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Real-Time Monitoring of Disease Progression
in Rhesus Macaques Infected With Borrelia
turicatae by Tick Bite
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The hallmark of disease caused by tick- and louse-borne relapsing fever due to Borrelia infection is cyclic febrile
episodes, which in humans results in severe malaise and may lead to death. To evaluate the pathogenesis of re-
lapsing fever due to spirochetes in an animal model closely related to humans, disease caused by Borrelia turi-
catae after tick bite was compared in 2 rhesus macaques in which radiotelemetry devices that recorded body
temperatures in 24-hour increments were implanted. The radiotelemetry devices enabled real-time acquisition
of core body temperatures and changes in heart rates and electrocardiogram intervals for 28 consecutive days
without the need to constantly manipulate the animals. Blood specimens were also collected from all animals for
14 days after tick bite, and spirochete densities were assessed by quantitative polymerase chain reaction. The
complexity of disease caused by relapsing-fever spirochetes was demonstrated in the nonhuman primates mon-
itored in real time. The animals experienced prolonged episodes of hyperthermia and hypothermia; disruptions
in their diurnal patterns and repolarization of the heart were also observed. This is the first report of the char-
acterizing disease progression with continuous monitoring in an animal model of relapsing fever due to

Borrelia infection.
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Tick- and louse-borne relapsing-fever spirochetes are
blood-borne pathogens and a leading cause of child
morbidity and mortality in underdeveloped countries
[1-6], with infections associated with >1 x 107 spiro-
chetes/mL of blood [7, 8]. A family of surface lipo-
proteins responsible for antigenic variation acts as
endotoxins [9, 10], inducing a rapid rise in temperature,
rigors, tachycardia, headache, shock, and possibly death
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[11-14]. The murine model has been used to study mul-
tiple aspects of relapsing-fever spirochete pathogenesis,
including neuroborreliosis, the immune evasion strate-
gies used by the bacteria, and the importance of Blb
lymphocytes in pathogen clearance [10, 15, 16]. A po-
tential limitation of the murine model is that rodents
are often asymptomatic and afebrile during infection
[17-19]. Previous studies with Borrelia turicatae indi-
cated that the spirochetes caused a mild spirochetemia
in mice, attaining 1 x 10°~1 x 10° spirochetes/mL, and
the animals did not appear ill [17, 20, 21]. Thermoreg-
ulation also significantly differs between mammalian
species, with rodents typically becoming hypothermic
in response to spirochete lysates or endotoxin challenge
(18,19, 22, 23].

To test countermeasures to prevent disease, animal
models that closely reproduce clinical symptoms ob-
served in humans is important. Early studies demon-
strated that disease in nonhuman primates infected
with B. turicatae and Borrelia recurrentis closely
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mimicked that observed in humans [24, 25]. However, given the
lack of technology at the time, apart from visualizing bacteria in
the blood, determining body temperatures, and assessing histo-
pathologic findings, no other information about pathogenesis
was reported. Radiotelemetry has demonstrated the physiolog-
ical complexity of disease progression in nonhuman primate
models of Zaire ebolavirus and chikungunya virus [26, 27],
and we used this technology to further investigate the clinical
burden of B. turicatae in a susceptible animal model. Two of
4 animals had a radiotelemetry device implanted, and we con-
tinuously monitored physiological changes in body tempera-
ture, heart rate, and electrocardiogram (ECG) parameters,
with results reported as hourly means. With the remaining 2 an-
imals, temperatures were recorded manually at 24-hour inter-
vals. Blood samples were also collected from all animals for
14 consecutive days to quantify spirochete densities. Blood
chemistry analyses and complete blood counts were performed
for each animal. Cerebrospinal fluid (CSF) specimens were ob-
tained 28 days after infection and at the time of necropsy to de-
tect B. turicatae. Following euthanasia, sections of cerebellum,
cerebrum, medulla/brainstem, lung, liver, spleen, and kidney
were collected to recover spirochetes from the tissues and eval-
uate histopathologic findings. Our results demonstrate the de-
velopment of a susceptible animal model that may be used to
test vaccine candidates and evaluate novel treatment options.

METHODS

Ticks

An uninfected colony of Ornithodoros turicata was maintained
at 25°C-27°C and 85% relative humidity [28]. To obtain a co-
hort of infected ticks, O. turicata in the second nymphal stage
fed to repletion on a spirochetemic mouse that was needle in-
oculated with B. turicatae 91E135 [29]. Murine studies were ap-
proved by the Institutional Animal Care and Use Committee
(IACUC) at Mississippi State University and accorded with
guidelines of the Association for Assessment and Accreditation
of Laboratory Animal Care and the National Institutes
of Health Office of Laboratory Animal Welfare. Animal hus-
bandry was provided by veterinary staff and technicians.

Nonhuman Primates, Telemetry, and Transmission

of B. turicatae

Practices in the housing and care of nonhuman primates con-
formed to the regulations and standards of the Public Health
Service Policy on Humane Care and Use of Laboratory Animals
and the Guide for the Care and Use of Laboratory Animals. The
Tulane National Primate Research Center (TNPRC) is fully ac-
credited by the Association for the Assessment and Accredita-
tion of Laboratory Animal Care-International. The IACUC at
the TNPRC approved all animal-related protocols, including in-
fection of and sample collection from nonhuman primates. All

animal procedures were overseen by veterinarians and their
staff.

Four Indian rhesus macaques (JB23, JB60, JD03, and IN57)
2.02-2.85 years of age were used in the study. Subcutaneous ra-
diotelemetry transmitters (T34G-8; Konigsberg Instruments
[KI]), combined with sensors capable of detecting biopotential
signals of heart rate, ECG intervals, and temperature, were
surgically implanted in 2 animals (JD03 and IN57). The ani-
mals were housed in antenna-mounted cages (TR38-1FG; KI)
configured to receive and transmit signals to a KI data acquisi-
tion base station. Data were continuously recorded using the
Notocord-hem Acquisition System (Notocord) and reported
as hourly averages, and baseline data curves were generated
for 2 weeks following implantation (Figure 1). QT intervals
(defined as the durations of ventricular depolarization and
repolarization) were corrected for heart rate, using Fridericia’s
formula:

Qr
VRR'

in which both the QT interval and the RR interval (defined as
the duration between beats) are in seconds [30].

QTCF =

Before infecting the animals with B. turicatae, the potential
effects of O. turicata saliva on temperature regulation was eval-
uated by feeding 10 uninfected ticks to repletion on JD03 and
monitoring the animal for 42 days by telemetry. For each ani-
mal, sedation was performed by administering 5-8 mg/kg tilet-
amine/zolazepam by intramuscular injection, hair from a
region of the lower abdomen was clipped using an electric trim-
mer, and 10 third-stage nymphal ticks infected with B. turicatae
were allowed to feed. Ticks were placed on an area caudal to the
umbilicus with a paintbrush and covered with the lid of a
50-mL conical tube to prevent migration. The ticks fed to reple-
tion within 20-30 minutes. For JD03 and IN57, preexposure re-
sults were aligned by the time of day over a 24-hour period and
averaged to establish detection thresholds. Significant events
were defined to be >1.5 times the maximum standard deviation
of the control averages. Individual postexposure results were
then aligned by time and compared against preexposure values
for each animal. An assessment of fever (hyperthermia) dura-
tion in hours, hypothermia duration in hours, and hyperther-
mia intensity was also performed for each animal. Body
temperatures for JB23 and JB60 were manually recorded at
24-hour intervals for 14 consecutive days.

Molecular Detection of B. turicatae

To quantify spirochete densities in the blood of nonhuman pri-
mates, 2.5-puL blood specimens were collected by ear or tail prick
at the time body temperatures were obtained and were placed
into 47.5 pL of Sidestep Lysis and Stabilization Buffer (Agilent
Technologies) to achieve a 1:20 dilution. Sampling commenced
before the transmission-associated blood meal and continued
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Figure 1.

Experimental design for infecting rhesus macaques with Borrelia turicatae. Aand B, JD03 (A) and IN57 (B) were implanted with radiotelemetry

devices 2 weeks before ticks fed on the animals. C, After the feeding, body temperatures of the 2 animals were recorded manually (black horizontal arrow) in
24-hour intervals. Horizontal white arrows indicate the time line for collecting blood specimens by ear or tail prick, and black vertical arrows indicate time
points for serum specimen collection and performing complete blood count and blood chemistry analyses.

for 14 consecutive days. Quantitative polymerase chain reaction
(qPCR) was performed as previously described, using primers
and a probe specific to B. turicatae flaB [20]. A standard
curve was developed from cultivated spirochetes grown in
mBSK medium (a modified version of Barbour-Stoenner-
Kelly II medium containing 12% rabbit serum) [31, 32] at con-
centrations of 1 x 10°~1 x 10” bacteria/mL and spiked with un-
infected nonhuman primate blood at a 1:20 dilution.

To detect B. turicatae DNA in nonhuman primate tissues,
primers were designed against the B. turicatae gene encoding
glycerophosphodiester phosphodiesterase (glpQ), and real-
time PCR was performed using total DNA extracted from the
kidney, heart, bladder, skin, lung, liver, brain, and spleen,
using the DNeasy Blood and Tissue Kit (Qiagen). To estimate
the limit of detection for B. turicatae, 5-fold serial dilutions
were performed with 0.6-0.0096 ng of spirochete DNA isolated
from bacteria grown in vitro and spiked into 100 ng of brain or
heart DNA from an uninfected nonhuman primate. Real-time
PCR was performed in triplicate, using 2x Power SYBR Green
master mix (Life Technologies), with 200 nM forward (5'-GG
ATGAAGCACCAACAGACTA-3’) and reverse (5-GGGT
ATCCAAGGTCCAATTCC-3") primers at a final volume of
20 pL. PCR conditions were 1 cycle at 95°C for 10 minutes,
55 cycles at 95°C for 15 seconds, followed by 1 cycle at 60°C
for 1 minute.

Clinical Diagnostic Tests
Complete blood counts and serum chemistry panels measuring
12 analytes were performed before the transmission-associated
blood meal, 28 days after infection, and at necropsy, 60-65 days
after infection Manual cell counts were performed for the first 2
weeks after infection by a clinical pathologist (B. J. G.) for each
monkey. Overall cellularity of erythrocytes and leukocytes was de-
termined at 10 times the original magnification, while differential
leukocyte counts were made using an oil immersion objective at
100 times the original magnification. Blood counts from uninfect-
ed animals were used as a control to determine increases or de-
creases in leukocyte counts. Red blood cell and total leukocyte
numbers were semiquantitatively scaled as follows: 0, marked de-
crease; 1, moderate decrease; 2, slight decrease; 3, adequate; 4,
slight increase; 5, moderate increase; and 6, marked increase.
Spirochete concentrations were scored as 0 (none), 1 (low;
defined as 1 spirochete per 100 microscopic fields), 2 (moderate;
defined as 1-3 spirochetes per field), and 3 (high; defined as >3
spirochetes per field). CSF specimens were also collected 28
days after infection and at necropsy and cellularity, and differ-
ential blood counts were performed.

Pathologic Analyses and B. turicatae Cultivation From Tissues
Following euthanasia, a complete necropsy was performed on
each animal. Tissues were collected and stored in Z-fix fixative
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for histologic analysis and were frozen in optimal-cutting-
temperature medium, using methanol and dry ice baths. CSF
specimens and 2-mm”’ specimens of cerebellum, cerebrum,
medulla/brainstem, lung, heart, liver, spleen, and kidney were
also collected, homogenized, added to 5-10 mL of mBSK-H
medium, and incubated at 34°C in a microaerophilic tri-gas
incubator to culture B. turicatae. Cultures were inspected for
spirochete growth every week for 9 weeks.

RESULTS

Transmission of B. turicatae by Tick Bite

Reports of fever and anaphylaxis caused by the saliva of
hematophagous ectoparasites [33] indicated the necessity of
determining the effects of O. turicata saliva on temperature reg-
ulation in nonhuman primates. Ten uninfected ticks fed on JD03,
and the animal was monitored for 56 consecutive days, with no
indication that the saliva affected temperature regulation. Subse-
quently, 10 infected nymphs were allowed to feed on JB23, JB60,
JD03, and IN57, causing hemorrhagic lesions that spread and co-
alesced when observed the following day (Figure 2A-C).

Spirochetes were visualized by microscopy in all animals by the
sixth day after tick bite (Figure 2D), and quantification of bacterial
loads in the blood by qPCR indicated that B. turicatae densities
ranged from undetectable levels to 1 x 10°~1 x 107 spirochetes/
mL (Figure 3A-D). Furthermore, JB23 experienced 2 spirochete-
mic episodes, while JB60, JD03, and IN57 remained spirochetemic
for several days, followed by a 2-4-day period in which B. turicatae
was undetectable by qPCR. By the twelfth day after tick bite, spi-
rochetes repopulated the blood of all animals (Figure 3A-D). Body
temperatures recorded manually at the time of blood collection
(JB23 and JB60) and by telemetry (JD03 and IN57) indicated
that elevated temperatures were associated with spirochete densi-
ties in the blood (Figure 3A-D). Interestingly, periods when B. tu-
ricatae was detected in blood of animals by qPCR without
accompanying hyperthermia were also observed (Figure 3B-D).

Radiotelemetry Findings

Changes in core body temperature, heart rate, and ECG intervals
in response to B. turicatae infection were characterized in detail
for JD03 and IN57, using radiotelemetry (Figure 44-C). JDO03 ex-
perienced normal diurnal patterns in all measured physiologic

Figure 2. Aand B, Ornithodoros turicata ticks feeding on JD03. The duration between tick placement (4) and repletion (B) was between 20—-30 minutes.
C, Subdermal hemorrhage on JDO3 was seen at the site where ticks fed. D, Spirochetes were visualized in the blood within 6 days after the transmission-
associated blood meal (D), and a 25-ym scale is shown. These results from JDO3 were representative of those for the 3 other animals.
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Figure 3. A-D, Comparisons of Borrelia turicatae densities in the blood with daily temperature readings for JB23 (A), JB60 (B), JD03 (C), and IN57 (D).
Box and whisker plots indicate the lower and upper quartiles, median, and lower and upper extremes of spirochete densities, while the asterisks represent

the temperature at the time of blood specimen collection.

parameters after exposure to feeding by uninfected ticks (Fig-
ure 4A-C). The animal’s body temperature ranged between
36.6°C in the evening and 38.3°C during the day, with a diurnal
change of +0.85°C before infection by tick bite. Upon challenge,
dramatic physiological changes occurred. Throughout the infec-
tion duration, there was a continuous interruption in the normal
diurnal pattern of temperature. The animals experienced hypo-
thermic temperatures at night for several days before onset an ini-
tial febrile episode, characterized by an abrupt onset of clinical
signs with a rapid spike in body temperature, 5-6 days after in-
fection (Figure 4A). The duration of the initial febrile episode
varied greatly in both animals, lasting approximately 9 and 33
hours for IN57 and JDO03, respectively. The animals also experi-
enced 3-4 significant febrile episodes in the following weeks after
infection, with peak increases in temperature of 2.83°C and 3.81°
C for IN57 and JDO03, respectively (Figure 4A). While the inten-
sities of hypothermic and hyperthermic episodes were greater in
JDO03 (Figure 4A), the pattern and timing of febrile relapses and
concomitant cardiac responses were similar in both animals.
There was a pathological repolarization effect on the heart, as
indicated by significant changes in QT that coincided with fe-
brile episodes (Figure 4A and 4B). Interestingly, both animals
experienced a dramatic decrease in QT duration, which

began with the onset of the initial febrile episode occurring
5-7 days after infection and lasted throughout the fever and
during the recovery period into the following day. Although
there was an increased heart rate at this time in both animals
(Figure 4C), they were within reasonable ranges to account
for using the correction formula, suggesting that the cardiac re-
sponses are significant and pathological in nature.

The initial recovery period for JD03 following the first febrile
episode was characterized by a sustained increase in the QT¢g
duration (Figure 4B) that began approximately 9 days after infec-
tion, with intermittent responses lasting for several weeks. Both
animals experienced a second febrile episode (first relapse) 11-
12 days after infection (Figure 4A). At this time, the diurnal pat-
tern for JD03 was interrupted and lasted approximately 2 days
before recovery, whereas IN57 experienced a slight disturbance
for approximately 6 hours. The third febrile response (second
relapse) was experienced by both animals within 12-24 hours
of the first relapse and was followed by a recovery period within
24 hours (Figure 4A). Animal IN57 exhibited a decreased QTcr
duration concurrent with this febrile episode that lasted until re-
covery, as well as an increased heart rate, with a significant sus-
tained tachycardia, that lasted for several weeks (Figure 4B and
4C). An acute yet transient tachycardia was also observed for
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Figure 4. Real-time measured physiological responses of JD03 and
IN57. JDO3 was fed upon by uninfected ticks (red data points) as a
sham infection. A—C, After Borrelia turicatae challenge by tick bite,
changes in body temperature (A), corrected QT interval (defined as the
duration of ventricular depolarization and repolarization; B), and heart
rate (C) are displayed as hourly means for JDO3 (blue) and IN57
(green). The period when temperature data were not collected for
IN57, on day 6, was a result in temporary unavailability of the hard
drive of the data-acquisition unit.

JDO03 on days 18-19 and 22-23 after infection (Figure 4B and
4C). The recovery period following the third febrile episode
for JDO3 was characterized by hypothermic temperatures during
the day and a loss of diurnal patterns for approximately 3 days.

JDO03 and IN57 experienced a fourth febrile episode char-
acterized by an increased spike in temperature occurring
approximately 20-21 days after infection (Figure 4A). JD03
experienced a more robust temperature response that lasted
approximately 2 days before recovery, with increases in QT¢g
occurring just before and after the fever episode (Figure 4A
and 4B). IN57 experienced a slight temperature response lasting
approximately 1 day, with significant decreases in QT occur-
ring throughout the febrile episode before final recovery.
Although the number of animals was too small for statistical
analysis, cardiac disturbances were concurrent with the febrile
episodes caused by B. turicatae infection.

Results of Clinical Laboratory Analyses

Manual counts of blood cells were performed for the first 14 days
of infection, and leukocyte counts during spirochetemic episodes
were compared with those between spirochetemic episodes
(Table 1). Only the values for JD03 are shown, because the con-
trol infection values were used for comparison. The scale gener-
ated reflected the semiquantitative nature of the results, and there
were some samples for which blood smears could not be evalu-
ated, owing to insufficient volume or severe clumping.

There was a striking decrease in total leukocyte counts at sev-
eral intervals, with recovery to baseline values between these de-
creases (Table 1). Notable changes in the differential counts
included an increase in the neutrophil percentage several days
following leukopenia and mild increases in monocyte percent-
ages several days after the initial leukopenic episode. These ab-
normalities were noted to some degree in all of the animals,
with the neutrophilia coinciding with spirochetemia. An in-
crease in the lymphocyte percentage was observed prior to the
detection of spirochetes in the blood, and this was followed by a
decline during spirochetemia. This decrease in lymphocyte per-
centage may reflect the migration of the cells to lymph nodes.

Serum chemistry panels (data not shown) and complete
blood counts were performed by the clinical laboratory at the
TNPRC before infection and on days 28 and days 64 after infec-
tion (Table 2). The absolute lymphocyte concentrations in the
blood were increased for all animals at day 28, compared with
values before infection. These numbers returned to normal lev-
els by day 64 for all but one animal (IN57). Results of serum
chemistry analyses were also within the reference intervals for
all parameters throughout the study.

Tests for Detection of Spirochetes in Tissues

and Pathologic Analyses

We were unable to cultivate B. turicatae in mBSK medium (data
not shown) or to detect spirochete DNA from the CSF, kidney,
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Table 1.

Manual Differential Blood Counts for JD03 14 Days After Feeding by Uninfected Ornithodoros turicata and Spirochete-Infected

Ticks
Day

Variable, by Tick

Infection Status 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Uninfected
RBC count® 3 35 3 25 25 3 3 3 3 3 3 3 3 3 3
WBC count® 83 4 8 3 3 8 3 35 1 3 8 3 3
PMNs, % 52 48 49 37 55 41 63 50 62 52 41 47 33 47 41
Lymphocytes, % 85 39 40 49 &5 46 88 44 32 33 54 40 58 43 48
Monocytes, % 3 6 8 8 5 10 2 4 0 8 0 8 4 4 6
Eosinophils, % 6 B 3 5 5) 2 2 2 6 o) 4 5 10 5 4
Basophils, % 2 2 0 1 0 0 0 0 0 2 1 0 0 1 1
Spirochetes, no. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Infected
RBC count® 8 3 ND 3 2 2 8 8 2.5 2.5 2 1 ND 1
WBC count? 3 1 ND 3 0 2 35 0 2 3.5 35 (1] ND 0 1
PMNs, % 35 34 ND 14 28 56 89 60 51 53 15 48 ND 96° 60
Lymphocytes, % 50 58 ND 85 64 42 8 40 31 49 7 28 ND 0 20
Monocytes, % 6 2 ND 1 4 1 3 0 15 15 11 16 ND 0 16
Eosinophils, % 9 6 ND 0 4 1 0 0 3 2 2 4 ND 4 4
Basophils, % 0 0 ND 0 0 0 0 0 0 0 0 4 ND 0 0
Spirochetes, no. 0 0 ND 0 0 1 2 3 0 0 0 ND 3 2

Bold values emphasize substantial changes.

Abbreviations: PMN, polymorphonuclear leukocyte; RBC, red blood cell; WBC, white blood cell.

@ Semiquantitatively scaled as follows: 0, marked decrease; 1, moderate decrease; 2, slight decrease; 3, adequate; 4, slight increase; 5, moderate increase; and 6,

marked increase.

© On the basis of the low WBC count and lymphocyte and monocyte percentages, the increased percentage of neutrophils likely represents an absolute decrease in

lymphocytes and monocytes, rather than an absolute increase in neutrophils.

heart, bladder, skin, lung, liver cerebrum, or spleen, suggesting
that the bacteria did not colonize the tissues. In control assays,
B. turicatae was detected by real-time PCR after nonhuman pri-
mate DNA was spiked with 0.6-0.0096 ng of spirochete DNA,
indicating that the limit of detection was <0.0096 ng (Supple-
mentary Figure 1).

Evidence of inflammation or degeneration in the animals was
evaluated by a board-certified veterinary pathologist (T. W. M.).
Changes in the neuropile or meninges of the cerebrum, cerebel-
lum, and brain stems were absent. Similarly, evidence of path-
ological effects caused by B. turicatae were absent in the
synovium of the diarthrodial joints, liver, spleen, and heart
(data not shown).

DISCUSSION

Productive infection with B. turicatae by tick bite in 4 nonhu-
man primates was achieved in this study, and the febrile episodes
and spirochete densities in the blood were comparable to what is
observed in humans [8, 34]. Real-time data acquisition enabled
the ability to monitor disease progression without having to ma-
nipulate the animals daily and aided in the identification of

specific intricacies of infection not previously reported. For ex-
ample, disruption of temperature homeostasis, episodes of hypo-
thermia, and cardiac abnormalities in the form of changes in QT
intervals in association with febrile episodes were observed.

In mammals, the range of normal body temperatures is small
[35, 36], with prolonged hypothermic and hyperthermic condi-
tions fluctuating by 2°C beyond normal values associated with
tissue damage and impaired fetal development [35, 37, 38]. In-
terestingly, mammalian species have evolved unique thermoreg-
ulatory mechanisms in defense against pathogens. Rodents
typically remain afebrile or decrease body temperatures in re-
sponse to bacterial challenge and endotoxin administration
[19,22,23, 39, 40]. In contrast, the variable membrane proteins
(Vmps) of relapsing-fever spirochetes are implicated in induc-
ing a toxic shock-like syndrome in humans, with acute febrile
episodes and cardiac distress [9, 11, 12].

The susceptibility of rhesus macaques to B. turicatae chal-
lenge was first described by Dr Edward Francis, in 1938 [24],
and subsequent primate models were developed with Borrelia
recurrentis—infected grivet monkeys, Cercopithecus aethiops
[25]. These studies suggested that the emergence of hyperther-
mia and hypothermia during infection with B. recurrentis can
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Table 2.

Comprehensive Blood Counts for Nonhuman Primates Before and After Inoculation With Borrelia turicatae

Percentage or No. of White Blood Cells

Animal, Day Neutrophils, % Lymphocytes, % Monocytes, % Neutrophils, No. Lymphocytes, No. Monocytes, No.
JB60
0? 62.8 33.8 2.7 6.03 3.25 0.26
28 1515, 421 2 9.52 7.27 0.34
64 37.3 60.2 1.3 2.99 4.84 0.11
JB23
0® 71.4 25.8 2.1 5.34 1.93 0.16
28 66.3 30.5 215 13.23 6.07 0.49
64 72.9 24.5 2.1 8.8 2.96 0.25
IN57
0® 71 25.1 2.9 4.03 1.43 0.16
28 46.5 49.9 2.1 4.23 4.54 0.19
64 27.5 65.2 3.9 1.7 4.03 0.19
JD03
0? 78.8 17.8 2.7 9.63 217 0.33
28° 73.6 20 39 10.14 2.75 0.53
28 15.1 78.5 2.8 1.81 9.41 0.34
64 60.4 3.5 2.6 9.26 5.44 0.4

Data were from analyses of specimens obtained from infected primates, unless otherwise indicated.

@ Uninfected; data were from analyses of specimens obtained before exposure to tick feeding.

® Uninfected; data were from analyses of specimens obtained 28 days after feeding uninfected ticks.

lead to terminal illness. In addition to the severity of tempera-
ture changes, we observed a disruption of QT intervals and
tachycardia in the animals. Surprisingly, the physiological chan-
ge in JDO3 during the QT interval differed from that in IN57;
specifically, the time the heart muscle repolarized following
contraction was altered. For JD03, the QT interval increased sig-
nificantly following the first febrile period and continued to in-
crease for the duration of the study. This phenomenon has been
observed in patients with Chagas disease cardiomyopathy and
human immunodeficiency virus infection [41-43]. In contrast,
IN57 showed a decreased QT interval during and after the fe-
brile episodes, which became apparent after the duration was
corrected for increased heart rate. A shortened QT interval
has not been associated with infections but, rather, is considered
a heritable condition [44]. Long-term studies with rhesus ma-
caques and humans exposed to relapsing-fever spirochetes will
be necessary to determine whether infections result in life-
threatening cardiomyopathy.

Upon necropsy, pathological effects of infection were not sig-
nificant, and we were unable to recover B. turicatae or detect
spirochete DNA in brain tissue, heart, lung, liver, spleen, or kid-
ney specimens. Similar pathological findings were observed in
C. aethiops that had recovered after needle inoculation with
B. recurrentis [45]. Judge et al reported that the histopathologic
findings observed in a cohort of animals necropsied 3-4 days
after infection were absent in the cohort of nonhuman primates

evaluated during remission [45]. Furthermore, our inability to
culture B. turicatae or detect bacterial DNA by real-time PCR
suggests that the animals cleared the infection or that the spiro-
chetes persisted at undetectable levels.

Species of relapsing fever Borrelia display various degrees of
neurotropism. Borrelia hermsii inconsistently infects murine
brains, while Borrelia duttonii, B. recurrentis, Borrelia crocidur-
ae, and B. turicatae invade the central nervous system [21, 46].
While B. duttonii has been recovered by in vitro cultivation
from brain tissues 270 days after infection [21], B. recurrentis,
B. crocidurae, and B. turicatae were detected during acute infec-
tion [21, 46]. Furthermore, the kinetics of spirochete infection
and vmp genes expressed by B. turicatae are involved with
brain infection [21, 46]. In mice, production of VmpA was as-
sociated with the neurotropism of B. turicatae, while spiro-
chetes producing VmpB were detected in the joints and heart
[46-48]. Although we were unable to detect B. turicatae in the
brain 64 days after transmission, we hypothesize that spiro-
chetes would be detected during acute infection.

The administration of antibiotics can resolve infections
caused by relapsing-fever spirochetes, yet they also induce the
Jarisch-Herxheimer reaction, which is associated with a sharp
rise in body temperature and cardiorespiratory distress and
may be fatal to both mother and fetus [11, 49]. Prolonged peri-
ods of hyperthermia have also been linked to adverse outcomes
in fetal development [37, 50]. Future studies will expand on the
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B. turicatae model to evaluate immunopathology during preg-
nancy, with a long-term goal of testing countermeasures against
relapsing-fever spirochetes. The use of a nonhuman primate
model and the ability to monitor disease progression in real
time will enable the assessment of novel treatment measures

and vaccines.
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Supplementary materials are available at The Journal of Infectious Diseases
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