ticks were
similar to those infected using ticks infected naturally by feeding on a spirochetemic host.
In this report we demonstrate capillary feeding as a method of transmitting B. burgdorferi to I.
scapularis female or nymphal ticks obtained from a laboratory colony specifically free of B.
burgdorferi and other canine pathogens. We have described the use of pathogen-free ticks infected
with a specific B. burgdorferi isolate to characterize a specific infection in dogs. Ticks infected
by this method successfully transmitted spirochetes to dogs during their blood meal. All dogs
infested with infected adult female ticks became seropositive for B. burgdorferi as determined by
Western immunoblot and ELISA. Our immunoblot banding patterns were similar to an infection
caused by spirochetes inoculated into dogs by field collected ticks and those published elsewhere
[14, 53]. Intense bands in the 31 (OspA) or 34 (OspB) -kDa regions, which is a characteristic
immune response to B. burgdorferi administered by vaccination or needle inoculation of cultured
spirochetes were not observed. In addition, we observed bands in the 40-kDa range, representing
putative 39 and 41-kDa antigens. Both patterns are representative of an immune response elicited
by tick transmitted infection in dogs [1, 10, 53]. The immunodominant bands in the region of the
bovine serum albumin (84 kDa) and phosphorylase B (112 kDa) molecular weight markers were
also present in the immunoblots shown by Chang et al. [10] and Shin et al. [52]. The significance
of these immunogens of higher molecular weight in dogs remains to be defined. In a separate study
we have successfully infected dogs using nymphs and adults capillary fed with another midwestern
strain of B. burgdorferi sensu stricto, isolate JMNT, and obtained results similar to those with the
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610 isolate (unpublished results). All of the dogs infected with the 610 isolate by adult female
ticks seroconverted and were skin biopsy positive with one dog exhibiting lameness. Lameness
due to Lyme disease is more commonly seen in younger dogs and is the predominant clinical sign
for canine Lyme disease [1]. Only one of the five dogs challenged using nymphal ticks capillary
fed 610 seroconverted, was skin biopsy positive, and exhibited lameness. Similarly, Appel et al.
[1] reported that dogs exposed to infected field-collected I. scapularis nymphs had lower rates of
seroconversion and disease frequency than those infected using adult female ticks. This may reflect
the smaller number of spirochetes transmitted by nymphs during feeding [8]. Historical data
indicate that dogs infected with field-collected ticks may become ill due to additional pathogens
naturally present in such ticks, e.g., ehrlichial and babesial species along with the Powassan virus.
It has been suggested that lameness may reflect the presence of secondary infections by babesia
or ehrlichia [54]. Clearly, the role of such mixed infections in the clinical manifestation in dogs
infected with B. burgdorferi needs to be examined. The use of ticks selectively infected with
borrelia and other pathogens via capillary feeding offers one approach to testing this hypothesis.
The immune response of dogs inoculated subcutaneously with B. burgdorferi is quite different
when compared to dogs naturally infected via the bite of an infected tick [1]. Most notable is a
strong anti-OspA and -OspB response in dogs inoculated subcutaneously and the weak response
in dogs infected via tick bite. This has caused researchers to question the validity of using needle
inoculation with spirochetes to test efficacy of Lyme disease vaccines for dogs. Serological results,
and recovery of B. burgdorferi from skin biopsy samples and joint tissues indicate that ticks
infected in the laboratory under controlled conditions induce infection in dogs similar to field
ticks. Lack of clinical signs may be related to the isolate used to infect ticks, which may not be of
sufficient virulence or have the proper host-adaptive pathogenic characteristics suitable for
establishing an infection resulting in lameness. Younger dogs of approximately 6 weeks of age
have been found more likely to develop lameness than older dogs when challenged with
field-collected ticks [1]. The dogs used in our studies were selected to be 3–4 months old at the
time of challenge. In previous studies we have found lameness to occur in the age range of
6–21 months following challenge with field-collected ticks (unpublished data) with lameness most
frequently occurring in the age range of 8–14 months. False positive results can be obtained when
whole cell antigens are used in ELISA to detect canine borreliosis infections. Shin et al. [52]
emphasized that ELISA tests using whole B. burgdorferi lysates must be treated with caution
because of the cross-reactivity between borrelial and leptospiral serovars. However, they could
be distinguished using immunoblots, indicating the need to couple ELISA with immunoblot
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analysis, as performed in this study. Indeed, one dog that was found to be positive via ELISA was
later found to be negative on the basis of immunoblot analysis. The results in our study confirmed
those of Magnarelli et al. [37], as the pattern of reactivity to whole cell antigens was also highly
variable for dog sera. The immunoblots showed distinct positive reactions with OspE (19 kDa)
and OspF (29 kDa). However, the reactivities to OspA and OspB were infrequent and the number
of dogs showing antibodies to OspC was low [37].
At 8 and 12 weeks, the general banding patterns of the immunoblots from the dogs challenged
using capillary fed adult females were similar to the 4 week banding profiles of the dogs challenged
with naturally infected field collected female ticks. Both sets showed strong bands in the 40 kDa
range, location of putative P39 (39 kDa) and flagellin (41 kDa), and no bands in the region of
OspA (31 kDa). Similar banding profiles were also noted in the higher molecular weight region
delineated by the prestained proteins bovine serum albumin and phosphorylase B. Mice challenged
with I. ricinus nymphs capillary fed B. burgdorferi sensu stricto (strain ZS7) gave prominent
responses to P39, flagellin and a higher molecular weight antigen and a concomitant lack of
response to OspA or OspB [17, 18]. At 4 weeks the immune responses of the dogs challenged
with capillary fed adult females were weak, and this apparent delay in the immune response may
reflect the kinetics and number of spirochetes inoculated during tick feeding. Field-collected adult
ticks that are infected are likely to have acquired the spirochetes as larvae and/or nymphs. Also,
field-collected nymphal and adult female I. scapularis can have disseminated infections with
spirochetes already present in the salivary glands [44, 60]. Only a small number of spirochetes
capillary fed to I. ricinus nymphs migrated from the gut to cause a systemic infection and invade
the salivary glands [21]. The apparent lack or weak immune response shown by dogs challenged
using capillary fed nymphs may also reflect the kinetics and number of spirochetes inoculated
during nymphal feeding. Further studies are needed to characterize the tissue distribution and
differential expression of antigens in spirochetes within capillary fed ticks during the blood meal.
Such studies are needed to better understand the kinetics of the immune response and to identify
the spirochetal immunogens revealed in the Western blots.
Acknowledgements This work is part of the M.S. dissertation of Jon Korshus. We thank Drs.
Mark Mellencamp, Paul Runnels and Yu-Wei Chiang for advice and encouragement. The technical
assistance of Jeffrey Crary, and Dr. Debra Dietrich was greatly appreciated.

14

References
1.

Appel, MJG, Allan S, Jacobson RH, Lauderdale TL, Chang YF, Shin SJ, Thomford JW, Todhunter RJ,
Summers BA (1993) Experimental Lyme disease in dogs produces arthritis and persistent infection. J
Infect Dis 167:651–664

2.

Barbour AG (1984) Isolation and cultivation of Lyme disease spirochetes. Yale J Biol Med 57:521–525

3.

Barbour AG, Tessier SL, Todd WJ (1983) Lyme disease spirochetes and ixodid tick spirochetes share
a common surface antigenic determinant defined by a monoclonal antibody. Infect Immun 41:795–804

4.

Barbour AG, Hayes SF, Heiland RA, Schrumpf ME, Tessier SL (1986) A Borrelia-specific monoclonal
antibody binds to a flagellar epitope. Infect Immun 52:549–554

5.

Broadwater AH, Sonenshine DE, Hynes WL, Ceraul SM, De Silva AM (2002) Glass capillary tube
feeding: a method for infecting nymphal Ixodes scapularis (Acari: Ixodidae) with the Lyme disease
spirochete Borrelia burgdorferi. J Med Entomol 39:285–292

6.

Burgdorfer W (1957) Artificial feeding of ixodid ticks for studies on the transmission of disease agents.
J Infect Dis 100:212–214

7.

Burgdorfer W, Barbour AG, Hayes SF, Benach JL, Grunwaldt E, Davis JP (1982) Lyme disease—a
tick-borne spirochetosis? Science 216:1317–1319

8.

Burkot TR, Piesman J, Wirtz RA (1994) Quantitation of the Borrelia burgdorferi outer surface protein
A in Ixodes scapularis: Fluctuations during the tick cycle, doubling times, and loss while feeding. J
Infect Dis 170:883–889

9.

Bushmich MS (1994) Lyme borreliosis in domestic animals. J Spirochet Tick Borne Dis 1:24–28

10. Chang Y-F, Novosel V, Chang C-F, Summers BA, Ma D-P, Chiang Y-W, Acree WM, Chu H-J, Shin
S, Lein DH (2001) Experimental induction of chronic borreliosis in adult dogs exposed to Borrelia
burgdorferi-infected ticks and treated with dexamethasone. Am J Vet Res 62:1104–1112
11. Chu YF, Chavez GJ, Blumer BM, Sebring RW, Wasmoen TL, Acree WM (1992) Immunogenicity and
efficacy study of a commercial Borrelia burgdorferi bacterin. J Am Vet Med Assoc 201:403–411
12. Demaerschalck I, Messaoud AB, Kesel MD, Hoyois B, Lobet Y, Hoet P, Bigaignon G, Bollen A,
Godfroid E (1995) Simultaneous presence of different Borrelia burgdorferi genospecies in biological
fluids of Lyme disease patients. J Clin Microbiol 33:602–608
13. Fingerle V, Hauser U, Liegl G, Petko B, Preac-Mursic V, Wilske B (1995) Expression of outer surface
proteins A and C of Borrelia burgdorferi in Ixodes ricinus. J Clin Microbiol 33:1867–1869
14. Gauthier DT, Mansfield LS (1999) Western immunoblot analysis for distinguishing vaccination and
infection status with Borrelia burgdorferi (Lyme disease) in dogs. J Vet Diagn Invest 11:259–265
15. Gern L, Zhu Z, Aeschlimann A (1990) Development of Borrelia burgdorferi in Ixodes ricinus females
during blood feeding. Ann Parasitol Hum Comp 65:89–93
16. Gern L, Toutoungi LN, Hu CM, Aeschlimann A (1991) Ixodes (Pholeoixodes) hexagonus, an efficient
vector of Borrelia burgdorferi in the laboartory. Med Vet Entomol 5:431–435
17. Gern L, Schaible UE, Simon MM (1993) Mode of incoulation of the Lyme disease agent Borrelia
burgdorferi influences infection and immune responses in inbred strains of mice. J Infect Dis
167:971–975
18. Gern L, Rais O, Capiau C, Hauser P, Lobet Y, Simoen E, Voet P, Pêtre J (1994) Immunization of mice
by recombinant OspA preparations and protection against Borrelia burgdorferi infection by Ixodes
ricinus tick bites. Immunol Lett 39:249–258
19. Greene RT, Levine JF, Breitschwerdt EB (1988) Clinical and serological evaluation of induced Borrelia
burgdorferi infection in dogs. Am J Vet Res 49:752–757
20. Guttman DS, Wang PW, Wang IN, Bosler EM, Luft BJ, Dykhuizen DE (1996) Multiple infections of
Ixodes scapularis ticks by Borrelia burgdorferi as revealed by single-strand conformation polymorphism
analysis. J Clin Microbiol 34:652–656
21. Hu CM, Gern L, Aeschlimann A (1992) Changes in the protein profile and antigenicity of different
Borrelia burgdorferi strains after reintroduction to Ixodes ricinus ticks. Parasite Immunol 14:415–427

15

22. Hu CM, Simon M, Kramer MD, Gern L (1996) Tick factors and in vitro cultivation influence the protein
profile, antigenicity and pathogenicity of a cloned Borrelia garinii isolate from Ixodes ricinus
hemolymph. Infection 24:251–257
23. Kornblatt AN, Urband PH, Steere AC (1985) Arthritis caused by Borrelia burgdorferi in dogs. J Am
Vet Med Assoc 186:960–964
24. Kurtti TJ, Munderloh UG, Hughes CAN, Engstrom SM, Johnson RC. (1996) Resistance to tick-borne
spirochete challenge induced by Borrelia burgdorferi strains that differ in expression of outer surface
proteins. Infect Immun 64:4148–4153
25. Lacombe E, Rand PW, Smith RP (1993) Disparity of Borrelia burgdorferi infection rates of adult Ixodes
dammini on deer and vegetation. J Infect Dis 167:1236–1238
26. Laemmli UK (1970) Cleavage of structural proteins during the assembly of the head of bacteriophage
T4. Nature 227:680–685
27. Levy SA, Dreesen DW (1992) Lyme borreliosis in dogs. Canine Pract 17:5–14
28. Levy SA, Magnarelli LA (1992) Relationship between development of antibodies to Borrelia burgdorferi
in dogs and the subsequent development of limb/joint borreliosis. J Am Vet Med Assoc 200:344–347
29. Lissman BA (1990) Lyme disease in small animals. J Med Soc New Jersey 87:573–574
30. Lovrich SD, Callister SM, Lim LC, Schell RF (1993) Seroprotective groups among isolates of Borrelia
burgdorferi. Infect Immun 61:4367–4374
31. Lovrich SD, Callister SM, DuChateau BK, Lim LC, Winfrey J, Day SP, Schell RF (1995) Abilities of
OspA proteins from different seroprotective groups of Borrelia burgdorferi to protect hamsters from
infection. Infect Immun 63:2113–2119
32. Macaluso KR, Sonenshine DE, Ceraul SM, Azad AF (2001) Infection and transovarial transmission of
rickettsiae in Dermacentor variabilis ticks acquired by artificial feeding. Vector Borne Zoonotic Dis
1:45–53
33. Magnarelli LA, Anderson JF, Kaufman AF, Lieberman LL (1985) Borreliosis in dogs from southern
Connecticut. J Am Vet Med Assoc 186:955–959
34. Magnarelli LA, Anderson JF, Schreier AB, Ficke CM (1987) Clinical and serologic studies of canine
borreliosis. J Am Vet Med Assoc 191:1089–1094
35. Magnarelli LA, Anderson JF, Schreier AB (1990) Persistence of antibodies to Borrelia burgdorferi in
dogs of New York and Connecticut. J Am Vet Med Assoc 196:1064–1068
36. Magnarelli LA, Andreadis TG, Stafford IKC, Holland CJ (1991) Rickettsiae and Borrelia burgdorferi
in Ixodid ticks. J Clin Microbiol 29:2798–2804
37. Magnarelli LA, Flavell RA, Padula SJ, Anderson JF, Fikrig E (1997) Serologic diagnosis of canine and
equine borreliosis: use of recombinant antigens in enzyme-linked immunosorbent assays. J Clin Microbiol
35:169–173
38. Marconi RT, Garon CF (1992) Development of polymerase chain reaction primer sets for diagnosis of
Lyme disease and for species-specific identification of Lyme disease isolates by 16S rRNA signature
nucleotide analysis. J Clin Microbiol 30:2830–2834
39. Nielsen A, Carr A (2002) Update on canine Lyme disease. Vet Med August:604–609
40. Pichon B, Godfroid E, Hoyois B, Bollen A, Rodhain F, Perez-Eid C (1995) Simultaneous infection of
Ixodes ricinus nymphs by two Borrelia burgdorferi sensu lato species: possible implications for clinical
manifestations. Emerg Infect Dis 1:89–90
41. Piesman J (1993) Standard system for infecting ticks (Acari: Ixodidae) with the Lyme disease spirochete,
Borrelia burgdorferi. J Med Entomol 30:199–203
42. Piesman J, Sinsky RJ (1988) Ability of Ixodes scapularis, Dermacentor variabilis, and Amblyomma
americanum (Acari: Ixodidae) to acquire, maintain, and transmit Lyme disease spirochetes (Borrelia
burgdorferi). J Med Entomol 25:336–339
43. Piesman J, Mather TN, Sinsky RJ, Spielman A (1987) Duration of tick attachment and Borrelia
burgdorferi transmission. J Clin Microbiol 25:557–558
44. Piesman J, Schneider BS, Zeidner NS (2001) Use of quantitative PCR to measure density of Borrelia
burgdorferi in the midgut and salivary glands of feeding tick vectors. J Clin Microbiol 39:4145–4148

16

45. Pollack RJ, Telford III SR, Spielman A (1993) Standardization of medium for culturing Lyme disease
spirochetes. J Clin Microbiol 31:1251–1255
46. Rechav Y, Zyzak M, Fielden LJ, Childs JE (1999) Comparison of methods for introducing and producing
artificial infection of ixodid ticks (Acari: Ixodidae) with Ehrlichia chaffeensis. J Med Entomol
36:414–419
47. Roehrig JT, Piesman J, Hunt AR, Keen MG, Happ CM, Johnson BJB (1992) The hamster immune
response to tick-transmitted Borrelia burgdorferi differs from the response to needle-inoculated, cultured
organisms. J Immunol 149:3648–3653
48. Schaible UE, Gern L, Wallich R, Kramer MD, Prester M, Simon MM (1993) Distinct patterns of
protective antibodies generated against Borrelia burgdorferi in mice experimentally infected with high
and low doses of antigen. Immun Lett 36:219–226
49. Schwan TG, Burgdorfer W (1987) Antigenic changes of Borrelia burgdorferi as a result of in vitro
cultivation. J Infect Dis 156:852–853
50. Schwan TG, Piesman J, Golde WT, Dolan MC, Rosa PA (1995) Induction of an outer surface protein
on Borrelia burgdorferi during tick feeding. Proc Natl Acad Sci USA 92:2909–2913
51. Shaw SE, Day MJ, Birtles RJ, Breitschwerdt EB (2001) Tick-borne infectious diseases of dogs. Trends
Parasitol 17:74–80
52. Shin SJ, Chang Y-F, Jacobson RH, Shaw E, Lauderdale T-L, Appel MJ, Lein DH (1993) Cross-reactivity
between B. burgdorferi and other spirochetes affects specificity of serotests for detection of antibodies
to the Lyme disease agent in dogs. Vet Microbiol 36:161–174
53. Straubinger RK, Chang Y-F, Jacobson RH, Appel MJG (1995) Sera from OspA-vaccinated dogs, but
not those from tick-infected dogs, inhibit in vitro growth of Borrelia burgdorferi. J Clin Microbiol
33:2745–2751
54. Straubinger RK, Straubinger AF, Härter L, Jacobson RH, Chang Y-F, Summers BA, Erb HN, Appel
MJG (1997) Borrelia burgdorferi migrates into joint capsules and causes an up-regulation of interleukin-8
in synovial membranes of dogs experimentally infected with ticks. Infect Immun 65:1273–1285
55. Straubinger RK, Summers BA, Chang YF, Appel MJG (1997) Persistence of Borrelia burgdorferi in
experimentally infected dogs after antibiotic treatment. J Clin Microbiol 35:111–116
56. Straubinger RK, Straubinger AF, Summers BA, Jacobson RH (2000) Status of Borrelia burgdoferi
infection after antibiotic treatment and the effects of corticosteroids: an experimental study. J Infect
Dis 181:1069–1081
57. Towbin H, Staehelin T, Gordon J (1979) Electrophoretic transfer of proteins from polyacrylamide gels
to nitrocellulose sheets: procedures and some applications. Proc Natl Acad Sci USA 76:4350–4354
58. Wasmoen TL, Sebring RW, Blumer BM, Chavez LG, Chu H, Acree W (1992) Examination of Koch’s
postulates for Borrelia burgdorferi as the causative agent of limb/joint dysfunction in dogs with
borreliosis. J Am Vet Med Assoc 201:412–418
59. Xu Y, Kodner C, Coleman L, Johnson RC (1996) Correlation of plasmids with infectivity of Borrelia
burgdorferi sensu stricto type strain B31. Infect Immun 64:3870–3876
60. Zung JL, Lewengrub S, Rudzinska MA, Spielman A, Telford SR, Piesman J (1989) Fine structural
evidence for the penetration of the Lyme disease spirochete Borrelia burgdorferi through the gut and
salivary tissues of Ixodes dammini. Can J Zool 67:1737–1748

17

