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Abstract
A mark-release-recapture study was conducted during 2007 through 2010 in six, tick-infested sites
in Connecticut, United States to measure changes in antibody titers for Borrelia burgdorferi sensu
stricto, Anaplasma phagocytophilum, and Babesia microti in Peromyscus leucopus (white-footed
mice). There was an overall recapture rate of 40%, but only four tagged mice were caught in ≥2
yr. Sera from 561 mice were analyzed for total antibodies to B. burgdorferi and A.
phagocytophilum by using whole-cell or recombinant (VlsE or protein 44) antigens in a solid-
phase enzyme-linked immunosorbent assay or to whole-cell B. microti by indirect fluorescent
antibody staining. Antibody prevalences were highly variable for B. burgdorferi (from 56% to
98%), A. phagocytophilum (from 11% to 85%), and B. microti (from 11% to 84%) depending on
the site and time of sampling. Of 463 mice with antibodies, 206 (45%) had antibodies to all three
pathogens. Changes in antibody status for some mice from negative to positive (117
seroconversions) or from positive to negative (55 reversions) were observed. Seroconversions
were observed in 10.1% of 417 mice for B. burgdorferi, 18.0% of 306 mice for A.
phagocytophilum, and 6.6% of 304 mice for B. microti; reversion rates were 5.3, 5.9, and 4.9%,
respectively. Antibodies to all pathogens persisted in some mice over several weeks while, in
others, there were marked declines in titration end points to negative status. The latter may
indicate elimination of a certain pathogen, such as A. phagocytophilum, or that mouse immune
systems ceased to produce antibodies despite an existing patent infection.
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INTRODUCTION
Larval and nymphal Ixodes scapularis ticks parasitize white-footed mice (Pero-myscus
leucopus) in or near forested habitats of the eastern and upper midwestern United States.
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These ticks and rodents can simultaneously harbor multiple human pathogens: Borrelia
burgdorferi sensu stricto, Anaplasma phagocytophilum, and Babesia microti (Anderson et
al., 1986, 1987; Tokarz et al., 2010; Johnson et al., 2011). Geographic ranges of these
pathogens are expanding in North America and Eurasia, mainly due to the dispersal of I.
scapularis or related Ixodes species such as Ixodes pacificus, Ixodes ricinus, and Ixodes
persulcatus via the movement of vertebrate hosts frequently parasitized by these
ectoparasites. Seabirds, fed upon by numerous tick species, play an important role in
distributing ticks over long distances (Dietrich et al., 2011).

Serologic and molecular methods can determine if one or more human pathogens infect ticks
or vertebrate hosts in selected sites. Automated antibody tests, such as enzyme-linked
immunosorbent assays (ELISA), can be particularly helpful in quickly assessing if
vertebrate hosts have been exposed to pathogens at specific sites; assays have been
developed that contain highly specific recombinant antigens for B. burgdorferi sensu stricto
or A. phagocytophilum (Magnarelli et al., 2006). If white-footed mice have antibodies to
one or more disease organisms, DNA detection methods can then be used to confirm
specific identities of the pathogens infecting ticks or rodents (Tokarz et al., 2010; Johnson et
al., 2011).

Surveillance programs, which monitor P. leucopus in small private or public properties, have
several advantages. These rodents are relatively easy to capture and recapture; their home
ranges are limited (normally >2 ha) compared to deer, most other mammals, and birds; and
robust concentrations of serum antibodies are produced by these mice to multiple pathogens
(Magnarelli, et al., 2006). However, it is unclear if antibody concentrations change over
several weeks in P. leucopus, particularly when I. scapularis nymphs are not actively feeding
on these rodents or depending on how long tagged mice live in tick-infested areas. We
measured antibody titers for different pathogens in marked white-footed mice recaptured
over a 4-yr period in sites not chemically treated for ticks.

MATERIALS AND METHODS
Sherman box traps (H. B. Sherman Traps, Inc., Tallahassee, Florida, USA), baited with
peanut butter, were used during 2007 through 2010 to capture white-footed mice in forested
areas of Connecticut, United States, where I. scapularis ticks are abundant. Six sampling
sites were located in the following towns: two in Redding (41°17′N, 73°22′W), two in
North Branford (41°22′N, 72°46′W), one in Mansfield (41°46′N, 72°13′W), and one in
Storrs (41°49′N, 72°15′W). The two sites in Redding (Fairfield County) were about 1 km
apart whereas the two sites in North Branford (New Haven County) were about 0.5 km
apart. The remaining two sites in Tolland County were about 5 km apart. Each site had
mixed hardwoods and understory vegetation, typical habitats for white-tailed deer
(Odocoileus virginianus), rodents, and tick populations. White-footed mice were captured
from late June to mid-October; frequency of trapping was highest (at least weekly) during
July and August. In Connecticut, populations of questing I. scapularis nymphs, the most
important stage in the transmission of the aforementioned pathogens, normally peak in June
and decline to low densities by late July (Stafford et al., 1998). This finding was based on
dragging flannel over vegetation at 10 residential properties in eastern Connecticut once or
twice per month over 9 yr.

Captured mice were sedated by using the inhalant anesthetic isofluorane (Piramal Critical
Care, Inc., Bethlehem, Pennsylvania, USA), which has a rapid induction time (2–3 min)
with a relatively short, complete recovery time of about 10 min. Blood samples were
collected usually within 5 min of the time an animal was completely sedated. A 0.1-cc
whole-blood sample was obtained by cardiac puncture by using a 1 cc syringe tipped with a
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27-gauge, 15.9-mm needle. No diluent was added to blood samples at the field sites. Whole
blood samples were transported to the laboratory with cold packs in an insulated container.
Following centrifugation of undiluted whole bloods, sera were stored at −60 C until analysis.
The amount of serum recovered per blood sample varied depending on the amount of whole
blood acquired; at best, about 25 µL of serum per sample were available for testing. At the
time of first capture, each mouse received a numbered ear tag (National Band and Tag Co.,
Newport, Kentucky, USA) and was released into the habitat where captured. Mouse trapping
and handling protocols were approved by the Wildlife Division of the Connecticut
Department of Energy and Environmental Protection and the Connecticut Agricultural
Experiment Station’s Institutional Animal Care and Use Committee. In general, guidelines
of the American Society of Mammalogists for the use of wild animals in research (Sikes and
Gannon, 2011) were followed.

To measure total antibodies, separate polyvalent, solid-phase ELISA or indirect fluorescent
antibody (IFA) staining methods were used (Magnarelli et al., 1997, 2006). Briefly, in
analyses for B. burgdorferi antibodies, whole-cell lysate (strain 2591) or recombinant
(fusion protein) VlsE antigen was coated at respective concentrations of 5 µg/mL and 1 µg/
mL to flat-bottom polystyrene plates (NUNC A/S Roskilde, Denmark). This recombinant
antigen, a His6-tagged version of the full-length, surface-exposed VlsE, was produced at the
University of Texas (Houston, Texas, USA) and found to be highly specific in tests of
human and dog sera (Lawrenz et al., 1999; Liang et al., 2000; Magnarelli et al., 2002). The
VlsE antigen was incorporated into an ELISA and tested with a subset of mouse sera to
confirm B. burgdorferi infections in all sampling areas. A previously developed ELISA
(Magnarelli et al., 2006) was also used to measure total antibodies to recombinant protein
(p) 44 of A. phagocytophilum. This fusion protein was produced at Yale University (New
Haven, Connecticut, USA) from a human isolate (NCH-1 strain) and coated to plates at a
concentration of 2.5 µg/mL. In IFA analyses, B. microti antigen, which consisted of infected
erythrocytes obtained from golden Syrian hamsters (Mesocricetus auratus), was fixed to
glass microscope slides. The hamsters were inoculated with whole blood from an infected
person diagnosed with human babesiosis (Anderson et al., 1991). Materials and methods
used to conduct all antibody tests, including positive and negative controls, washing
solutions, conjugates, production of whole-cell and recombinant antigens, and critical
regions for positive results, have been reported (Magnarelli et al., 1997, 2006). Greater than
fourfold change in titration endpoints for paired sera was considered significant in recording
seroconversions and reversions. Groups of the same sera were retested weeks after initial
analyses to assess variability of results. There was no commercial affinity-purified
horseradish peroxidase-labeled goat anti-P. leucopus reagent available to measure
immunoglobulin M antibodies. Requests for reagents should be directed to those authors
who produced the antigens or who have reference mouse sera.

Statistical analyses to determine significant differences in percentages of antibody-positive
white-footed mice were performed by using a z-test. The software program (SigmaStat,
SPSS, Inc., Chicago, Illinois, USA) used included the Yate’s correction in analyses.

RESULTS
White-footed mice were recaptured during each year. The overall recapture rate (40%) for
561 subjects paralleled those of 40–45% recorded in 2007, 2008, and 2010 (Table 1). Mouse
populations during 2009 were low at all study sites. Although the maximum number of
recaptures for a given mouse was five, 117 (53%) of 223 mice were recaptured once. The
mean number of days between first and last capture for all mice in a given year varied
between 26 and 50. The latter, recorded in 2008, reflected the maximum number of days
(n=111) and the highest number of mice recaptured (n=78).
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Peromyscus leucopus had antibodies to one or more pathogens (Table 2). Of the 463
antibody-positive mice, 206 (45%) had antibodies to all three agents. The remaining mice
had serologic evidence of exposure to B. burgdorferi and A. phagocytophilum (n=69), B.
burgdorferi and B. microti (n=76), A. phagocytophilum and B. microti (n=12), or only to B.
burgdorferi (n=66), A. phagocytophilum (n=18), or B. microti (n=13). When the number of
sera tested was ≥19 for a given month, results for a subset of recaptured mice show that
antibody prevalences were generally high (Table 2). Prevalence for B. burgdorferi
antibodies exceeded 77% for most sites in at least 1 mo during 2007 and 2008, except for
Storrs in 2007 (73%) and in 2008 (69%). Antibody prevalences of ≥80% for A.
phagocytophilum and B. microti were far less frequent compared to those recorded for B.
burgdorferi. Percentages of antibody-positive sera for A. phagocytophilum and B. microti
were lowest (range=15–21%) in Storrs during 2008.

White-footed mice captured and tagged in a given location did not enter another study site.
There were notable differences in antibody prevalences among study sites, even those ≤1 km
apart. During 2008, analyses for 86 and 58 sera (including samples from recaptured mice)
revealed no significant difference (z=0.848, P=0.396) in percentages (79% and 85%) of
antibody-positive samples for B. burgdorferi at two sites in New Haven County. Similar
results were recorded for A. phagocytophilum; 70% and 74% were not statistically
significant (z=0.334, P=0.739). However, prevalences of B. microti antibodies (74% vs.
53%) were different statistically (z=2.422, P =0.015). Statistical analyses for results
obtained for 71 and 68 sera, representing mice captured in these sites in 2010, revealed no
significant differences in percentages of antibody-positive samples for B. burgdorferi (90%
vs. 91%, z=−0.088, P=0.930), A. phagocytophilum (58% vs. 56%, z=0.067, P=095), or B.
microti (83% vs. 88%, z=0.595, P=0.552).

When results were compared by county and year (Table 3), antibody prevalences for 561 P.
leucopus were highly variable. An overall antibody prevalence of 75% for B. burgdorferi in
all sites exceeded the figures recorded for both A. phagocytophilum (55%) and B. microti
(54%). During 2008, a time when relatively large numbers of P. leucopus were captured in
all three counties, the overall percentage of mice with antibodies to B. burgdorferi in New
Haven County (84%) was not significantly greater than the value calculated for Fairfield
County (74%, z=1.294, P=0.196). The rate for New Haven County, however, was
significantly greater than the value for Tolland County (61%, z=2.662, P=0.008). The
prevalence recorded that year for A. phagocytophilum antibodies in mice captured in New
Haven County (74%) was not significantly greater than that recorded for mice captured in
Fairfield County (61%, z=1.511, P=0.131) but was significantly different when compared to
results for Tolland County (23%, z=5.312, P<0.001). Prevalence of antibody to B. microti
antibodies in New Haven County (71%) was not significantly different than the prevalence
for Fairfield County (62%, z=0.981, P=0.326). Similar to the results obtained for the other
two pathogens, the prevalence for New Haven County was statistically different from that
for Tolland County (18%, z=5.492, P<0.001).

Groups of the same positive and negative sera were retested weeks after initial analyses to
assess variability of results. In analyses of 11 sera containing B. burgdorferi antibodies to
whole-cell antigens, ELISA results were identical (n=3), or varied by twofold (n=6) or
fourfold (n=2), compared to results obtained 23 wk earlier. Five negative sera remained
nonre-active in the second trial. Similar results were recorded by an ELISA for A.
phagocytophilum antibodies. In duplicate tests of seven sera, conducted over 3 wk, there
was no change in titers for two sera while findings for the remaining samples varied by
twofold (n=3) or fourfold (n=2). The status of five negative sera was unchanged.
Application of IFA staining methods for B. microti antibodies revealed no change in results
for four sera, twofold variation for three sera, and a fourfold difference for two sera when
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samples were reanalyzed 4 wk after initial testing. Results for the five negative sera
remained nonreactive.

Sera were analyzed with the VlsE antigen of B. burgdorferi in an ELISA to compare results
recorded for whole-cell antigens. Of the 107 sera representing all sampling sites and
screened separately for antibodies, 66 of the positives for whole-cell antigen also reacted
with the VlsE antigen while an additional 17 sera were negative in both tests
(concordance=78%). These results confirmed B. burgdorferi presence at all sampling sites.
The remaining sera contained antibodies to whole-cell antigens (titer range=1:320 to
1:40,960) but were negative in tests with VlsE antigen (n=22) or vice versa (n=2). In the
latter, there was a low concentration of antibodies (titer=1:160) to the VlsE antigen in both
sera.

There were changes beyond fourfold normal assay variation in antibody titers recorded for
all antigens tested during a given year. In analyses with whole-cell B. burgdorferi antigens,
seroconversions (negative to positive) and reversions (positive to negative) were
documented for 42 and 22 mice, respectively. For A. phagocytophilum, there were 55
seroconversions and 18 reversions in antibody status, while 20 seroconversions and 15
reversions were recorded when testing for B. microti antibodies.

Selected examples for nine mice (Table 4) demonstrate extensive variation in results and, in
some cases, show persistence of antibodies. There were instances when antibody titers for
multiple samples were equivalent for B. burgdorferi (mouse no. 8) and A. phagocytophilum
(mouse nos. 2, 4, 7, and 9). Seroconversions for B. burgdorferi (mouse nos. 2–4, 6, and 9),
A. phagocytophilum (mouse nos. 3, 6, and 8), and B. microti antibodies (mouse nos. 2–4)
were recorded for other blood samples collected during the summer. Reversions in antibody
titers were also documented for B. burgdorferi (mouse no. 5), A. phagocytophilum (mouse
no. 5), and B. microti (mouse no. 9). The reversion for mouse no. 5 (captured in Redding)
occurred during a 3-yr period.

Recapturing tagged mice over multiple years was rare (4 of 561 mice). Aside from mouse
no. 5 (Table 4), there were three other individuals recaptured during a 2-yr period. One
mouse, caught in North Branford on 3 August 2007 and recaptured on 29 July 2008,
seroconverted for B. burgdorferi antibodies with a maximum titer of 1:1,280. Antibody titers
for A. phagocytophilum and B. microti were unchanged (titers=1:20,480 and 1:80,
respectively). Another mouse caught in Redding on 11 July 2007 and recaptured on 26 June
2008 had the same antibody concentration (titer=1:20,480) for B. burgdorferi, a fourfold rise
in titer to 1:5, 120 for A. phagocytophilum, and a seroconversion for B. microti (maximum
titer=1:160). Analyses for the third mouse, captured in Redding on 19 August 2009 and 1
July 2010, revealed seroconversions for B. burgdorferi (titer=1:40,960) and A.
phagocytophilum (titer=1:2,560) but showed no reactivity to B. microti antigen.

DISCUSSION
Longevity for tagged P. leucopus beyond 1 yr was very limited. Nonetheless, mouse
numbers were sufficient to perform statistical analyses for data collected in all years except
2009, when increased predation, lack of food, winter conditions, or other factors may have
suppressed populations. The relatively low recapture rate for P. leucopus from one year to
the next may reflect correspondingly low long-term survival time. It is unlikely that these
rodents leave their home range and relocate to other sites. Relatively low survival time
beyond 1 yr for P. leucopus underscores the importance of overwintering infected I.
scapularis nymphs in maintaining pathogens in foci.
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Antibodies to all three etiologic agents were detected in white-footed mice captured in each
study site and at relatively high prevalences. Numerous seroconversions and reversions in
antibody status were also documented. These rodents are heavily parasitized by nymphal I.
scapularis in Connecticut during mid- to late May with peak tick numbers normally reached
in June and early July (Stafford et al., 1998). In a long-term study, these authors reported an
overall nymphal infection rate of 14.3% (n=3,866 ticks tested) for B. burgdorferi but, in
1996, an infection rate of 24.4% of 513 ticks tested was recorded. Co-infections of unrelated
human pathogens have been documented for Ixodes species (Tokarz et. al., 2010; Burri et
al., 2011; Gigandet et al., 2011) and P. leucopus (Anderson et al., 1986; Johnson et al.,
2011). Therefore, frequent feedings by infected ticks on white-footed mice would tend to
elevate antibody titers and antibody prevalences during summer. These antibodies persisted
in some mice well beyond the nymphal tick-feeding periods. Previous work verified that B.
burgdorferi, or the DNA of this agent, persists in P. leucopus for several days (Anderson et
al., 1987; Bunikis et al., 2004). This pathogen was cultured from mouse tissues during
winter (Anderson et al., 1987). Different results were reported by Lindsay et al. (1997); P.
leucopus was infective to feeding I. scapularis larvae for about 49 days postinoculation or
postinfection. The reversions in antibody status documented in our study may indicate
waning infections in certain mice. Some mice may be able to eliminate certain pathogens, as
is reported for A. phagocytophilum (Johnson et al., 2011). It is also possible that mouse
immune systems ceased to produce antibodies despite an existing patent infection. It is
unclear how increased age or other factors affect mouse immune systems or if decreased
antibody concentrations during times of existing patent infections enhance reservoir
competency during late summer and early fall when I. scapularis larvae parasitize white-
footed mice.

Based on our serologic results, there appears to be a greater prevalence of mouse infections
in New Haven County (southern Connecticut) as compared to the northern sites in Tolland
County. These differences may be due, in part, to higher populations of white-tailed deer,
chief hosts for I. scapularis adults, and correspondingly higher tick populations in New
Haven County. Another important factor might be higher populations of other infected
reservoir hosts for different pathogens such as eastern gray squirrels (Sciurus carolinensis),
meadow voles (Microtus pennsylvanicus), and eastern chipmunks (Tamias striatus). These
animals, along with P. leucopus, may serve to infect more ticks and enhance amplification of
B. burgdorferi in southern Connecticut. Raccoons (Procyon lotor) and eastern gray squirrels
are competent reservoirs for A. phagocytophilum (Levin et al., 2002). Serologic evidence of
B. microti infections in northern Connecticut reaffirms that this pathogen is more widely
distributed away from the coastal areas of northeastern United States.

Human babesiosis continues to emerge as an important public health problem. A review of
medical records for elderly persons revealed relatively high babesiosis rates for Connecticut,
Rhode Island, New York, and Massachusetts and possible presence of this disease in other
eastern states (Menis et al., 2012). Moreover, B. microti coexists with Babesia divergens or
Babesia venatorum (also known as Babesia EU1) in Europe (Gigandet et al., 2011;
Lempereur et al., 2011). Therefore, in the Holarctic where Ixodes species exist and different
strains or genospecies of B. burgdorferi sensu lato and A. phagocytophilum likewise occur,
B. microti should be considered in ecologic and epidemiologic studies as well as in the
differential diagnosis of unknown febrile human illnesses.

The use of whole-cell B. burgdorferi antigens in an ELISA facilitates rapid, initial screening
of white-footed mice for antibodies to Borrelia species. Subsequent testing with the highly
specific recombinant VlsE antigen can help confirm B. burgdorferi exposure in these
rodents. There are other bacterial pathogens present, however, such as Borrelia miyamotoi
(Scoles et al., 2001; Ullmann et al., 2005; Tokarz et al., 2010), Borrelia andersonii (Marconi
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et al., 1995), and Borrelia bissettii (Schneider et al., 2008) in the northeastern United States.
Although these organisms do not appear to be as prevalent as B. burgdorferi, positive
reactions to whole-cell B. burgdorferi antigens, coupled with negative results with the VlsE
antigen, might indicate the presence of antibodies to one or more of these other Borrelia
species. Therefore, DNA analyses would ultimately be required for more-specific pathogen
identifications in foci. Two sera were positive in an ELISA with the VlsE antigen and
negative in tests with whole-cell B. burgdorferi. The presence of several nonspecific
antigens in plate wells can sometimes block specific antibody-antigen complex formation
and cause false negatives, particularly when there is a low concentration of specific
antibodies.

Ear-tagged white-footed mice did not appear to be long-lived. Maximal life expectancy for
these animals in the wild is about 2–3 yr (Burt and Grossenheider, 1964). Nonetheless, these
rodents are ecologically important as reservoir hosts for at least three important human
pathogens. In a Minnesota study of white-footed mice (Johnson et al., 2011), infection rates
for A. phagocytophilum and B. burgdorferi were 20% and 42%, respectively, whereas
antibody prevalences were 29% and 48%. Coinfection was documented in 14% of the mice
tested. Culturing the pathogens and detecting their DNA are the best methods to monitor
infections in P. leucopus, and serology is useful for assessing the host’s responses to
pathogens. There have been extensive efforts aimed at reducing tick populations and
infection rates at selected sites (Eisen et al., 2012). Depending on the habitat, sampling
questing ticks can be more difficult than capturing mice. The apparent low year-to-year
survival rate for P. leucopus is an advantage in field studies designed to assess effectiveness
of chemical or biologic tick management programs in selected sites. If intervention
strategies are effective in significantly reducing target tick populations, there should be a
corresponding decline in infection and antibody prevalence for P. leucopus over a 2–3-yr
period.
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Table 4

Reciprocal antibody titers to whole-cell Borrelia burgdorferi or recombinant protein 44 of Anaplasma
phagocytophilum (as determined by enzyme-linked immunosorbent assay ) or to whole-cell Babesia microti
(as determined by indirect fluorescent antibody staining) for white-footed mice (Peromyscus leucopus)
recaptured in Connecticut, USA, 2007–2010.

Capture date Reciprocal antibody titersb to:

Mousea mo/day/yr B. burgdorferi A. phagocytophilum B. microti

1A 7/11/07 5,120 20,480 640

1B 9/07/07 1,280 10,240 320

2A 7/02/08 N N N

2B 8/14/08 2,560 N 640

2C 10/10/08 5,120 N 2,560

3A 7/03/08 N N N

3B 8/13/08 1,280 20,480 160

4A 6/29/10 N N N

4B 8/13/10 10,240 N 160

5A 8/09/07 5,120 640 N

5B 7/23/10 N N N

6A 8/19/09 N N N

6B 7/11/10 40,960 2,560 N

7A 6/29/10 20,480 N N

7B 8/13/10 5,120 N N

8A 6/25/10 40,960 N 320

8B 7/28/10 40,960 10,240 80

9A 7/09/10 N N 1,280

9B 8/24/10 2,560 N N

a
Letters refer to different captures of same mouse.

b
Each positive mouse serum had antibodies to the VlsE recombinant antigen in a separate ELISA; N = negative.
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