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Mercury exposure as a model for deviation of cytokine responses in
experimental Lyme arthritis: HgCl, treatment decreases T helper cell
type 1-like responses and arthritis severity but delays eradication
of Borrelia burgdorferi in C3H/HeN mice
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Introduction

Summary

Lyme borreliosis is a complex infection, where some individuals develop
so-called ‘chronic borreliosis. The pathogenetic mechanisms are unknown,
but the type of immune response is probably important for healing. A strong
T helper cell type 1 (Thl)-like response has been suggested as crucial for
eradication of Borrelia and for avoiding development of chronic disease. Many
studies aimed at altering the Th1/Th2 balance in Lyme arthritis employed mice
deficient in cytokine genes, but the outcome has not been clear-cut, due
possibly to the high redundancy of cytokines. This study aimed at studying the
importance of the Th1/Th2 balance in murine Borrelia arthritis by using the
Th2-deviating effect of subtoxic doses of inorganic mercury. Ninety-eight
C3H/HeN mice were divided into four groups: Borrelia-infected (Bb),
Borrelia-infected exposed to HgCl, (BbHg), controls exposed to HgCl, alone
and normal controls. Mice were killed on days 3, 16, 44 and 65 post-Borrelia
inoculation. Arthritis severity was evaluated by histology, spirochaetal load
determined by Borrelia culture, IgG2a- and IgE-levels analysed by enzyme-
linked immunosorbemt assay (ELISA) and cytokine-secreting cells detected by
enzyme-linked immunospot (ELISPOT). BbHg mice showed less severe histo-
logical arthritis, but delayed eradication of spirochaetes compared to Bb mice,
associated with increased levels of IgE (Th2-induced) and decreased levels of
IgG2a (Thl-induced), consistent with a Th2-deviation. Both the numbers of
Thl and Th2 cytokine-secreting cells were reduced in BbHg mice, possibly
explained by the fact that numbers of cytokine-secreting cells do not correlate
with cytokine concentration. In conclusion, this study supports the hypothesis
that a Th1-like response is required for optimal eradication of Borrelia.
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hypotheses include (i) long-term persistence of the spirocha-
ete (despite treatment with antibiotics) [12-14], (ii) an aber-

Lyme borreliosis is a complex infection caused by the bacte-
rium Borrelia burgdorferi and related species. The clinical
characteristics of the disease differ depending on the subspe-
cies and the geographical location [1,2]. A common mani-
festation in Europe is neuroborreliosis, whereas arthritis is a
more general outcome in the United States [1,2]. The course
of the illness differs among individuals, ranging from an
asymptomatic infection [3-5] to so-called ‘chronic borrelio-
sis) i.e. symptoms persisting for more than 6 months despite
adequate antibiotic treatment [6—10].

The mechanisms leading to chronic borreliosis are not
known and remain a subject of controversy [11]. Current
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rant immune response leading to chronic inflammation
(possibly including post-infectious autoimmunity) [15,16]
or (iii) genomic differences among subspecies of B. burgdor-
feri [17,18]. Irrespective of which of these hypotheses holds
true, the establishment of a certain quality of the immune
response against Borrelia is of crucial importance for reso-
lution of the disease.

The Borrelia-specific T cell response in patients with Lyme
borreliosis is predominantly a T helper cell type 1 (Th1)-like
response [19-26], especially in target organs such as joints
and the central nervous system [22,25,27-29]. Mice of the
BALB/c strain eradicate the spirochaetes and resolve arthritis
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more rapidly than C3H/HeN mice, a phenomenon associ-
ated with a stronger initial Thl-like response in BALB/c
mice. The stronger Th1 response in BALB/c mice was down-
regulated due to the ensuing Th2-like response, in contrast
to the gradual increase in the Th1-like response in C3H/HeN
mice [30]. Studies on the importance of Th1/Th2 responses
using mice with targeted deletions of Th1- or Th2-associated
cytokine genes have shown divergent results [31-35]. This
may be due to the high degree of functional redundancy,
whereby silencing of a single cytokine gene may be compen-
sated for by other cytokine genes.

Exposure to subtoxic doses of mercury leads to a Th2
deviation in most mouse strains [36—42], which is a robust
way of influencing the Th1/Th2 balance [43]. This model has
been used previously to assess the importance of the Th1/
Th2 balance in murine infections [44]. For example, resis-
tance to Leishmania major in mice is dependent upon an
adequate initial interferon (IFN)-y production, whereas an
early interleukin (IL)-4 production results in a non-healing
phenotype [45,46], resembling our working hypothesis for
Lyme borreliosis [47-49]. Treatment with HgCl, prior to
L. major infection is associated with increased production of
IL-4 and IgE, and causes increased foot pad swelling and
parasite burden [44].

In the present study we used exposure to mercury as a
means of inducing Th2-deviation in Borrelia-susceptible
C3H/HeN mice to test the hypothesis that a strong Th1-like
response is required early in infection for optimal eradica-
tion of Borrelia and to avoid chronic inflammatory Th1-like
responses, leading potentially to chronic borreliosis. Our
results support the hypothesis that a Thi-like response is
crucial for eradication of Borrelia spirochaetes.

Materials and methods

Mice

Ninety-eight female C3H/HeN mice, susceptible to Borrelia
infection, were obtained from Taconic M&B (Ry, Denmark).
The mice were housed in groups of seven in steel-wire cages
under a 12-h light/12-h dark cycle at the Animal Unit,
Faculty of Health Sciences, Linképing University, Linkoping
with ad libitum access to pellets (Type R 36, Lactamin,
Vadstena, Sweden). The mice were 9-10 weeks old at the
onset of the experiment. Mice were divided into four groups:
28 normal controls, 14 mercury-treated controls (Hg), 28
infected with Borrelia only (Bb) and 28 treated with mercury
and infected with Borrelia (BbHg).

Treatment with mercury

Forty-two mice were exposed to mercury at non-toxic doses
(approximately 190 ug Hg/kg body weight/day) by dissolv-
ing 10 mg/l HgCl, (Fluka Chemie, Buchs, Switzerland) in the
drinking water, given ad libitum, for 14 days. Fresh solutions
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were given once a week. Treatment with Hg started simulta-
neously in the group to be treated with Hg only and in the
group also to be treated with B. burgdorferi. Treatment with
Hg continued for 3 more days after the day of inoculation of
Borrelia, in total 14 days.

Borrelia spirochaetes

B. burgdorferi N40, a proven infectious strain [50], was
grown in Barbour Stoenner Kelly (BSK II) medium supple-
mented with 6% normal rabbit serum (Department of
Microbiology, Umed University, Sweden) at 34°C for 72 h
prior to infection.

Borrelia infection

Fifty-six C3H/HeN mice, 28 of which were not exposed to
mercury, were anaesthetized with Isofluran (Forene®; Abbott
Scandinavia AB, Solna, Sweden) and injected subcutane-
ously at the tail root with 10° B. burgdorferi N40 in 100 ul
BSK II. In the 28 BbHg mice the inoculation took place
11 days after onset of Hg treatment.

Experimental plan

Seven animals from each of the Bb, BbHg and normal
control groups were killed on days 3, 16, 44 and 65 post-
immunization (p.i.) with Borrelia spirochaetes. The mice
exposed to mercury only (Hg) were killed on days 3 and 65.
On the due day the mice were anaesthetized with Isofluran
(Forene®; Abbott Scandinavia AB), a blood sample for Ig
analysis was obtained by retroorbital puncture, and the mice
were killed by cervical dislocation. Ear and tibiotarsal joints
were taken for evaluation of spirochaetal load. Inguinal
lymph nodes were taken for cytokine analysis.

Clinical evaluation

From day 0 of mercury exposure, 11 days before inoculation
with B. burgdorferi, all mice were weighed and the average
thickness of tibiotarsal joints of both hind legs were mea-
sured using an electronic digital calliper (Biltema AB, Hels-
ingborg, Sweden) every other day. Measurements were taken
at the thickest portion of the joint with the joint extended.
Data are reported as the change in swelling. Swelling was
defined as increase in joint diameter at the actual day com-
pared with the diameter before onset of treatment.

Histopathology of the tibiotarsal joints

The left rear tibiotarsal joint was taken from each mouse for
histology. Samples were fixed in formaldehyde 4% (Histolab
Products AB, Goteborg, Sweden), decalcified, embedded in
paraffin, and sections were stained with haematoxylin and
eosin. Slides were analysed blinded by one of the authors
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(P. H.) and scored for neutrophil infiltration, mononuclear
cell infiltration, synovia thickness and cartilage hyperplasia.
The scores for all parameters were: 0, normal; 0-5, minimal;
1, slight; 2, moderate; and 3, severe.

Spirochaetal load

Culture of Borrelia spirochaetes

To determine the extent of spirochaetal dissemination, biop-
sies from both ears, the left kidney, the right tibiotarsal joint
and blood were cultured in BSK II medium supplemented
with 100 pg/ml phosphomycin and 50 pg/ml rifampicin
(both purchased from Sigma-Aldrich, Steinheim, Germany)
at 34°C. The cultures were centrifuged at 900 g for 10 min at
room temperature (RT) and counted in a Biirker chamber by
phase contrast microscopy after 5 days.

Cytokine analyses

The lymph nodes were ground through a sterile strainer
into Click’s medium (Sigma, St Lois, MO, USA) supple-
mented with 0-04 mM b-mercaptoethanol (Sigma), 200 uM
L-glutamine (Sigma-Aldrich), 100 U penicillin/ml (Invitro-
gen, Stockholm, Sweden) and 100 g streptomycin/ml
(Invitrogen). The suspension was centrifuged at 4°C at 400 g
for 10 min. The cells were washed once in Click’s medium,
centrifuged as described above, resuspended in Click’s
medium with 10% fetal calf serum (FCS) (Sigma-Aldrich,
Steinheim, Germany), referred to hereafter as 10% Click’s
medium, counted under a phase contrast microscopy and
diluted to a density of 1 X 10° lymphocytes/ml in 10% Click’s
medium. To analyse the cytokine production for mouse IL-4,
IL-12p70 and IFN-y, enzyme-linked immunospot assay
(ELISpot™"®) kits (Mabtech AB, Nacka Strand, Sweden) were
used according to the manufacturer’s instructions. Cell sus-
pension (100 pl containing 1 x 10° cells) with 10% Click’s
medium (50 ul) or Osp-enriched fraction (OF) of B. burg-
dorferi (50 ul), prepared as described previously [51], were
added to each well and incubated in 5% CO, at 37°C for
2 days. Cell cultures were run in duplicate. Stimulation with
OF was used to evaluate the number of Borrelia-specific
cytokine-producing cells. The mitogen concanavalin A
(ConA, 40 pg/ml, Sigma) was used as a positive control,
while wells with 10% Click’s medium only, without cells,
worked as negative controls. The spots were counted by dis-
section light microscopy. ConA stimulation always elicited
strong responses for all cytokines. No spots were found in the
negative control wells.

Immunoglobulin analyses

Blood samples were taken for assessment of serum IgE
and IgG2a concentration to determine the Th1/Th2 status
[52]. Blood was centrifuged at 600 g for 10 min at room
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temperature (RT), the serum removed and frozen in —70°C.
IgE analyses were performed by enzyme-linked immunosor-
bent assay (ELISA) as described previously [53] and IgG2a
was analysed utilizing a commercial IgG2a kit (Bethyl Labo-
ratories Inc., Montgomery, TX, USA).

Statistical analysis

All data presented over time are medians. The spread of data
is shown as interquartile range. Data were examined by non-
parametric Mann—Whitney rank sum test. P-values less than
0-05 were considered significant and P-values > 0-05 < 0-1
were considered a trend.

Ethics

The Ethics Committee for Animal Experimentation in
Linképing approved this study.

Results
Clinical signs

Weight

Normal control mice and mice treated with HgCl, alone had
similar weight curves with a steady weight gain during the
experiment, whereas Bb and BbHg mice showed a smaller
weight gain compared with normal control mice and mice
treated with HgCl, only (Fig. 1a, most pronounced in Bb
versus controls on day 11 p.., P=0-004; in BbHg versus
controls on day 36 p.i., P = 0-021). There were no differences
in weight between Bb and BbHg mice at any time during the
experiment. After day 44 p.i. the weight curves converged for
all four groups of mice.

Joint diameter

In both Bb and BbHg mice the swelling of the right hind
tibiotarsal joints started to increase on day 9 p.i. and reached
a maximum on days 23-28 (P < 0-001 for both Bb and BbHg
compared to controls, Fig. 1b). The swelling started to
decline in both groups after day 28 and was not significantly
different from the normal control mice on day 44 p.i. The
difference in swelling was not significant (P > 0-05) between
the Bb and BbHg groups at any time. The group treated with
HgCl, alone showed no significant difference in joint
diameter compared with the normal control group.

Histopathology

Histological assessment of the left rear tibiotarsal joints in
the BbHg group of mice showed no or only minimal infil-
tration of inflammatory cells, no increased tendon sheath
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Fig. 1. Weight (a) and joint swelling (b) in C3H/HeN mice in the
four groups of mice during the experiment. Normal controls; Hg,
controls exposed to HgCly; Bb, infected with Borrelia burgdorferi N40;
BbHg, infected with B. burgdorferi N40 and exposed to HgCl, prior to
infection. Joint swelling was calculated as the difference between the
joint measure for each day and the first measure. Data represent
median values.

thickness and no cartilage hyperplasia on day 16 p.i. (Fig. 2c,
Table 1). In contrast, at this time all mice in the Bb group
showed a slight—severe infiltration of mononuclear cells,
increased synovial thickness, and in many instances slight or
moderate infiltration of neutrophils and cartilage hyperpla-
sia (Fig. 2b, Table 1). The difference was significant between
Bb and BbHg mice for all parameters except infiltration of
neutrophils (Table 1). On days 3, 44 and 65 p.i. no differences
were found between the Bb and BbHg groups (P > 0-05). On
day 65 p.i., histological assessment showed normal joints in
five of seven mice in both the Bb and BbHg groups, whereas
two mice in each group still showed some infiltration of
mononuclear cells, increases in tendon sheath thickness and
cartilage hyperplasia (data not shown).

Spirochaetal load

Spirochaetes were detected in cultures from both ear(s) and
the right rear hind joint in Bb as well as BbHg mice on days
16 and 44 p.i. (data not shown). On day 44 p.i., BbHg mice
showed a trend towards higher spirochaete burden in both
ear and joint compared to Bb mice (P = 0:061 and P = 0-063,
respectively) (Fig. 3). No spirochaetes were detected in cul-
tures taken on days 3 or 65 p.i. (data not shown). Spirocha-
etes were not detected in cultures from kidney or blood at
any time during the experiment.

Immunoglobulin isotypes

Serum IgE

Mice treated with Hg alone had ninefold higher serum IgE
levels compared to normal control mice on day 3 p.i.
(P=0-001). The increase in BbHg mice was 12-fold com-
pared to normal controls as well as the Bb mice (P =0-001,
Fig. 4a). On day 16 p.i., the increase of IgE in both Bb and

Table 1. Histopathological assessment of arthritis severity in tibiotarsal joint sections from Borrelia
burgdorferi-infected C3H/HeN mice 16 and 44 days after infection.

16 days p.i. 44 days p.i.
Bb BbHg Bb BbHg
n=7 n=7 P-value n=7 n=7 P-value
Neutrophils infiltration 0 0 n.s. 0 0 n.s.
(0-2) (0-0) (0-2) (0-0)
Mononuclear cell infiltration 1 0 P=0-001 0 1 n.s.
(1-3) (0-0-5) (0-1) (0-1)
Synovia thickness 2 0 P=0-001 1 2 n.s.
(1-3)  (0-0-5) (1=2)  (0-3)
Cartilage hyperplasia 1 0 P=0-026 0 1 n.s.
(0-1) (0-0) (0-1) (0-1)

Median values (range in parenthesis) of scores are given. The scores for all parameters ranged

from 0 (normal) to 3 (severe). p.i., post-immunization, Bb, B. burgdorferi-infected mice, BbHg,
B. burgdorferi-infected mice treated with HgCl,. P-values refer to comparisons using the Mann—

Whitney U-test; n.s.: non-significant.
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Fig. 2. Histology from the right hindleg joint of
C3H mice. (a) Normal control mouse. Ordinary
synovia and preserved cartilage—bone interface. b
(b) Sixteen days after inoculation with Borrelia : e
burgdorferi. Hyperplasia of synovia (S) with
massive infiltration of mainly mononuclear
inflammatory cells (M). Cartilage destroyed
with superficial erosion of the bone structure
(*). (c) Sixteen days after inoculation of B.
burgdorferi and 27 days after onset of mercury
treatment. Minimal synovial hyperplasia with
scant inflammatory cells and preserved (@) A
cartilage—bone interface.

BbHg mice was three- to fourfold compared to normal con-
trols (P =0-018 and P = 0-003, respectively). On day 44 p.i.
the IgE level was twofold higher in BbHg and Bb mice
(P =0-038, Fig. 4a) compared to normal controls, i.e. there
was no difference between the BbHg and Bb groups. No
further differences in IgE levels were seen.

Serum 1gG2a
Bb, BbHg and Hg mice showed a twofold increase in serum

IgG2a level 3 days p.. compared with normal controls

Spirochetal load

P = 0.063
a5 1
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Fig. 3. Effect of mercury exposure on spirochaetal load. Numbers of
Borrelia spirochaetes in ear and tibiotarsal joint from C3H/HeN mice
16 and 44 days after experimental infection with Borrelia burgdorferi
N40. Bb, mice infected with B. burgdorferi; BbHg, mice infected with
B. burgdorferi and treated with HgCl, prior to infection. Data
represent median values from seven mice in each group. Error bars
indicate interquartile range. P-values refer to comparisons using the
Mann—Whitney U-test.
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(Fig. 4b). On day 16 p.i. the serum IgG2a level was increased
sixfold in both Bb and BbHg mice compared to normal
controls (both P=0-017). On day 44 p.i. the increase was
five- and 10-fold in Bb and BbHg mice compared with the
normal controls, respectively (P=0-004 and P =0-001,
respectively, Fig. 4b), i.e. the level in Bb mice was twice as
high as in BbHg mice (P =0-004, Fig. 4b). On day 65 the
mice treated with Hg alone showed no increase in serum
IgG2a, while Bb and BbHg mice showed a seven- and fivefold
increase compared to the normal controls (P=0-001),
respectively.

Cytokines

IL-4

The number of Borrelia-stimulated IL-4-producing lymph
node cells was 14-fold higher in mice treated with Hg only
for 14 days (3 days p.i.) compared to normal control mice
(P =0-002, Fig. 4c). On days 3 and 16 p.i., Bb mice showed a
three- to fourfold higher number of lymph node cells secret-
ing IL-4, both regarding the spontaneous (data not shown)
and the Borrelia-stimulated secretion, compared to BbHg
mice (Fig. 4¢, day 3 p.i. p=0-002 and P =0-004 for sponta-
neous and Borrelia-stimulated secretion, respectively; day 16
p.i., P=0:032 and P = 0-012, respectively). No further differ-
ences between the groups were seen in the number of IL-4-
secreting cells.

IFN-y

On day 3 p.i,, the lymph node cells from mice treated
with Hg only showed a two- to threefold increase in the
number of IFN-y-producing cells both spontaneously and
after Borrelia stimulation compared to normal control
mice (P=0-003). The number of IFN-y-secreting cells
(spontaneous as well as Borrelia-induced) in mice treated

193

Journal compilation © 2007 British Society for Immunology, Clinical and Experimental Inmunology, 150: 189-197



C. Ekerfelt et al.

o

o

(a) Th2-associated immune markers  (0) Th1-associated immune markers
IgE in serum IgG2a in serum
HgClo HgClo

3000 - 10 000 -
£ 2500 T 7500}
> 2000+ >
= - = 5000
% 1500 S
B 1238 i S 2500

Fig. 4. Effect of mercury exposure on T helper & = ﬁ. Ens e &l
3 16

1 (Th1)/Th2 responses in C3HHeN mice
infected experimentally with Borrelia
burgdorferi. Serum levels of (a) IgE (Th2)
and (b) IgG2a (Th1), numbers of ©
Borrelia-stimulated (c) interleukin-4- (Th2),
(d) interferon-y-secreting cells (Th1) in 100 000
lymphocytes from inguinal lymph nodes.
Control, normal mice not infected with B.
burgdorferi; Hg, mice treated with HgCl, not
infected with B. burgdorferi: Bb, mice infected
with B. burgdorferi; BbHg, mice infected with
B. burgdorferi and treated with HgCl, prior to

infection. Data represent median values from

No. of IL-4-secreting cells

seven mice in each group. Error bars indicate
interquartile range.

with Hg only 3 days p.i. (after 14 days Hg treatment, Fig. 4d)
was similar to that in Bb and BbHg mice 3 days p.i. Bb mice
showed increased numbers of spontaneously IFN-y-
secreting cells compared with normal controls on day 16 p.i.
(P =0-004, data not shown) and an increased number of
Borrelia-induced IFN-y-secreting cells compared with BbHg
mice on day 16 p.i. (P=0-048, Fig. 4d). No further differ-
ences were seen between the groups.

IL-12p70

No difference was observed between the different groups
with respect to spontaneous or Borrelia-induced IL-12p70-
secreting cells 3 days p.i.,, or in spontaneous or Borrelia-
induced IL-12p70-secreting cells 16 days p.i. (P > 0-05, data
not shown). There was, however, a trend towards increased
numbers of IL-12p70-secreting cells in Bb compared with
BbHg mice on day 16 p.i. (P =0-073, data not shown). The
number of IL-12p70-secreting cells could not be assessed on
day 44 p.i. due to low numbers of lymphocytes. There were
no differences between the groups on day 65 p.i.

Discussion

The findings of this study indicate that mice exposed to
HgCl, prior to Borrelia infection had increased spirochaetal
load but decreased joint inflammation compared with
normal, Borrelia-infected mice. Although the increase in spi-
rochaetal load did not reach statistical significance, similar
strong trends for increase was seen in both ear-tissue and
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joints, together supporting a real increase. The increase in
spirochaetal load in BbHg mice correlated with reduced
levels of IgG2a and increased levels of IgE. Because IgG2a
secretion in mice is an effector response generated by Thl
[54] and IgE switching is dependent on the Th2-cytokines
IL-4 [55] and IL-13 [56], the Borrelia-induced effector
response was Th2-deviated in mercury-treated mice. Thus,
our findings indicate that the Th1 response is important for
eradication of Borrelia.

When examining the course of Borrelia infection, BbHg
mice initially showed a mercury-induced Th2-type effector
response (IgE), which decreased gradually after completion
of mercury treatment. This was associated with a delayed
Thl-response compared with Bb mice, reflected both in the
number of IFN-y-secreting cells and the following Thl-
induced isotype switch to IgG2a, which most probably
explains the similarly delayed eradication of Borrelia in
BbHg mice. The different kinetics of IgE and IgG2a
responses seen in the current study, i.e. a rapid increase of
IgE following HgCl2-treatment which then declines, and a
later increase of IgG2a that gradually increases, has been
reported previously [57].

Although significantly less severe histopathology was
recorded in BbHg compared to Bb mice on day 16 p.i.
(P=0-001 for both infiltration of mononuclear cells
and synovia thickness, respectively), strongly indicating a
decreased inflammatory response, the increase in joint swell-
ing (Fig. 1b) was not significantly different between the two
groups. The failure to detect differences in joint swelling
may possibly be explained by technical difficulties in the
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measurement of joint diameter using a calliper, handling
mice not anaesthetized, leading to a high variability.

So far, no established model of murine chronic borrelio-
sis in mice is available. Thus, all mice recovered at the end of
the experiment, making it impossible to draw any conclu-
sions regarding the mechanisms in development of chronic
borreliosis. It should, however, be noted that the reparative
response in the joints, measured as cartilage hyperplasia,
was increased in Bb mice compared to BbHg mice on day
16 p.i., suggesting a more beneficial response for resolving
the disease in Bb mice. In the current study the histopathol-
ogy showed a more severe Borrelia-induced arthritis in mice
not exposed to mercury, tallying with a more efficient eradi-
cation of Borrelia compared to mercury-treated mice. The
delicate balance between eradication of the microbe and
protection of the host from immune-mediated tissue
damage has been illustrated previously in studies of Borrelia
infection. Mice lacking Thl-like responses showed less
severe symptoms but a much higher spirochaetal burden
than wild-type mice, while mice with decreased Th2-like
responses developed more severe arthritis [31,58]. The
present study also partly corroborates a previous study
where pregnancy, considered to be associated with a Th2
shift [59,60], was shown to markedly reduce arthritis sever-
ity in Borrelia-infected mice [61]. The reduced severity was
associated with a slight reduction in IFN-y and markedly
increased IL-4.

The decreased inflammatory response recorded in the
joints of BbHg mice compared to Bb mice on day 16 p.i.
corresponded with reduced numbers of cytokine-secreting
cells in BbHg mice on the same occasion. This is in accor-
dance with the observed reduction in clearance of spirocha-
etes in BbHg mice detected on day 44 p.i. However, the
decreased numbers of Borrelia-induced cytokine-secreting
cells in BbHg mice included both cells secreting IL-4 (Th2)
and IFN-y (Th1). In addition, there was a trend for decreased
numbers of IL-12p70-secreting cells (Thl-inducing). This
does not tally with the persistence of Th1 (IgG2a) and Th2
(IgE) type of immunoglobulins on day 16 p.i. The discrep-
ancy between the in vivo observations of serum immunoglo-
bulin isotypes, showing an initial Th2 response which after
completion of mercury treatment shifted gradually to Thl,
and the in vitro observations of cytokine secretion may be
explained by the fact that the number of cytokine-secreting
cells does not correlate with the amount of cytokines
secreted [62,63], i.e. the cytokine secretion varies between
the cells. The reason for using ELISPOT, which detects the
number of cytokine-secreting cells instead of measuring
cytokine concentration in cell culture supernatants by, for
example, ELISA, was that ELISPOT has outstanding sensi-
tivity in the measurement of 1L-4, which is extremely diffi-
cult to detect [62]. Nevertheless, the serum levels of IgG2a
and IgE, which are indicators of cytokine-generated effects,
clearly indicated a Th2-deviation also at the cytokine level
in BbHg mice. We consider the in vivo results on serum
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immunoglobulin isotypes, which are linked to in vivo secre-
tion of cytokines [54,55], as the best measurement of the
Th1/Th2 balance.

The rebound of IL-4-secreting cells on day 65 in all groups
except the untreated controls is surprising. Speculatively,
this time-point would reflect a return to homeostasis in the
Th1/Th2 balance, which in Borrelia-infected mice was
Thi1-dominated during the eradication of Borrelia, and thus
suppressed Th2-responses. Borrelial lipoproteins are known
to be highly immunogenic, inducing unspecific activation of
numerous cell types [64], e.g. secretion of cytokines, which
would also explain the response in the uninfected HgCl2-
treated group. The untreated non-infected group did not,
however, show any significant cytokine response to Borrelia
antigen on any occasion, which may indicate that the HgCI2
treatment per se also causes hyperreactivity of the Th2-type
to highly immunogenic antigens after the initial immunode-
viating effects has declined.

In conclusion, this study indicates that mice exposed to
HgCl, prior to infection with B. burgdorferi have decreased
arthritis severity but reduced elimination of Borrelia spiro-
chaetes, which was associated with an initial mercury-
induced Th2-type response and a delayed Th1-type response
compared to unexposed Borrelia-infected mice. Our findings
support the hypothesis that Th1-type responses are required
for optimal eradication of Borrelia.
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