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ABSTRACT:  The reservoir competence of the raccoon (Procyon lotor) for the Lyme disease spi-
rochete (Borrelia burgdorferi) was evaluated in the laboratory during September 1991 to April
1993. Five raccoons were cxp()sed to spir()chete-infected (]Dl and Wisconsin 210 Wise strains)
Ixodes scapularis nymphs (20/raccoon). A second feeding of spirochete-infected (Wisconsin 210
Wise strain) nymphs (20/raccoon) was performed with four of the original raccoons. Xenodiagnosis
with cohorts of I. scapularis larvae (300/cohort) or nymphs (150/cohort) that were periodically
placed on each animal was used to detect infection. We examined 1943 engorged ticks by a
indirect immunofluorescence monoclonal antibody assay, but no spirochetes were detected. After
exposure to spirochete-infected ticks, blood samples were collected at approximately weekly in-
tervals and ear-skin biopsy samples were taken from each animal every third week. These tissues
were placed in Barbour-Stoenner-Kelly media. Spirochetes were isolated in cultures of skin (wk
3,5, 9, 81, and 83) and blood (wk 5, 8, 9, 11, and 12) of one raccoon and the skin (wk 28 and
31) of another raccoon. Antibody response of each animal was monitored through enzyme-linked
immunosorbent assays and immunoblotting of blood serum against B. burgdorferi proteins. Ex-
cept for one animal, raccoons did not have an antibody response until they were fed upon by a
second cohort of infected I. scapularis nymphs. Based on Western blot analyses, raccoons exposed
to B. burgdorferi via tick bite responded to the 31- (OspA) and 34-KDa (OspB) antigens. Re-
sponse to other antigens varied among raccoons. Based on our results raccoons may be inefficient
reservoirs for B. burgdorferi. Although some raccoons can become infected with B. burgdorferi,
they may not transfer the infection to attached ticks.
Key words:  Raccoons, Procyon lotor, Borrelia burgdorferi, Lyme disease, Ixodes scapularis.

INTRODUCTION are the primary hosts for larvae and
nymphs in the northeast (Piesman and
Spielman, 1979). Borrelia burgdorferi is
transferred efficiently to immature ticks
that attach to infected white-footed mice
and these abundant rodents serve as res-
ervoirs of the spirochete in the northeast-
ern U.S. The relative importance of Pero-
myscus spp. as a host species for I. sca-
pularis may vary between seasons (Man-
nelli et al., 1993) and in different localities.

A wide range of vertebrates serve as
hosts for Ixodes scapularis, the principal
vector of the Lyme disease spirochete
(Borrelia burgdorferi) along the Atlantic
coast of the United States. Adult I. sca-
pularis have been found on numerous
mammalian species, but in areas of the
northeastern U.S., where Lyme disease is
enzootic, white-tailed deer (Odocoileus
virginianus) are the primary host for adult

ticks (Main et al., 1981). Due to their role
as hosts for adults, the distribution of I
scapularis is closely correlated with the
distribution of white-tailed deer (Spieliman
et al., 1985). However, the deer apparently
are not competent reservoirs of Borrelia
burgdorferi, the etiologic agent of Lyme
disease (Telford et al., 1988). Immature I.
scapularis have been removed from more
than 70 host species (Lane et al., 1991) but
white-footed mice (Peromyscus leucopus)

When white-footed mouse populations are
low in some habitats, chipmunks (Tamias
striatus) and other animals may substitute
for P. leucopus as hosts for I. scapularis
and serve as reservoirs of B. burgdorferi
(Mannelli et al., 1993).

Efforts to reduce local transmission of
the Lyme disease spirochete have focused
on reduction of I. scapularis by exploiting
the relative importance of white-footed
mice or white-tailed deer as tick hosts. Ex-
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posing mice to acaricides (Mather et al.,
1987) and reducing or excluding deer pop-
ulations (Wilson et al., 1988) have been ef-
fective in reducing the abundance of im-
mature I. scapularis. However, these ap-
proaches may not eliminate the local pres-
ence of ticks because of the availability of
alternative hosts (Jaenson et al., 1991).
Raccoons (Procyon lotor) are ubiquitous
throughout the United States; individual
raccoons are heavily parasitized by I. sca-
pularis in New York (USA) (Fish and Dan-
iels, 1990). Raccoon tick burdens can be
intense, and if raccoons are reservoir com-
petent, one infected raccoon could possi-
bly produce many times more B. burgdor-
feri-infected I. scapularis nymphs than a
single mouse (Fish and Daniels, 1990).

Borrelia burgdorferi has been isolated
from raccoons (Anderson et al., 1983). The
spirochete also has been detected in ticks
removed from raccoons (Fish and Daniels,
1990), and antibodies to B. burgdorferi
have been detected in sera from raccoons
collected in the southeastern U.S. (Mag-
narelli et al., 1991) and northeastern U.S.
(Magnarelli et al., 1984). However, B.
burgdorferi infected P. lotor may be inef-
ficient in infecting attached ticks.

Alternatively, if it is a competent reser-
voir, the raccoon potentially could play a
role as a non-rodent reservoir of B. burg-
dorferi. Accordingly, we evaluated the
competence of the raccoon to serve as a
reservoir of B. burgdorferi. In particular
we evaluated the raccoon’s susceptibility to
infection, its ability to infect attached I.
scapularis, and its antibody response to
the spirochete.

MATERIALS AND METHODS

Five B. burgdorferi antibody and culture-
negative raccoons (R4, R5, R6, R7, and R8)
were used for these studies during September
1991 through April 1993. Two of these animals
(R4 and R5) were live-trapped by a North Car-
olina Wildlife Resources Commission biologist
at the Penny Bend Rabbit Research Area at the
confluence of the Eno and Little Rivers in Dur-
ham County, North Carolina (USA) (35°%'N,
78°52'W). Both were males, more than one
year of age, and infested with low numbers of

ticks. The ticks were allowed to engorge and
drop off the animals; ticks were identified as
Dermacentor variabilis using a dichotomous
key (Sonenshine, 1979). The remaining three
raccoons were born in captivity and obtained
from the Wistar Institute in Philadelphia,
Pennsylvania (USA). All three of these animals
were less than a year old and parasite-free.
Raccoon 6 was male, and Raccoons 7 and 8
were female.

The raccoons were individually housed at the
College of Veterinary Medicine, North Caroli-
na State University, in stainless steel cages
(87cm X 45¢m X 78c¢m). During tick-feeding,
cages were continuously held over pans filled
with water to capture ticks as they dropped off
the raccoons (Fish and Daniels, 1990).

Animals were quarantined upon arrival and
feces examined for presence of worms or eggs
of Baylisascaris procyonis, a neurotropic asca-
rid (Kazacos and Boyce, 1989) that can be
prevalent in raccoon populations (Kidder et al.,
1989). All raccoons were treated with the an-
tihelmintic, Panacur (Fenbendazole, Hoechst-
Roussel Pharm. Inc., Somerville, New Jersey,
USA) (Kazacos and Boyce, 1989), at a dosage
of 50 mg/kg per day for three consecutive days
and once a week for the next 2 wk.

Animals were anesthetized for tick-applica-
tion, blood withdrawal and skin biopsy by in-
tramuscular injection of a combination of ke-
tamine hydrochloride (15.0 mg/kg: Ketaset,
Fort Dodge Laboratories, Inc., Fort Dodge,
Iowa, USA) and xylazine (0.5 mg/kg; Rompum,
M()l)uy Corporation, Shawnee, Kansas, USA).
Each animal was determined not to have pre-
vious exposure to B. burgdorferi by testing se-
rum for antibody using an enzyme-linked im-
munosorbent assay (ELISA) (Luttrell et al.,
1994); by immunoblotting serum against Lyme
disease spirochete-specific proteins (Luttrell et
al., 1994): and by attempting to culture the spi-
rochete from blood samples, ear skin biopsies,
and ear tissue aspiration (Schwan et al., 1989).
The serum testing also provided baseline values
for subsequent serological analyses. All animals
were euthanized by intravenous injection of
Beuthanasia-D Special (1.0 ml/22 kg: Schering-
Plough Animal Health, Kenilworth, New Jer-
sey) at the termination of the project.

Raccoons were exposed to B. burgdorferi by
placing 20 infected I. scapularis nymphs inside
the ears of each animal. The ticks were derived
from a colony established from adults collected
on Great Island, Massachusetts (USA) in 1985.
Nymphs placed on R4 and R5 were infected
with the JD-1 strain of B. burgdorferi. Nymphs
placed on R6, R7, and R8 were infected with
B. burgdorferi Wisconsin 210 Wise strain. The
JD1 and Wisconsin 210 Wise strains were used
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because ticks infected with these strains were
available from established colonies of ticks.

Xenodiagnosis was used to detect spirochete
infection in the raccoons 4, 6, 7, and 8 (Don-
ahue et al., 1987) using cohorts of 300 naive
larval I. scapularis. Ticks used for xenodiagnos-
is were derived from established colonies from
three sources; Great Island, Massachusetts,
Westchester County, New York and Yorktown,
Virginia (USA). Due to the unavailability of
suitable quantities of ticks, application times
varied between raccoons. Because of poor re-
covery of xenodiagnostic larvae fed during ini-
tial trials with R4, 150 I. scapularis nymphs
were used in an alternative xenodiagnostic pro-
cedure for evaluating R5. Transovarial trans-
mission in I. scapularis is inefficient (Piesman
et al., 1986); consequently, the cohorts of ticks
were not evaluated for infection prior to use.

Ticks detaching from the host were collected
from the water pans daily, rinsed in distilled
water (DW) to remove debris, placed into
steam-sterilized glass vials (containing a plaster
of Paris: powdered activated charcoal base and
a cloth screen top), and held at 21 C and 97%
relative humidity (Piesman et al., 1990). These
ticks were then evaluated for the presence of
B. burgdorferi.

The susceptibility of Syrian hamsters (Me-
socricetus auratus auratus) to infection by B.
burgdorferi has been described by Johnson et
al. (1984). To confirm the infectivity of the B.
burgdorferi used, 50 nymphs, composed of 10
nymphs from each of five cohorts of infected
nymphs were fed on 10 hamsters (H1 to H10)
such that each hamster had five nymphs from
one of the cohorts. Xenodiagnosis, using a sin-
gle cohort of 25 naive 1. scapularis larvae, and
culturing techniques were used to verify that
the hamsters were infected after tick feeding.

All of the infected nymphs recovered from
the raccoons were tested for spirochetes. Tick
midgut contents were removed and a smear
was made on a slide. These smears were ex-
amined for infection by B. burgdorferi by in-
direct immunofluorescence microscopy with a
species-specific monoclonal antibody (IFA-
MAB) as described by Levine et al. (1989).
Murine monoclonal antibody H5332, obtained
from Dr. A. Barbour, directed against a species-
specific, 31-kilodalton (kDa) protein of B. burg-
dorferi was used. Positive control slides were
prepared by using B. burgdorferi (strain JD-1
and Wisconsin 210 Wise strain), cultured from
the original cohorts of infected nymphs from
the Centers for Disease Control, Fort Collins,
Colorado (USA). Borrelia burgdorferi was di-
luted to a spirochete density of approximately
100 spirochetes per 400X microscopic field.
This dilution was applied to the wells of a 30-
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well Teflon® printed slide (2mm, Cel-Line As-
sociates, Inc., Newfield, New Jersey). The
slides were air-dried, acetone-fixed, and stored
at —20 C until needed. A single positive control
slide was stained and read concurrently with
each slide containing the smears of tick mid-
guts. Half of the engorged larvae collected
were dissected and examined by IFA-MAB 12
days after collection (Piesman et al., 1990) to
verify tick infection. The remaining larvae were
held until they molted; nymphs surviving ec-
dysis were dissected and examined for spiro-
chete infection by IFA-MAB procedures.

Blood samples (Steere et al., 1983) from the
jugular and skin biopsies from the ears (Sinsky
and Piesman, 1989) were taken from all rac-
coons after each exposure to B. burgdorferi to
monitor the time course of infection. Approxi-
mately 0.5 ml of each blood sample was mixed
with sodium citrate and three to five drops
were then added to 8.0 ml Barbour-Stoenner-
Kelly medium (BSK-II) (Barbour, 1984). The
remainder of each blood sample was allowed to
clot at 4 C and the serum was harvested after
centrifugation at 400 X G for 10 min and held
at —70 C for subsequent examination for anti-
bodies to B. burgdorferi (Schwan et al., 1989).

Ear skin biopsies and needle aspiration ma-
terial were taken as described by Piesman et al.
(1991). These and other tissue samples taken
at euthanasia were collected using standard
sterile surgical techniques and were placed di-
rectly into BSK-II medium or BSK-H medium
(Sigma Chemical Company, Saint Louis, Mis-
souri, USA). All cultures were held at 35 C for
6 to 8 wk (Anderson and Magnarelli, 1984) and
examined weekly by dark-field microscopy for
B. burgdorferi growth. Spirochetes observed
using dark-field microscopy were confirmed as
B. burgdorferi by IFA-MAB.

Unsuccessful attempts at obtaining blood
samples from the raccoons diminished the con-
sistency of sampling during the first exposure
trial. Blood samples were obtained on a more
regular schedule as our animal handling tech-
niques improved. Blood samples were collected
from R4 during weeks 1, 2, 3, 8, 9, 11, 12, 14,
16, 17, 19, 41, and 71 through 83 (at eutha-
nasia). Blood samples taken from R5 during
weeks 1, 2, 4, 6, 7, 8, and 11 (at euthanasia)
and from R6, R7, and R8 during weeks 1, 2, 3,
5 through 17, and 25 through 37 (at euthana-
sia). Ear skin biopsies were taken from R4 dur-
ing weeks 3, 5, 9, 71, 74, 77, 81, and 83 (at
euthanasia) and a needle aspiration sample was
taken during week 3. Ear skin biopsies were
taken from R5 during weeks 3, 5, and 11 (at
euthanasia) and from R6, R7, and R8 during
weeks 3, 8, 12, 17, 25, 28, 31, 35, and 37 (at
euthanasia). R4 was euthanized during week
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83, R5 during week 11, and R6, R7, and R8
during week 37. Using asceptic techniques,
skin, liver, bladder, and kidney samples were
taken from each animal at necropsy for culture
and histologic examination. Samples of internal
organ consisted of sections through each organ
so that the surface and interior of each organ
could be examined. All samples were no larger
than 4 cm3. Slides for histologic examination
were made from skin, liver, kidney, and bladder
samples taken from R4, R6, R7, and RS at eu-
thanasia. Tissues were fixed in 10% neutral buf-
fered formalin, embedded in paraffin, sec-
tioned, and stained with hematoxylin and eosin
(H&E) (Brown and Lane, 1994). After the ini-
tial examination, R4 kidney tissue was sec-
tioned at 3 wm and stained with H&E, periodic
acid methionine silver (PAMS), Grocott’s mod-
ification of Gomori’s methionine silver (GMS),
and acid fast stain (AFB); additional R4 liver
sections were stained with periodic acid-Schiff
(PAS) and AFB (Luna 1968; Sheehan and
Hrapchak, 1980).

Cultures of the JD-1 and Wisconsin 210
Wise strains from B. burgdorferi-infected ticks
were used to produce the strain-specific anti-
gen used in all IFA-MAB, ELISA, and immu-
noblots by the methods of Anderson et al.
(1983). Sonicated antigen used in the ELISA
and immunoblot assays again was prepared by
growing both strains of B. burgdorferi in BSK-
IT at 37 C. Spirochetes were harvested in late
logarithmic phase of growth by centrifugation
at 10,000 X G for 10 min. at 22 C. The pelleted
spirochetes were washed three times in sterile
0.15M phosphate-buffered saline (PBS) (pH
7.38). The first wash was at 22 C and the last
two were at 4 C. The pellet was resuspended
in 1 to 2 ml sterile PBS (depending on pellet
size), transferred to 1.5 ml microfuge tubes and
heat-killed at 65 C for 30 min in a Type 17600
Dri-Bath (Thermolyne Corp., Dubuque, Iowa).
The heat-killed spirochetes were transferred to
an ice-water bath and sonicated while in the
ice-water bath for alternating 15-sec periods of
sonication using a W-140 ultrasonic sonicator
(Ultrasonics, Inc., Plainview, New York) at an
output setting of five, and cooling, for a total
of 15 replications. The sonicated antigen for
immunoblots was immediately frozen in 50 pl
aliquots at —70C. For ELISA, sonicated anti-
gen was further treated by centrifuging the
sonicated material for 15 min. at 10,000 X G
to remove cellular debris. The supernatant was
sequentially filtered through 0.45 wm and 0.20
pm syringe filters. The protein concentration of
the filtrate was determined by the Bradford
protein assay (Bio-Rad Laboratories, Rich-
mond, California, USA). The filtrate was dilut-
ed to a final protein concentration of 300 wg/
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ml and frozen at =70 C in 50 pl aliquots until
used.

Raccoon sera were tested for antibody to B.
burgdorferi by immunoblot (Western blot)
analysis. Sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) was
performed as described by Laemmli (1970)
with a Bio-Rad Mini-Protean II Slab Cell (Bio-
Rad Laboratories). The separating gel and
stacking gel were 12% and 4% acrylamide, re-
spectively.

Gels were blotted to nitrocellulose mem-
branes as described by Towbin et al. (1979),
with the following modifications. After blocking
in skim milk (5% in DW) for 1 hr, the mem-
brane was allowed to air dry overnight at
—20C. Each membrane was cut into about fifty
0.5-cm strips which were numbered consecu-
tively. One strip each, from each side and from
the middle, were incubated with positive con-
trol sera and another strip each, from each side
and the middle, were incubated with negative
control sera. The remaining strips were incu-
bated with experimental raccoon sera at 22 C,
while shaking on a Precision, Dubnoff Meta-
bolic Shaking Incubator (GCA Corporation,
Chicago, Illinois, USA) for 3 hr. While shaking,
all strips were washed with skim milk (1% in
DW), three times for 10 min each washing.
The strips were incubated with goat anti-rac-
coon IgG biotinylated antibody (Kirkegaard
and Perry Laboratories, Inc., Gaithersburg,
Maryland, USA) (1:1000 in DW) for 2 hr at 22
C while shaking and then washed once. Strips
then were incubated in avidin-alkaline phos-
phatase conjugate (Bio-Rad Laboratories) (1:
2000 in 1% skim milk) for 1 hr, washed and
then incubated in alkaline phosphatase (AP)
buffer (1M Tris, ImM MgCl, pH 9.5), AP Col-
or Reagent A and B (Bio-Rad Laboratories) un-
til bands of the desired darkness were obtained.
The color reagents were decanted, the strips
rinsed four or five times in DW and allowed to
air dry. Differences in immunoblot band inten-
sities were used to evaluate the serum antibody
reactivity of individual raccoons toward B.
burgdorferi proteins.

Electrophoresis of the JD-1 and Wisconsin
210 Wise strains of B. burgdorferi was per-
formed as described for immunoblotting
(Laemmli, 1970). Strains grown in BSK-II and
BSK-H were used. Gels were stained in Coom-
assie brilliant blue R-250 (Laemmli, 1970) for
comparison of protein profiles (Bissett and Hill,
1987).

The ELISA assays were conducted using the
procedures of Greene et al. (1991). Briefly, 96-
well polystyrene plates (ICN Biomedicals Inc.,
Horsham, Pennsylvania) sensitized with antigen
(50 pl diluted 1:160 in coating buffer) were in-
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cubated for 1 hr at 35 C and held overnight at
4 C. Raccoon sera were thawed at 22 C, agi-
tated in a vortex mixer and diluted 1:4 with
washing buffer.

The sensitized plates were allowed to warm
to 22 C; then they were washed three times
with washing buffer. During the last washing
cycle, the plates were agitated on a clinical ro-
tator shaker (Fisher Scientific, Pittsburgh,
Pennsylvania) at 210 revolutions/min for 10
min. This process was repeated three times for
all other ELISA washing steps. After agitation,
the buffer was removed, 50 pl of diluted rac-
coon serum was added to each well, and the
plates were covered and incubated for 1 hr at
35 C. Each serum sample was run in duplicate.
After incubation, the plates were washed three
times, and 50 pl of a peroxidase-labeled affinity
purified goat-anti-raccoon IgG (H + L) anti-
body (Kirkegaard and Perry Laboratories, Inc.),
diluted 1:500 with washing buffer, was added
to every well. The plates were covered and in-
cubated at 35 C for 1 hr. Each plate was then
washed three times and 100 pl each of perox-
idase substrate solution (4-chloro-1-naphthol)
and peroxidase solution B (HyOs) (Kirkegaard
and Perry Laboratories, Inc.), were added to
each well. Color development was terminated
at the desired intensity after about 15 min by
adding 100 pl of 1% SDS to each well. The
optical density in each plate well was then mea-
sured and recorded using a BT 2000 Micro-
Kinetics Reader (Bio-Tek Instruments, Inc.,
Fisher Scientific) and KinetiCale 2.03 (Bio-Tek
Instruments, Inc., Fisher Scientific) software
package.

All experimental raccoon sera were screened
for antibodies to B. burgdorferi at a 1:4 dilution
against positive and negative control sera. Hy-
perimmune raccoon sera used as a positive con-
trol was produced by sequential inoculation of
a raccoon with B. burgdorferi (ATCC 35210,
American Type Culture Collection, Rockville
Maryland). Pre-exposure sera collected before
the primary exposure to spirochete-infected I.
scapularis was used as negative control sera for
each raccoon. The ELISA values (EV), de-
scribed as arbitrary units by Greene et al.
(1991) were calculated by the equation:

sample absorbance

EV = — negative control absorbance

= X 100.
positive control absorbance

— negative control absorbance

Arbitrary cutoff values were chosen based on
our experience with more than 1,000 field col-
lected raccoon samples. An 40 = EV = 60 was
considered suspect and an EV = 60 was con-
sidered positive for anti-B. burgdorferi antibod-
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ies. All sera with EVs = 40 were serially diluted
from 1:4 to 1:8,192 in washing buffer and as-
sayed by ELISA to determine serum antibody
titers.

Serum titers also were determined by IFA
microscopy as described by Magnarelli et al.
(1984). Five pl of the appropriate serum sam-
ple was applied to each well containing about
100 fixed spirochetes in each 400X field. Slides
were incubated at 35 to 37 C for 30 min,
washed three times (5 min each) in PBS, shak-
en to remove excess moisture, and allowed to
nearly air-dry. Slide wells were covered with 5
pl fluorescein isothiocyanate (FITC)-labeled,
goat anti-raccoon IgG (H + L) (Kirkegaard and
Perry Laboratories, Inc.) diluted 1:200 in PBS
and incubated for 30 min. Slides were again
rinsed three times in PBS, allowed to air dry,
covered with 80% glycerin:PBS (9:1, pH 8.9)
and a cover slip and examined by fluorescence
microscopy. The titer was expressed as the re-
ciprocal of the highest dilution (Magnarelli et
al., 1984) in which at least 50% of the spiro-
chetes per microscope field distinctly fluo-
resced. Serum antibody titers could only be de-
termined by ELISA for the sera of R5. Serum
antibody titers for the other four raccoons
could not be determined accurately by ELISA
because at the dilution of 1:256 the absorbance
readings of the negative controls were <0.02,
and all remaining samples tested had titers
higher than 1:256. An ELISA absorbance value
<0.02 was not relatively different than back-
ground.

RESULTS

Recovery of spirochete-infected 1. sca-
pularis nymphs varied from 15 to 65% (n
= 3 to 13 of 20) (Tables 1 to 5). We ap-
plied 2,400 naive larval I. scapularis per
raccoon to R4, R6, R7, and RS, and 600
naive nymphal I. scapularis to R5. The re-
covery of replete or partially replete ticks
used for xenodiagnosis varied between rac-
coons and cohorts fed on each raccoon
(Table 1 to 5). Smaller percentages of the
total number of ticks applied were recov-
ered from field-collected raccoons (R4,
R5) than from laboratory-reared raccoons
(R6 through R8). We recovered 198
(8.3%) replete larvae from R4, 458 (19%)
from R6, 820 (34%) from R7, and 787
(33%) from R8, and 88 (15%) nymphs
from R5 (Tables 1 to 5). For each cohort
of ticks recovered from our two field-col-
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TABLE 1.

305

Recovery of Ixodes scapularis from Procyon lotor (raccoon 4) and results of immunofluorescence

antibody (IFA)(H5332) assays for Borrelia burgdorferi.

Number

Number Post- Engorged dissected Number

of ticks infection ticks premolt dissected Number

applied day recovered (12 days) postmolt IFA-positive
Infected nymphs 12 20 0 3 (15)b 3 (15) 0 (0) 2 (67)
Larval cohort 1 300 7 25 (8.3) 13 (4.3) 9 (3.0) 0 (0)
Larval cohort 2 300 17 7(2.3) 4 (1.3) 2 (0.6) 0 (0)
Larval cohort 3 300 29 29 (9.6) 15 (5.0) 4 (1.3) 0 (0)
Larval cohort 4 300 71 31 (10) 16 (5.3) 10 (3.3) 0 (0)
Subtotal for cohorts 1,200 92 (7.7) 48 (4.0) 25 (2.1) 0 (0)
Infected nymphs 42 20 493 13 (65) 13 (65) 0 (0) 11 (85)
Larval cohort 5 300 499 35 (12) 18 (6.0) 9 (3.0) 0 (0)
Larval cohort 6 300 513 32 (11) 17 (5.7) 14 (4.7) 0 (0)
Larval cohort 7 300 527 15 (5.0) 8 (2.7) 7(2.3) 0 (0)
Larval cohort 8 300 555 24 (8.0) 12 (4.0) 8 (2.7) 0 (0)
Subtotal for cohorts 1,200 106 (8.8) 55 (4.6) 38 (3.2) 0 (0)
Overall total for cohorts 2,400 198 (8.3) 103 (4.3) 63 (2.6) 0 (0)

aInfected with JD-1 strain of B. burgdorferi.
b Number (percent).

lected animals, similarly small percentages
of engorged larvae (2.3 to 12% from R4)
and nymphs (9.3 to 27% from R5) were
collected. In contrast, for laboratory-reared
raccoons, the number of larvae recovered
for each cohort substantially declined fol-
lowing the second feeding of spirochete-in-
fected nymphs. After five feedings, the re-
covery of engorged xenodiagnostic larvae
from the three laboratory-reared raccoons
declined to near 10% and paralleled the re-
covery from the two field-collected rac-
coons. Molting success varied (29 to 100%)
by cohort regardless of the raccoon (Tables
1 to 5).

Sixteen engorged D. variabilis (seven
males, nine females) were collected from
R4 and, two engorged females were col-
lected from R5 upon capture. All Derma-
centor sp., ticks were examined by IFA-
MAB and no spirochetes were detected.
At least one B. burgdorferi infected I. sca-
pularis nymph fed on each raccoon. No
spirochetes were detected in any of the xe-
nodiagnostic ticks examined (Tables 1 to
5). Some ticks that were recovered could
not be examined by IFA-MAB because
they dessicated during holding.

The infectivity of the two strains of B.
burgdorferi used was verified by feeding I.

TABLE 2. Recovery of Ixodes scapularis from Procyon lotor (raccoon 5) and results of immunofluorescence
antibody (IFA)(H5332) assays for Borrelia burgdorferi.

Number

Number Post- Engorged dissected Number

of ticks infection ticks premolt dissected Number

applied day recovered (12 days) postmolt IFA-positive
Infected nymphs 12 20 0 4 (20)b 4 (20) 0 (0) 3 (75)
Nymphall cohort 1 150 12 17 (11) 9 (3.3) 5 (3.3) 0 (0)
Nymphall cohort 2 150 22 40 (27) 20 (13) 17 (11) 0 (0)
Nympbhall cohort 3 150 32 14 (9.3) 7 (4.7) 5 (3.3) 0 (0)
Nymphall cohort 4 150 56 17 (11) 9 (6.0) 8 (5.3) 0 (0)
Overall total for cohorts 600 88 (15) 45 (7.5) 30 (5.0) 0 (0)
2 Infected with JD-1 strain of B. burgdorferi.

b Number (percent).
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TABLE 3.
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Recovery of Ixodes scapularis from Procyon lotor (raccoon 6) and results of immunofluorescence

antibody (IFA)(H5332) assays for Borrelia burgdorferi.

Number Post- Engorged Number Number

of ticks infection ticks dissected pre-  dissected post- Number

applied day recovered molt (12 (lays) molt IFA-positive
Infected nymphs 14 20 0 9 (45)b 9 (45) 0 (0) 6 (67)
Larval cohort 1 300 5 73 (24) 37 (12) 19 (6.3) 0 (0)
Larva cohort 2 300 20 132 (44) 66 (22) 45 (15) 0 (0)
Larva cohort 3 300 33 62 (21) 31 (10) 20 (6.7) 0 (0)
Lanrva cohort 4 300 64 72 (24) 36 (12) 31 (10) 0 (0)
Subtotal for cohorts 1,200 339 (28) 170 (14) 115 (9.6) 0 (0)
Infected nvmphs 42 20 175 11 (55) 11 (55) 0 (0) 10 (91)
Lanval cohort 5 300 181 37 (12) 19 (6.3) 11 (3.7) 0 (0)
Lanva cohort 6 300 195 24 (8.0) 12 (4.0) 9 (3.0) 0 (0)
Larva cohort 7 300 209 24 (8.0) 12 (4.0) 8 (2.7) 0 (0)
Larva cohort 8 300 237 34 (11) 17 (11) 10 (3.3) 0 (0)
Subtotal for cohorts 1.200 119 (10) 60 (5.0) 38 (3.2) 0 (0)
Overall total for cohorts 2,400 458 (19) 230 (9.6) 153 (6.4) 0 (0)

* Infected with JD-1 strain of B. burgdorferi.
b Number (percent).

scapularis nymphs (from each of the five
groups used in the raccoon infection ex-
periments) on Syrian hamsters (Table 6).
All Syrian hamsters infected I. scapularis
larvae and had positive tissue cultures at
cuthanasia.

Spirochetes, confirmed as B. burgdor-
feri by IFA-MAB, were only observed in
cultures made from tissues of raccoons R4
and R6. Positive cultures from R4 were of

TABLE 4.

blood (wk 5, 8, 9, 11, and 12), needle as-
piration material taken from one ear (wk
3), and skin biopsies taken from ears (wk
3, 5,9, 81, and 83). Borrelia burgdorferi
was only isolated from R6 skin biopsies
(ear) (wk 28 and 31). Positive cultures
were derived from R4 after both exposures
to B. burgdorferi, but spirochetes only
were isolated from R6 after the second ex-
posure to spirochete-infected I. scapularis.

Recovery of Ixodes scapularis from Procyon lotor (raccoon 7) and results of immunofluorescence

antibody (IFA)(H5332) assays for Borrelia burgdorferi.

Number Post Engorged Number Number

of ticks infection ticks dissected pre- dissected Number

applied day recovered molt (12 days) postmolt IFA-positive
Infected nymphs 18 20 0 9 (45)b 9 (45) 0 (0) 7 (78)
Larval cohort 1 300 5 272 (91) 136 (45) 59 (20) 0 (0)
Larval cohort 2 300 20 188 (63) 94 (31) 73 (24) 0 (0)
Lanval cohort 3 300 33 139 (46) 70 (23) 57 (19) 0 (0)
Larval cohort 4 300 64 107 (36) 54 (18) 27 (9.0) 0 (0)
Subtotal for cohorts 1.200 706 (59) 354 (30) 215 (18) 0 (0)
Infected nymphs 44 20 175 12 (60) 12 (60) 0 (0) 11 (92)
Larval cohort 5 300 181 32 (11) 16 (5.3) 11 (3.7) 0 (0)
Larval cohort 6 300 195 18 (6.0) 10 (3.3) 6 (2.0) 0 (0)
Larval cohort 7 300 209 31 (10) 17 (5.7) 10 (3.3) 0 (0)
Larval cohort 8 300 237 31 (10) 16 (5.3) 13 (4.3) 0 (0)
Subtotal for cohorts 1.200 107 (14) 59 (4.9) 40 (3.3) 0 (0)
Overall total for cohorts 2,400 820 (34) 413 (17) 256 (11) 0 (0)

* Infected with JD-1 strain of B. burgdorferi.
b Number (percent).
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TABLE 5. Recovery of Ixodes scapularis from Procyon lotor (raccoon 8) and results of immunofluorescence
antibody (IFA)(H5332) assays for Borrelia burgdorferi.

Number Post- Engorged Number Number

of ticks infection ticks dissected pre- dissected Number

applied day recovered molt (12 days) postmolt IFA-positive
Infected nymphs 12 20 0 4 (20)b 4 (20) 0 (0) 2 (50)
Larval cohort 1 300 5 289 (96) 145 (48) 97 (32) 0 (0)
Larval cohort 2 300 20 173 (58) 87 (29) 48 (16) 0 (0)
Larval cohort 3 300 33 106 (35) 53 (18) 29 (9.7) 0 (0)
Larval cohort 4 300 64 94 (31) 47 (16) 33 (11) 0 (0)
Subtotal for cohorts 1,200 662 (55) 332 (28) 207 (17) 0 (0)
Infected nymphs 42 20 175 9 (45) 9 (45) 0 (0) 8 (88)
Larval cohort 5 300 181 40 (13) 20 (6.7) 17 (5.7) 0 (0)
Larval cohort 6 300 195 29 (9.7) 15 (5.0) 12 (4.0) 0 (0)
Larval cohort 7 300 209 24 (8.0) 12 (4.0) 10 (3.3) 0 (0)
Larval cohort 8 300 237 32 (11) 16 (5.3) 9 (3.0) 0 (0)
Subtotal for cohorts 1,200 125 (10) 63 (5.3) 48 (4.0) 0 (0)
Overall total for cohorts 2,400 787 (33) 395 (17) 255 (11) 0 (0)

4 Infected with JD-1 strain of B. burgdorferi.
b Number (percent).

All other raccoon tissue cultures were neg- R8. Raccoon 5 was euthanized at an earlier
ative. date and microscopic histologic evaluation

No gross or microscopic lesions were was not conducted. Liver sections from R4
noted in tissues obtained from R6, R7, and had lipofuscin and bridging peroportal fi-

TABLE 6. Recovery of Ixodes scapularis from hamsters (Mesocricetus auratus auratus) 1 through 10 (H1-
H10) and results of immunofluorescence antibody (IFA)(H5332) assays for Borrelia burgdorferi.

Number Number Number

of ticks  Engorged ticks  dissected pre- dissected Number

applied recovered molt (12 days) postmolt IFA positive
Infected nymphs 1¢ on H1 5 4 (80)b 4 (80) 0 (0) 4 (100)
Larval cohort on H1 25 7 (28) 4 (16) 3 (12) 6 (88)
Infected nymphs 1* on H2 5 5 (100) 5 (100) 0 (0) 4 (80)
Larval cohort on H2 25 11 (44) 6 (24) 5 (20) 9 (81.8)
Infected nymphs 22 on H3 5 5 (100) 5 (100) 0 (0) 4 (80)
Larval cohort on H3 25 16 (64) 8 (32) 8 (32) 12 (75)
Infected nymphs 2¢ on H4 5 3 (60) 3 (60) 0 (0) 1 (20)
Larval cohort on 114 25 10 (40) 5 (20) 5 (20) 7 (70)
Infected nymphs 3¢ on H5 5 5 (100) 5 (100) 0 (0) 5 (100)
Larval cohort on H5 25 8 (32) 4 (16) 4 (16) 7 (88)
Infected nymphs 3¢ on H6 5 4 (80) 2 (40) 0 (0) 2 (100)
Larval cohort on H6 25 17 (68) 8 (32) 8 (32) 10 (40)
Infected nymphs 4% on H7 5 3 (60) 3 (60) 0 (0) 3 (100)
Larval cohort on H7 25 13 (52) 7 (28) 6 (24) 11 (85)
Infected nymphs 4* on H8 5 4 (80) 4 (80) 0 (0) 4 (100)
Larval cohort on H8 25 20 (80) 10 (40) 8 (32) 16 (64)
Infected nymphs 5¢ on H9 5 5 (100) 5 (100) 0 (0) 3 (60)
Larval cohort on H9 25 21 (84) 11 (44) 9 (36) 18 (86)
Infected nymphs 5¢ on H10 5 4 (80) 4 (80) 0 (0) 1 (25)
Larval cohort on H10 25 15 (60) 8 (32) 7 (28) 11 (73)

4 Infected with JD-1 strain of B. burgdorferi.
b Number (percent).
¢ Infected with Wisconsin 210 Wise strain of B. burgdorferi.
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FIGURE 1.
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Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (12% gel stained with

Coomassie blue) protein profiles of the two strains of Borrelia burgdorferi grown in Barbour-Stoenner-Kelly
medium (BSK-1I) and BSK-H. Lanes 1 and 10, low molecular weight standards; lanes 2 and 6, strain JI-1
grown in BSK-II; lanes 3 and 7. Wisconsin 210 Wise strain grown in BSK-11; lanes 4 and 8, strain JID-1 grown
in BSK-H; lanes 5 and 9. Wisconsin 210 Wise strain grown in BSK-H. Molecular masses shown on left (in

kilodaltons).

brosis by PAMS stain and H&E respec-
tively. Glomulosclerosis was seen by GMS
stain and chronic, mild, multifocal, lym-
phocytic and plasmacytic interstitial ne-
phritis was evident with H&E in kidney
sections. Cross-sections of a nematode
were evident in urinary bladder tissue sec-
tions.

There were no remarkable differences

in the protein profiles of the two strains of

B. burgdorferi used (Fig. 1). No differ-
ences within or between strains resulting
from the type of culture media used (BSK-
IT or BSK-H) were detected.

Antibody reactivity to B. burgdorferi an-
tigens was depressed relative to positive
control sera for all raccoons except R5 fol-
lowing the first feeding of infected
nymphs. Serum samples taken from R5
were suspect positive for anti-B. burgdor-
feri antibodies during weeks 4, 6, and 7,
but strongly positive during weeks 8 and
11. The remaining raccoons (R4, R6, R7,

R8), serologically converted from 4 to 6 wk
after the second feeding of infected
nymphs. These raccoons had ELISA val-
ues (EV) less than 40 during weeks 0 to
73 for R4, 0 to 29 for R6, 0 to 28 for R7,
and 0 to 2 and 4 to 27 for R8. These rac-
coons had suspect EV (40 = EV = 60)
during weeks 30 to 35 for R6, 30 for R7,
and 28 and 29 for R8. Positive EV (=60)
were detected during weeks 74 to 83 for
R4, 36 and 37 for R6, 29 and 31 to 37 for
R7, and 30 to 37 for R8. Maximum absor-
bance values for ELISA ranged from 1.25
to >5.5 times greater than values recorded
for positive control serum samples.

The antibody titers for R5 sera deter-
mined by IFA were equivalent to titers de-
termined for the same samples by ELISA.
Antibody titer for weeks 4 and 6 was 1:8.
For weeks 7, 8 and 11, the titers were 1:
32, 1:128, and 1:64, respectively. Serum
antibody titers increased over time for all
raccoons. Maximum antibody titers ranged
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TABLE 7. Raccoon (Procyon lotor) serum immunofluorescence antibody (IFA)(H5332) titers® to Borrelia
burgdorferi.
Raccoon 4 Raccoon 5 Raccoon 6 Raccoon 7 Raccoon 8
Week Titer? Week Titer? Week Titer? Week Titer" Week Titer”
76 512 4 8 30 256 29 1,024 3 256
77 1,024 6 8 31 512 30 1,024 6 256
78 512 7 32 32 1.024 31 1,024 28 512
79 512 8 128 33 512 32 2,048 29 512
80 1.024 11 64 34 512 33 2,048 30 1.024
81 2,048 — — 35 1,024 34 1,024 31 1,024
82 2,048 —_ —_ 36 2.048 35 2.048 32 1,024
83 2,048 — — 37 2.048 36 4,096 33 1.024
— — — — _ — 37 4,096 34 2,048
— — — — — — — — 35 2.048
— — — — — — — —_ 36 4,096
— — — — —_ — — — 37 4,096

4 Expressed as the reciprocal of the highest dilution of a serum sample for which 50% of the spirochetes per microscope

field could be seen by IFA.
b Mean of duplicate samples.
¢ —, not done.

from 1:128 for R5 to 1:4,096 for R7 and
R8 (Table 7). Generally, antibody activity
as measured by ELISA was not congruent
with serum antibody titers determined by
IFA. For R5, samples with an 40 = EV =
60 were equivalent to IFA-MAB antibody
titers of 1:8 or 1:32. For the other rac-
coons, samples with an 40 = EV = 60
were equivalent to IFA antibody titers
ranging from 1:256 to 1:2,048.

Positive control sera had strong anti-
body reactivity to antigens estimated to be
18, 21, 31, 34, 41, 43, 45, 48, 50, 55, 61,
66, and 96 kDa antigens (Fig. 2). Negative
control sera had no apparent antibody
reactivity. Raccoon 4 devel()ped strong an-
tibody reactivity to 18-, 21-, 31-, 34-, 41-,
50-, and 55-kDa antigens during weeks 73
to 81. Sera from R5 primarily reacted to
31 and 34 kDa antigens during weeks 3
through 11. Serum samples from R6 had
strong reactivity to 18-, 21-, 31-, 34-, and
96-kDa antigens during weeks 29 through
37. Strong serologic reactivity to 18-, 21-,
31-, 34-, 41-, and 96-kDa antigens was ob-
served in the sera of R7 during weeks 28
to 37. Raccoon 8 had strong serum reac-
tivity to 18-, 21-, 31-, 34-, 41-, 45-, 50-,
55-, 61-, 66-, and 96-kDa antigens during
weeks 29 through 37, but only exhibited

weak reactivity to the 41-, 66-, and 96-kDa
antigens during weeks 1 through 16. Most
of the antibody reactivity observed in the
experimental raccoon sera was very similar
to the immunoreactivity of the positive
control sera; thus the experimental rac-
coon sera probably contained antibodies
produced to the same antigens that elicit-
ed an immune response from the control
animal.

DISCUSSION

Transfer of B. burgdorferi from rac-
coons to attached I. scapularis apparently
is inefficient. Although we reisolated the
spirochete from two raccoons, larval I. sca-
pularis did not acquire the spirochete
from these hosts during feeding. In con-
trast, Fish and Daniels (1990) found that
six of 11 raccoons from New York infected
attached larval I. scapularis. Heavy bur-
dens of infected nymphal and adult I. sca-
pularis in Lyme Disease-enzootic areas re-
sult in almost continuous exposure to in-
fected ticks during focused periods in the
spring and summer (Lord, 1992). The
brief exposure to infected ticks in our
studies may not have been of sufficient du-
ration or intensity to replicate exposure
conditions in natural p()pulati()ns.
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FIGURE 2.

Representative immunoblotting profile of raccoon sera (R8) against Borrelia burgdorferi an-

tigen over time. Lane 1 was incubated with negative control raccoon serum; lane 2 was incubated with positive
control raccoon serum; lanes 3 (pre-exposure), 4 to 13 (primary exposure, weeks 1 and 2, 5 and 6, 8, 11 to
14 and 16). and 14 to 25 (secondary exposure, weeks 26 to 37) were incubated with experimental raccoon
sera. Molecular masses of protein standards are shown on the right (in kilodaltons).

Feeding success on the tick-naive rac-
coons, decreased dramatically with succes-
sive applications of I. scapularis larvae.
The number of engorged larvae recovered
from these raccoons declined by as much
as 85% over the 37-wk period of the in-
fection trials. Recovery of replete larval
ticks from field-collected (R4) and labo-
rat()ry-rcare(l raccoons (R6, R7, R8), after
four feedings of larvae on each animal,
were approximately 10% of the number
applied. Although some tick loss may be
attributable to more intensive raccoon
grooming behavior in captivity, we believe
that the laboratory-reared raccoons ac-
quired resistance to tick feeding during
the infection trials. The field-collected rac-
coons upparcntly were somewhat resistant
when captured.

Borrelia burgdorferi was isolated from
R4 and from the skin of R6, but was not
recovered from any of the other raccoons.

Spirochetes have been isolated from
white-footed mice and other rodents (An-
derson et al., 1985) which can infect at-
tached larval I. scapularis (Mather et al.,
1989). However, our experience with rac-
coons more closely resembles that of Ap-
pel et al. (1993) in dogs, which were ex-
posed to B. burgdorferi by tick bite and
inoculation. As in our study, Appel et al.
(1993) isolated B. burgdorferi from dogs
but did not detect spirochetes in xenodi-
agnostic I. scapularis larvae. However, in
a more recent study, Mather et al. (1994)
was able to recover infected xenodiagnos-
tic larval ticks from dogs infected with B.
burgdorferi by tick bite.

The tick life stage responsible for patho-
gen transmission may be important in de-
termining the intensity and development
time of infection. Appel et al. (1993) and
Mather et al. (1994) found that dogs were
infected after they were fed upon by a sin-
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gle cohort of infected adult ticks. In ad-
dition, Appel et al. (1993) discovered that
feedings of multiple cohorts of infected
nymphs were required to induce a similar
infection. Greene et al. (1988a) failed to
infect four laboratory-reared beagles after
each dog was fed upon by B. burgdorferi-
infected I. scapularis nymphs. Based on
these observations, we propose that adult
ticks may deliver a larger inoculum of spi-
rochetes than nymphs, and that the num-
ber of spirochetes inoculated may be cor-
related with the intensity of infection in
the host. Although two of our raccoons
(R4 and R6) apparently received sufficient
spirochetes to become infected, they did
not infect attached ticks. Piesman et al.
(1990) found >10* tick-derived spiro-
chetes inoculated intraperitoneally achieved
100% infection of hamsters, while 103 to
104 spirochetes infected only 35%, and
<103 spirochetes did not infect hamsters.
Although the inoculum size associated
with tick-transmitted B. burgdorferi has
not been defined, infection thresholds are
likely to vary by host species.

Antigenic proteins were identified by
mobility against molecular weight stan-
dards. All five raccoons used in the xeno-
diagnostic studies were exposed to B.
burgdorferi. Immunoblot profiles of rac-
coon sera did not closely ressemble sera of
other wildlife or domestic animals species.
Sera from each raccoon, including the pos-
itive control sera, reacted strongly to the
OspA (31-kDa) and OspB (34-kDa) pro-
teins. In contrast, non-human hosts infect-
ed via tick bite generally do not develop
strong antibody responses to OspA or
OspB (Greene et al., 1988b). Reactivity to
these proteins is much more common
when animals are infected via needle-in-
oculation (Roehrig et al., 1992). Strong im-
munoreactivity to these two proteins
would be expected for the positive control
(hyperimmune) raccoon because it was
needle-inoculated with about 10 spiro-
chetes. The negative control sera and
preexposure sera had no immunoreactivity.

Gern et al. (1993) proposed that natu-

31

rally infected mice do not produce anti-
bodies to the 31- and 34-kDa antigens be-
cause of suboptimal doses of B. burgdor-
feri delivered during tick feeding. An in-
oculum of >10* spirochetes was needed to
elicit antibody production to the 31- and
34-kDa antigens. Therefore, the innocu-
lum of spirochetes delivered by the labo-
ratory-infected nymphs used to infect the
raccoons in our studies apparently was
large enough to elicit an antibody response
to 31- and 34-kDa antigens. Alternatively,
the local immunologic response of raccoon
skin may be different than that of white-
footed mice and other reservoir competent
hosts. Host species have markedly differ-
ent inflamatory responses to tick attach-
ment (Ribeiro et al., 1985). In addition,
tick saliva includes antihemostatic, antiin-
flammatory, and immunosuppressive fac-
tors that facilitate feeding by circumvent-
ing the host response to attachment (Ri-
beiro et al., 1985).

Dogs vaccinated with a commercial B.
burgdorferi bacterin were protected
against challenge with seven consecutive
daily doses of 2.5 x 10% B. burgdorferi
(Chu et al., 1992). The bacteria elicited a
strong antibody response to 31- and 34-
kDa antigen in these dogs (Chu et al.,
1992). High levels of borreliacidal antibod-
ies found in human Lyme disease sera
(Callister et al., 1991) are also specific for
OspA (Callister et al., 1993). However, an-
tibodies to another common antigen, 41-
kDa, did not provide protection against B.
burgdorferi infection (Schaible et al.,
1990). If antibodies to 31- and 34-kDa an-
tigen confer the same type of protection
in raccoons, then their occurrence and the
lack of recovery of spirochetes through
culture or xenodiagnosis would be expect-
ed. If, however, these antibodies do not
provide complete protection for all rac-
coons or if infection cycles follow a pattern
of relapsing spirochetemia, then spiro-
chetes might sporadically be recovered, as
was found for R4 and R6. Borrelia burg-
dorferi spirochetemia has been reported to
cycle though alternating spirochete-posi-

Downloaded From: https://staging.bioone.org/journals/Journal-of-Wildlife-Diseases on 28 Jan 2025
Terms of Use: https://staging.bioone.org/terms-of-use



312

tive and spirochete-negative phases in the
hispid cotton rat (Sigmodon hispidus)
(Burgdorfer and Gage, 1986).

The immune response of animals that
were exposed twice to B. burgdorferi (R4,
R6, R7, and R8) differed markedly from
an animal (R5) that was exposed only
once. Based on the intensity of antibody
reactivity in immunoblots, R4, R6, R7, and
R8 were more intensely exposed to B.
burgdorferi than R5 even though ELISA
values were much higher for R5 during
the first exposure than for any of the other
raccoons. The ELISA and IFA serum ti-
ters for raccoons were within the range of
values measured for raccoons collected in
Connecticut, Maryland, North Carolina,
and Florida (USA) (Magnarelli et al.,
1991) and naturally-infected dogs (1:64-1:
16,384) (Magnarelli et al., 1985) sampled
in Connecticut. Raccoons exposed twice to
the B. burgdorferi infected nymphs devel-
oped threshold serum values (EV > 40) at
4 wk after the second exposure to infected
ticks. Although R5 was only exposed once
in the laboratory to infected nymphs, it de-
veloped a threshold titer after 4 wk. Based
on the initial screening and attempted cul-
ture of B. burgdorferi R5 had no prior ex-
posure to the spirochete; however, it had
an anamnestic type of response. Borrelia
burgdorferi has not been isolated from
suspected Lyme disease patients in North
Carolina. However, transmission of B.
burgdorferi has been detected in other ar-
eas of North Carolina (Levine et al., 1989).
The raccoon may have been previously ex-
posed to the spirochete and the titer of
baseline sera, obtained prior to the exper-
iments, may have been below detectable
limits. Dogs infected via tick bite did not
seroconvert until 4 to 6 wk after being fed
upon by infected ticks (Appel et al., 1993).
Antibody levels in these dogs increased for
6 to 8 wk and then remained high for up
to one year (Appel et al., 1993). The rac-
coon reservoir competence experiments
were not continued long enough to detect
a plateau or drop in antibody response.

Based on our studies we believe that
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raccoons are susceptible to infection with
B. burgdorferi, but their ability to infect
attached ticks may be limited. Additional
studies in which raccoons are repeatedly
exposed to the spirochete by tick bite are
needed to assess if the intensity of expo-
sure is related to reservoir competence.
Since different hosts may vary in their abil-
ity to infect different species of ticks, ad-
ditional studies are also needed to assess
the ability of raccoons to infect other tick
species with the spirochete.

ACKNOWLEDGEMENTS

We thank Dr. Joseph Piesman for the supply
of infected nymphs for the study. We also thank
Drs. Joseph Piesman, Durland Fish and Daniel
Sonenshine for supplying the noninfected ticks
used in our experiments. We are grateful to the
N.C. Wildlife Resources Commission and the
Wistar Institute for providing the raccoons and
to Dr. Alan Barbour (Department of Microbi-
ology, University of Texas, San Antonio) for
supplying the species-specific monoclonal an-
tibody used in all IFAs.

LITERATURE CITED

ANDERSON, J. F., AND L. A. MAGNARELLI. 1984. Avi-
an and mammalian hosts for spirochete-infected
ticks and insects in a Lyme disease focus in Con-
necticut. Yale Journal of Biology and Medicine
57: 627-641.

, W. BURGDORFER, AND A. G. BAR-

BOUR. 1983. Spirochetes in Ixodes dammini and

mammals from Connecticut. American Journal

of Tropical Medicine and Hygiene 32: 818-824.

. R. C. JOHNSON, L. A. MAGNARELLI, AND F.
W. HYDE. 1985. Identification of endemic foci
of Lyme disease: Isolation of Borrelia burgdor-
feri from feral rodents and ticks (Dermacentor
variabilis). Journal of Clinical Microbiology 22:
36-38.

APPEL, M. ]J. G., S. ALLAN, R. H. JacoBsoN, T. L.
LAUDERDALE, Y. F. CHANG, S. J. SHIN, J. W.
THOMFORD, R. J. TODHUNTER, AND B. A. SUM-
MERS. 1993. Experimental Lyme disease in dogs
produces arthritis and persistent infection. The
Journal of Infectious Diseases 167: 651-664.

BARBOUR, A. G. 1984. Isolation and cultivation of
Lyme disease spirochetes. Yale Journal of Biol-
ogy and Medicine 57: 521-525.

BISSETT, M. L., AND W. HiLL. 1987. Characteriza-
tion of Borrelia burgdorferi strains isolated from
Ixodes pacificus ticks in California. Journal of
Clinical Microbiology 25: 2296-2301.

BROWN, R. N., AND R. S. LANE. 1994. Natural and

Downloaded From: https://staging.bioone.org/journals/Journal-of-Wildlife-Diseases on 28 Jan 2025
Terms of Use: https://staging.bioone.org/terms-of-use



NORRIS ET AL.—INFECTION OF RACCOONS WITH BORRELIA

experimental Borrelia burgdorferi infections in
woodrats and deer mice from California. Journal
of Wildlife Diseases 30: 389-398.

BURGDORFER, W., AND K. L. GAGE. 1986. Suscep-
tibility of the black-legged tick, Ixodes scapularis,
to the Lyme disease spirochete, Borrelia burg-
dorferi. Zentralblatt fiir Bakteriologie und Hy-
giene A 263: 15-20.

CALLISTER, S. M, R. F. SCHELL, AND S. D. LOVRICH.
1991. Lyme disease assay which detects killed
Borrelia burgdorferi. Journal of Clinical Micro-
biology 29: 1773-1776.

, , K. L. CASE, S. D. LOVRICH, AND S.
P. DAY. 1993. Characterization of the borrelia-
cidal antibody response to Borrelia burgdorferi
in humans: A serodiagnostic test. The Journal of
Infectious Diseases 167: 158-164.

CHu, H.-]., L. G. CHAVEZ, JR., B. M. BLUMER, R. W,
SEBRING, T. L. WASMOEN, AND W. M. ACREE.
1992. Immunogenicity and efficacy study of a
commercial Borrelia burgdorferi bacterin. Jour-
nal of the American Veterinary Medical Associ-
ation 201: 403—411.

DONAHUE, J. G., J. PIESMAN, AND A. SPIELMAN.
1987. Reservoir competence of white-footed
mice for Lyme disease spirochetes. American
Journal of Tropical Medicine and Hygiene 36:
92-96.

FisH, D., AND T. ]J. DANIELS. 1990. The role of me-
dium mammals as reservoirs of Borrelia burg-
dorferi in southern New York. Journal of Wildlife
Diseases 26: 339-345.

GERN, L., U. E. SCHAIBLE, AND M. M. SIMON. 1993.
Mode of inoculation of the Lyme disease agent
Borrelia burgdorferi influences infection and im-
mune responses in inbred strains of mice. The
Journal of Infectious Diseases 167: 971-975.

GREENE, R. T, J. F. LEVINE, E. B. BREITSCHWERDT,
R. L. WALKER, H. A. BERKHOFF, ]J. CULLEN,
AND W. L. NICHOLSON. 1988a. Clinical and se-
rologic evaluations of induced Borrelia burgdor-
feri infection in dogs. American Journal of Vet-
erinary Research 49: 752-757.

, R. L. WALKER, W. L. NICHOLSON, H. W.
HEIDNER, J. F. LEVINE, E. C. BURGESS, M.
WYAND, E. B. BREITSCHWERDT, AND H. A. BER-
KHOFF. 1988b. Immunoblot analysis of immu-
noglobulin G response to the Lyme disease agent
(Borrelia burgdorferi) in experimentally and nat-
urally exposed dogs. Journal of Clinical Micro-
biology 26: 648-653.

2 2 , AND ]J. F. LEVINE. 1991.
Comparison of an enzyme-linked immunosor-
bent assay to an indirect immunofluorescence as-
say for the detection of antibodies to Borrelia
burgdorferi in the dog. Veterinary Microbiology
26: 179-190.

JAENSON, T. G. T., D. FisH, H. S. GINSBERG, ]. S.
GRAY, T. N. MATHER, AND ]. PIESMAN. 1991.
Methods for control of tick vectors of Lyme bor-

313

reliosis. Scandinavian Journal of Infectious Dis-
eases Supplementum 77: 151-157.

JOHNSON, R. C., N. MAREK, AND C. KODNER. 1984.
Infection of Syrian hamsters with Lyme disease
spirochetes. Journal of Clinical Microbiology 20:
1099-1101.

KAzACos, K. R., AND W. M. BOYCE. 1989. Baylisas-
caris larva migrans. Journal of the American Vet-
erinary Medical Association 195: 894-903.

KIDDER, |. D, S. E. WADE, M. E. RICHMOND, AND
S. ]J. SCHWAGER. 1989. Prevalence of patent
Baylisascaris procyonis infection in raccoons
(Procyon lotor) in Ithaca, New York. The Journal
of Parasitology 75: 870-874.

LAEMMLI, U. K. 1970. Cleavage of structural pro-
teins during the assembly of the head of bacte-
riophage T4. Nature 227: 680-685.

LANE, R. S., J. PIESMAN, AND W. BURGDORFER.
1991. Lyme borreliosis: Relation of its causative
agent to its vectors and hosts in North America
and Europe. Annual Review of Entomology 36:
587-609.

LEVINE, J. F,, C. S. APPERSON, AND W. L. NICHOL-
SON. 1989. The occurrence of spirochetes in ixo-
did ticks in North Carolina. Journal of Entomo-
logical Science 24: 594-602.

LORD, C. C. 1992. Nymphal Ixodes dammini: Mod-
els of the temporal abundance patterns. Inter-
national Journal of Parasitology 22: 759-765.

LUNA, L. G. [EDITOR]. 1968. Manual of histologic
staining methods of the Armed Forces Institute
of Pathology. 3rd ed. McGraw-Hill Book Com-
pany, New York, New York. pp. 220, 230.

LUTTRELL, M. P, K. NAKAGAKI, E. W. HOWERTH, D.
E. STALLKNECHT, AND K. A. LEE. 1994. Exper-
imental infection of Borrelia burgdorferi in
white-tailed deer. Journal of Wildlife Diseases
30: 146-154.

MAGNARELLI, L. A, J. F. ANDERSON, W. BURGDOR-
FER, AND W. A. CHAPPELL. 1984. Parasitism by
Ixodes dammini (Acari: Ixodidae) and antibodies
to spirochetes in mammals at Lyme disease foci
in Connecticut, USA. Journal of Medical Ento-
mology 21: 52-57.

, A. F. KAUFMANN, L. L. LIEBERMAN,

AND G. D. WHITNEY. 1985. Borreliosis in dogs

from southern Connecticut. Journal of the Amer-

ican Veterinary Medical Association 186: 955

959.

, J. H. OLIVER, H. J. HUTCHESON, AND . F.
ANDERSON. 1991. Antibodies to Borrelia burg-
dorferi in deer and raccoons. Journal of Wildlife
Diseases 27: 562-568.

MAIN, A. J., H. E. SPRANCE, K. KLOTER, AND S. W,
BROWN. 1981. Ixodes dammini (Acari:Ixodidae)
on white-tailed deer (Odocoileus virginianus) in
Connecticut. Journal of Medical Entomology 18:
487-492.

MANNELLI, A., U. KITRON, C. J. JONES, AND T. L.
SLAJCHERT. 1993. Role of the eastern chipmunk

Downloaded From: https://staging.bioone.org/journals/Journal-of-Wildlife-Diseases on 28 Jan 2025
Terms of Use: https://staging.bioone.org/terms-of-use



314

as a host for immature Ixodes scapularis (Acari:
Ixodidae) in northwestern Illinois. Journal of
Medical Entomology 30: 87-93.

MATHER, T. N, ]. M. C. RIBEIRO, AND A. SPIELMAN.
1987. Lyme disease and babesiosis: Acaricide fo-
cused on potentially infected ticks. American
Journal of Tropical Medicine and Hygiene 36:
609-614.

. M. L. WILSON, S. I. MOORE, ]. M. C. RI-

BIERO, AND A. SPIELMAN. 1989. Comparing the

relative potential of redents as reservoirs of the

Lyme disease spirochete (Borrelia burgdorferi).

American Journal of Epidemeology 130: 143-

150.

, D. FisH, AND R. T. COUGHLIN. 1994. Com-
petence of dogs as reservoirs for Lyme disease
spirochetes (Borrelia burgdorferi). Journal of the
American Veterinary Medical Association 205:
186-188.

PIESMAN, ]., AND A. SPIELMAN. 1979. Host-associa-
tions and seasonal abundance of immature Ixo-
des dammini in southeastern Massachusetts. An-
nals of the Entomological Society of America 72:
829-832.

s J G. DONAHUE, T. N. MATHER, AND A.

SPIELMAN. 1986. Transovarially acquired Lyme

disease spirochetes (Borrelia burgdorferi) in

field-collected larval Ixodes dammini (Acari: Ix-

odidae). Journal of Medical Entomology 23: 219.

. J. R. OLIVER, AND R. J. SINSKY. 1990.

Growth kinetics of the Lyme disease spirochete

(Borrelia burgdorferi) in vector ticks (Ixodes

dammini). American Journal of Tropical Medi-

cine and Hygiene 42: 352-357.

, G. O. MAUPIN, E. G. CAMPOS, AND C. M.
Happ. 1991. Duration of adult female Ixodes
dammini attachment and transmission of Borrel-
ia burgdorferi, with description of a needle as-
piration isolation method. The Journal of Infec-
tious Diseases 163: 895-897.

RIBEIRO, J. M. C., G. T. MAKOUL, J. LEVINE, D. R.
ROBINSON, AND A. SPIELMAN. 1985. Antihe-
mostatic, antiinflammatory, and immunosuppres-
sive properties of the saliva of a tick, Ixodes dam-
mini. Journal of Experimental Medicine. 161:
332-344.

ROEHRIG, J. T, J. PIESMAN, A. R. HUNT, M. G.
KEEN, C. M. HAPP, AND B. ]. B. JOHNSON. 1992.
The hamster immune response to tick-transmit-
ted Borrelia burgdorferi differs from the re-
sponse to needle-inoculated, cultured organisms.
Journal of Immunology 149: 3648-3653.

SCHAIBLE, U. E., M. D. KRAMER, K. EICHMANN, M.

JOURNAL OF WILDLIFE DISEASES, VOL. 32, NO. 2, APRIL 1996

MODOLELL, C. MUSETEANU, AND M. M. SIMON.
1990. Monoclonal antibodies specific for the
outer surface protein A (OspA) of Borrelia burg-
dorferi prevent Lyme borreliosis in severe com-
bined immunodeficiency (scid) mice. Proceed-
ings of the National Academy of Sciences (USA).
87: 3768-3772.

ScHWAN, T. G., K. K. KIME, M. E. SCHRUMFF, |. E.
COE, AND W. J. SIMPSON. 1989. Antibody re-
sponse in white-footed mice (Peromyscus leuco-
pus) experimentally infected with Lyme disease
spirochete (Borrelia burgdorferi). Infection and
Immunology 57: 3445-3451.

SHEEHAN, D. C,, AND B. B. HRAPCHAK [EDITORS].
1980. Theory and practice of histotechnology.
2nd ed. C. V. Mosby Company, St. Louis, Mis-
souri, pp. 156, 164-166.

SINSKY, R. J., AND J. PIESMAN. 1989. Ear punch bi-
opsy method for detection and isolation of Bor-
relia burgdorferi from rodents. Journal of Clini-
cal Microbiology 27: 1723-1727.

SONENSHINE, D. E. 1979. Ticks of Virginia (Acari:
Metastigmata). The insects of Virginia. Series
No. 13, Research Bulletin 139, Virginia Poly-
technic Institute and State University, Blacks-
burg, Virginia, 42 pp.

SPIELMAN, A., M. L. WILSON, ]J. F. LEVINE, AND ]J.
PIESMAN. 1985. Ecology of Ixodes dammini-
borne human babesiosis and Lyme disease. An-
nual Review of Entomology 30: 439-460.

STEERE, A. C, R. L. GRODZICKI, A. N. KORNBLATT,
J. E. CRAFT, A. G. BARBOUR, W. BURGDORFER,
G. P. SCHMID, E. JOHNSON, AND S. E. MALA-
WISTA. 1983. The spirochetal etiology of Lyme
disease. New England Journal of Medicine 308:
733-740.

TELFORD, S. R., I1I, T. N. MATHER, S. I. MOORE, M.
L. WILSON, AND A. SPIELMAN. 1988. Incompet-
ence of deer as reservoirs of Borrelia burgdor-
feri. Annals of the New York Academy of Science
539: 429-430.

TOWBIN, H., T. STAEHELIN, AND J. GORDON. 1979.
Electrophoretic transfer of proteins from poly-
acrylamide gels to nitrocellulose sheets: Proce-
dure and some applications. Proceedings of the
National Academy of Sciences USA. 76: 4350
4354.

WILSON, M. L., S. R. TELFORD III, J. PIESMAN, AND
A. SPIELMAN. 1988. Reduced abundance of im-
mature Ixodes dammini (Acari: Ixodidae) follow-
ing elimination of deer. Journal of Medical En-
tomology 25: 224-228.

Received for publication 24 August 1994.

Downloaded From: https://staging.bioone.org/journals/Journal-of-Wildlife-Diseases on 28 Jan 2025
Terms of Use: https://staging.bioone.org/terms-of-use





