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Table 4. Effect of OPG on the size, bone mineral content (BMC) and bone mineral density (BMD) of the tibia, femur and

humerus
Bone Drug Length (mm) BMC (g) BMD (g/cm?)
Tibia TS-vehicle 37.3 £ 0.60 0.169 + 0.020 0.095 % 0.008
TS-OPG 37.4 + 0.82 0.184 + 0.019* 0.101 £ 0.007%
NL-vehicle 37.7 £ 0.59 0.185 £+ 0.013 0.105 + 0.005°
NL-OPG 38.F £ 0.52 0.189 + 0.006 0.111 + 0.003%*
Femur TS-vehicle 337 £ 0.73 0.192 = 0.025 0116 = 0.011
TS-OPG 340 £ 0.78 0.216 £ 0.027° 0.123 £ 0.012
NL-vehicle 336 £ 0.50 0.200 + 0.004 0.134 + 0.003%
NL-OPG 339 + 0.29 0.218 + 0.003 0.142 £ 0.003%
Humerus TS-vehicle 253 + 046 0.104 + 0.013 0.108 + 0.010
TS-OPG 254 + 0.65 0.111 £+ 0.012 0.112 £ 0.009
NL-vehicle 259 = 0.28* 0.101 + 0.005 0.107 % 0.005
NL-OPG 26.1 = 0.08% 0.106 £ 0.005 0.117 £ 0.005
Values are mean + SD
* P < 0.05, when compared with TS-vehicle (ANOVA Fisher's PLSD test)
" p < 001, when compared with TS-vehicle (ANOVA Fisher's PLSD test)
® P < 0.05, when compared with TS-OPG (ANOVA Fisher’s PLSD test)
4 P < 0.01, when compared with TS-OPG (ANOVA Fisher’s PLSD test)
Table S. Bone mineral content (BMC) and bone mineral density (BMD) of each region of the femur
Drug Region 1 Region 2 Region 3 Region 4
BMC (g) TS-vehicle 0.054 + 0.007 0.035 + 0.005 0.050 + 0.007 0.054 £+ 0.009
TS-OPG 0.062 + 0.009° 0.041 = 0.006° 0.057 + 0.007° 0.056 + 0.009
NL-vehicle 0.061 + 0.002° 0.037 £+ 0.002 0.050 + 0.002° 0.053 £ 0.005
NL-OPG 0.065 £ 0.001° 0.040 £+ 0.002 0.053 + 0.002 0.060 £+ 0.002
BMD (g/em?) TS-vehicle 0.105 £ 0.012 0.097 + 0.011 0.145 £ 0.016 0.121 + 0.011
TS-OPG 0.114 = 0.014" 0.106 £+ 0.010° 0.154 + 0.013 0.124 £+ 0.015
NL-vehicle 0.131 = 0,005™ 0.109 + 0.006 0.155 + 0.006 0.143 + 0.004"
NL-OPG 0.138 = 0.004% 0.115 + 0.003° 0.165 = 0.005° 0.152 + 0.004%
Values are mean + SD
® P < 0.05, when compared with TS-vehicle (ANOVA Fisher's PLSD test)
P p < 0.01, when compared with TS-vehicle (ANOVA Fisher's PLSD test)
¢ P < 0.05, when compared with TS-OPG (ANOVA Fisher’s PLSD test)
4 P < 0.01, when compared with TS-OPG (ANOVA Fisher’s PLSD test)

23]. Kodama et al. [10, 21] reported that agents reversing
the inhibition of periosteal bone formation are required
to restore normal bone strength and geometry in situa-
tions of prolonged mechanical unloading.

These findings suggest that bone-forming agents
might be more useful than agents that inhibit bone
resorption for prevention of bone loss or decrease in
bone strength of the diaphysis induced by long-term
unloading over 14 days. For example, high-dose in-
termittent administration of human PTH, a bone-
forming agent that prevents change of trabecular bone
volume, structure, and bone formation rate induced
prolonged mechanical unleading (2-6 wk) in neurec-
tomized mice [27].

Moreover, Kodama et al. demonstrated that
pamidronate, an antiresorptive agent, increased the
overall BMD as well as femoral metaphysis. However,
it showed almost no effect on the BMD of the di-

aphysis or bone strength of the femoral midshaft in
either control or tail-suspended rats [10]. In the present
study, treatment with OPG in tail-suspension increased
not only the total BMC of the tibia and femur, but
also BMC and BMD of the femoral diaphysis. More-
over, OPG prevented reduction in bone strength
measured by three-point bending of the femoral mid-
shaft during tail suspension. Actually, treatment with
OPG in tail suspension brought the BMD and bone
strength of the midshaft to a level that was nearly
equal to that in the NL-vehicle group. These findings
differed from those in treatment with bisphosphonates.
Inhibitory effects of bisphosphonates on bone miner-
alization may explain this difference. Francis et al. [24]
reported that bisphosphonates inhibited formation of
calcium phosphate crystals in vitro [24]. Apseloff et al.
[25] reported that aminohydroxybutane bisphospho-
nate (AHBuBP) could not prevent reduction in bone
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strength of the femoral diaphysis. They suggested that
newly formed bone was weaker in AHBuBP-treated
rats.

Along with bisphosphonate, OPG is a potent bone
resorption inhibitor, but treatment with high doses of
OPG alone increased BMD and bone volume and
caused neither histopathological abnormalities in other
tissues nor significant changes in the number of lenko-
cytes, erythrocytes, reticulocytes, or platelets [11].
Therefore, OPG may act solely on osteoclasts by in-
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a:P < 0.01, compared with TSAvebtke
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Fig. 1. Femora were divided
into 4 equal length as shown
(A), and the BMD (B) and
BMC (C) of each region were
measured by DXA. Data were
reported as mean + SD.
Among the tail-suspended
groups, significant difference in
BMD and BMC of region 1-2
were shown. The BMDs of
regions 2-3 in the TS-OPG
group were nearly equal to that
in the NL-vehicle group.

hibiting their formation. This inhibition may, at least in
part, explain the difference between the two potent bone
resorption inhibitors.

In summary, the present findings indicate that treat-
ment with OPG can prevent decrease in BMD not only
in cancellous bone but also in cortical bone of the femur.
Treatment with OPG can prevent decrease in bone
strength at the diaphysis of the femur. These findings
suggest that OPG may be useful to treat osteoporosis
induced by skeletal unloading, including space flight,
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Table 6. Mechanical strength of femur measured using the
three-point bending method

Group Ultimate force (N)
TS-vehicle 823 £ 114
TS-OPG 951 + 8.0°
NL-vehicle 97.8 £ 13.6*
NL-OPG 123.0 £ 14.7°¢

Values are mean + SD

* P < (.01, when compared with TS-vehicle (ANOVA Fisher’s
PLSD test)

® P < 0.01, when compared with TS-OPG (ANOVA Fisher’s
PLSD test)

° P < 0.01, when compared with NL-vehicle (ANOVA Fish-
er’s PLSD test)

and especially to prevent bone fracture during and after
space flight.
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Abstract

Background: The prevalence of allergic disease is in-
creasing worldwide, but its influence on the clinical
course of autoimmune diseases is unknown. Objective:
The purpose of this study was to assess the effect of sea-
sonal allergic rhinitis on the clinical course of Graves'
disease, which has been considered a Th2-dominant
autoimmune disease. Methods: Ten patients with
Graves’ disease, who were considered to be in a state of
remission or near remission, were serially examined for
18 months starting from August. Five of them had sea-
sonal allergic rhinitis due to Japanese cedar pollen, and
the remaining patients had no such allergic disorders.
Peripheral eosinophil counts, serum concentrations of
cedar-pollen-specific I1gE, anti-TSH-receptor antibody,
anti-thyroid-peroxidase antibody and antithyroglobulin
antibody were assessed at 2- to 4-month intervals, Se-
rum thyroid hermones and TSH levels were also mea-
sured to evaluate disease activity. Results: All patients
with pollinosis had attacks of allergic rhinitis caused by

cedar pollen in early March. Subsequently, peripheral
eosinophil counts, pollen-specific IgE activity and serum
levels of anti-thyroid-peroxidase and antithyroglobulin
autoantibodies markedly increased. Serum levels of anti-

'TSH-receptor antibody increased in 3 patients in assacia-

tion with an increase in serum thyroid hormones but
were always negative in 2 patients. The control patients
without pollinosis showed no consistent change of these
parameters. Conclusions: Seasonal allergic rhinitis ag-
gravated the clinical course of Graves’ disease and
induced an increase in serum antithyroid autoantibody
concentrations as well as an increase in pollen-specific
lgE concentration. These data suggest that environmen-
tal antigens induce not only local allergic reactions, but
also stimulate thyroid immune reactions toward Th2 pro-
tiferation, and finally aggravate Th2-dependent autoim-
mune thyroid disease.
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Introduction

Allergic rhinitis is a Th2-dependent disease and may
influence the clinical course of other Th2-predominant
diseases. Previously we had found that seasonal allergic
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rhinitis induced by Japancse cedar pollen aggravated
Graves’ disecase and patients frequently suffered relapses
of Graves’ thyrotoxicosis [1]. Morcover, some patients
develop a clinical onsect of Graves’ discasc after an attack
of allergic rhinitis [2].

Graves’ thyrotoxicosis is induced by thyroid-stimulat-
ing anti-TSH-receptor antibodics, and thus humoral im-
munity is more important than cellular immunity [3]. In
patients with Graves’ disease, peripheral eosinophil
counts were significantly increased [4]. Furthermore, se-
rum concentrations of interleukin (IL) 5 [ 5], soluble CD30
[6], IgE [7] and ecsinophil-derived neurotoxin were in-
creased [8]. Morcover, 1t has recently been clarified that
the association of scasonal allergic rhinitis was frequent in
Graves’ disease and rare in painless thyroiditis [9]. These
data strongly suggest that Graves’ disease 1s a Th2-pre-
dominant disorder, although there have been contradicto-
ry reports, i.e. that the Thl-driven response is important
for the initial phase of Graves™ disease [10-13].

Allergic diseases are often associated with Th2-domi-
nant autoimmune disease, such as systemic lupus erythe-
matosus [I4-16]. However, little is known about the
influence of seasonal allergic rhinitis on the clinical course
of autoimmune diseases and on the production of autoan-
tibodies. It is well known that Japanese cedar pollens are
heavily disseminated at the end of February to early
March and frequently induce cedar pollinosis [9, 17]. In
this study, we examined the effects of Japanese cedar pol-
linosis on autoantibody production in order to clarify the
mechanism of aggravation of Graves’ disease,

Methods

Patients

We examined 10 femalce patients with Graves® discase who were
considered to be in a state of near remission under a maintenance
dose of 2.5 or 5 mg of methimazele per day or in remission after
antithyroid drug therapy. Of these, 5 patients had their disease com-
plicated by seasonal allergic rhinitis due to Japanese cedar pollen.
None of these patients received any medications, including immuno-
suppressive drugs, for allergic rhinitis. The other 5 patients had no
such allergic diseases. The clinical course was examined in these
patients for 18 months starting from August 1999 or August 2000.
Physicat examination and laboratory tests were performed every 2-4
months. Informed consent was obtained from all patients.

Measurements

Peripheral eostnophil counts were made using an automated leu-
kocyte differential system (Total Hematology Management System
NE-7000; Sysmex Co., Kobe, Japan) [4]. The serum levels of IgE spe-
cific to Japanese cedar pollen were measured with UniCAPI100
(Pharmacia and Upjohn Diagnostics AB, Uppsala, Sweden) using a
fluorescence enzymatic immunoassay. The normal cutoff value was

Allergic Rhinitis and Graves’ Discase

0.34 UA/ml. Anti-TSH-receptor antibody was measured with a com-
mercial radiorcceptor assay kit (Dyno test TRAb Human Kit,
Yamasa Corporation, Tokyo, Japan) [18]. This assay uses human
recombinant receptors, and the cutoff value was 1.0 TU/L

Antithyroglobulin antibody and anti-thyroid-pceroxidase anti-
body were measured with commercial radioimmunoassay kits; TgAb
(Cosmic Corporation, Tokye, Japan) and TPO Antibody Kit *Eiken’
(Eiken Chemical Co. Ltd., Tokyo, Japan), respectively, Normal
cutoff values were 0.3 U/mland 0.1 FU/ml, respectively. Activities of
anti-streptotysin-O antibody were measured by nephelometry for
latex agglutination using LX-3000 (Eiken Chemical Co.). The lowest
detection limit was 30 TU/ml.

Scrum concentrations of IL-5 and IL-13 were measured with
commercial enzyme immunoassay kits, Quantakine human IL-5 and
IL-13 immunoassays (R&D Systems In¢,, Minneapolis, Minn.,
USA), respectively. The minimum detectable doses of IL-5 and 11-13
were less than 3.0 and 32 pg/ml, respectively.

In order to examine the IgE-associated anti-TSH-receptor anti-
bodies, 300 pl sera obtained from patients 1, 4 and 5 were incubated
with anti-IgE-antibody-coated magnetic particles overnight at 4°C,
The mixture was centrifuged at 3,000 rpm for 15 min, and the
obtained IgE-depleted sera were assayed for activities of anti-TSH-
receptor antibodics, anti-thyroid-peroxidase antibodies and antithy-
roglobulin antibodics.

Staristical Analysis

Comparison of cach parameter at different times was performed
by the paired t test.

As for antithyroglobulin antibody, antibody values were trans-
formed logarithmically, and thc obtained values were compared
betwecen the two different times by the paired t test.

Results

Age, sex and clinical data of patients at various times
are summarized in table 1. Patients with and without sea-
sonal allergic rhinitis were categorized as groups A and B,
respectively. Four patients had been recelving minimal
maintenance dosecs of methimazole, and the remaining
patients were followed without any medication. Even dur-
ing attacks of allergic rhinitis, no patients received any
antiallergic drugs. As expected, cedar-pollen-specific IgE
was positive in all patients in group A and negative in
group B patients. Anti-TSH-receptor antibodies were
weakly positive in 2 patients in group A and in 4 patients
in group B in November-January before an attack of
allergic rhinitis (table 1). Anti-thyroid-peroxidase anti-
bodies were positive in all patients except case 3. Antithy-
roglobulin antibodies were positive in all patients except
case 1 in November—January. For each parameter, ‘basal
values’ in November-January were compared to the val-
ucs around the peak time of increase in group A. Peripher-
al eosinophil counts and serum levels of cedar-pollen-spe-
cific IgE were significantly increased in April-May and in

Int Arch Allergy Immunol 2003;132:268-276 269
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Table 1. Clinical data in patients with Graves' disease

Case  Age Peripheral eosinophil Cedar-pollen-specific Anti-TSH-receptor Anti-thysoid-peroxi- Anti-thyroglobulin Thyroid
years  counls,n/mm? 1gE, UA/mt antibody, T/ dasc antibody, IU/m1 antibody, U/ml therapy
Nov-Jan  Apr-May* Nov-Jan May-Jun* Nov-Jan Jun-Oct Nov-Jan  Scpt-Oct* Nov-Jan  Sept-Oct* in Apr-July
Group A
1 34 211 583 89 270 1.3 32 154 386 <03 0.7 none
2 19 127 358 14.5 264 <10 <1.0 835 963 0.7 2.7 methimazole
2.5 mg/day
3 58 234 302 26.2 317 <1.0 <1.0 <0.1 <0.1 11.2 137 none
4 34 143 340 12.4 16.4 1.2 529 250 673 51.5 176 none
3 40 153 nt. 15.9 17.8 <1.0 7.5 25.8 455 0 9.7 none
Nov-Jan  Apr-May  Nov-Jan  May-Jan Nov-Jan Jun-Oct Nov-Jan  Sept-Oct Nov-Tan  Sept-Qct
Group B
6 27 30 68 <0.34 <(.34 < 1.0 <1.0 272 1,110 86.4 73.3 none
7 58 225 231 <0.34 <0.34 23 L5 £58 82.3 10.2 7.5 methimazolc
2.5 mg/day
8 36 133 151 <0.34 <0.34 1.2 2.1 5,678 6,747 201 283 none
9 25 70 24 <0.34 <0.34 1.2 <tO0 273 116 12.8 5.1 methimazole
2.5 mg/day
10 28 372 283 <0.34 <(.34 1.7 2.9 1,214 1,359 7.2 6.5 methimazole
5 mg/day

Group A = Paticnts with Graves® diseasc complicated by seasonal allergic rhinitis; group B = patients without seasonal allergic rhinitis; n.t. = not tested.

* p < 0.05: significant difference between values at two different time points.

May-June, respectively (table 1). Activities of anti-thy-
roid-peroxidase antibody were also significantly increasced
when an antibody-negative patient (case 3) was excluded,
Activities of antithyroglobulin antibody were also signifi-
cantly increased when statistical analysis was performed
using logarithmically transformed antibody values.

Serial changes in peripheral eosinophil counts and
serum levels of pollen-specific IgE, anti-TSH-receptor an-
tibody, antithyroglobulin antibody and anti-thyroid-per-
oxidase antibody in case 4 are shown in figure 1. The
increase in anti-TSH-receptor antibody was remarkable,
and the peak was slightly delayed compared to that of
eosinophil counts and pollen-specific IgE. Increases in
antithyroglobulin and anti-thyroid-peroxidase antibodics
were further delayed, and their peaks were found in Octo-
ber, This patient had a small goiter and the increase in
thyroid hormones was mild, although anti-TSH-receptor
antibody increased to 60 TU/L Since the patient rejected
the readministration of methimazole, she was followed
without any drugs. Thyroid function returned to normal
in association with a decrease in activities of anti-TSH-
receptor antibody.

Peripheral eosinophil counts increased at the time of
allergic rhinitis in most patients in group A, but no consis-
tent change was found in group B patients (fig. 2). Two

270 Int Acch Allergy Immuncl 2003;132:268-276

patients in group A had a second slight increase in eosing-
phils in October. The cedar-pollen-specific IgE concentra-
tion clearly increased after attacks of seasonal allergic
rhinitis in all patients (fig. 3), and a mild second increase
in IgE was found around Qctober in 3 patients in group A
(fig. 3a). All patients in group B showed negative cedar-
pollen-specific IgE  during the observation period
{fig. 3b).

Serum levels of anti-TSH-receptor antibody increased
after an attack of allergic rhinitis in 3 patients in group A
(fig. 4a). The remaining 2 patients showed a negative reac-
tion during the observation period. In case 1, activities of
anti-TSH-receptor antibodies increased gradually, and
the serum TSH level became undetectable in association
with a slight increase in serum free T4 in September.
Finally, methimazole was restarted 6 months later. [n case
4, transient mild hyperthyroidism relapsed in April and
May but resolved spontancously in association with a
decrease in anti-TSH-receptor antibodies, In case 5, anti-
body activity increased from less than 1.0 to 7.5 IU/l in
June. In association with this change, thyrotoxicosis (free
Ts. 2.7 ng/dl) relapsed and methimazole therapy (15 mg/
dav} was restarted in July. In group B, no consistent
change was observed (fig. 4b).

Takeoka/Hidaka/Hanada/Nomura/Tanaka/
Takano/Amino
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The increase in the serum level of anti-thyroid-peroxi-
dase antibody is shown in figure 5. All patients, except
No. 3, showed a gradual increase in antibody activities in
group A, although the peak was delayed from that of pol-
len-specific IgE or anti-TSH-receptor antibody. In group
B, 2 patients (cases 6 and &) had an increase in antibody
activity in spring, but the antibody increase was observed
before the attack of allergic rhinitis in case 6. The change
in antithyroglobulin antibodies was more marked (fig. 6).
Three patients in group A showed a marked increase, and
the peak of activities was found around October. The oth-
er 2 patients also showed a gradual increase, but the
change was slight. In group B, | patient (case 8) showed an
increase in antithyroglobulin antibodies before the attack
of allergic rhinitis, but 4 other patients showed no in-
crease from December to September.

Compared to these changes, anti-streptolysin-O anti-
body levels did not change in any patient during the
observation periods (fig. 7).

In order to examine the possibility of IgE-associated
autoantibodies, sera with the highest anti-TSH-receptor
antibody levels were obtained from cases 1, 4 and 5. Even
after absorption of IgE, the activities of anti-TSH-recep-
tor antibodics, anti-thyroid-peroxidase antibodics and an-
tithyroglobulin antibodies were not changed (data not
shown).

Serum levels of IL-5 and IL-13 were measured, but
serum samples showed undetectable levels lower than the
minimum detectable concentration.

Discussion

Little is known of the effect of allergic diseases on the
clinical course of autoimmune disorders. It is often difficult
to predict the time of association of a disease with an aller-
gic disorder. Also many patients receive various kinds of
immunosuppressive drugs. Therefore, the correct evalua-
tion of spontaneous changes in disease activity is usually
difficult. The prevalence of seasonal allergic rhinitis to
Japanese cedar pollens is increasing in Japan, and more
than 20% of subjects in the general population suffer from
this allergy [19]. Japanese cedar pollen markedly dissemi-
nates at the end of February or early March every vear, and
thus the attacks of this pollinosis can be easily predicted.
Onthe other hand, aggravation of Graves’ discase is readily
evaluated by changes in serum thyroid hormones and anti-
thyroid antibody activities, For example, postpartum ag-
gravation of autoimmune thyroid disease can be detected
by postpartum development of thyroid dysfunction [20].
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In this study, all patients with cedar poliinosis showed
a clear incrcase in autoantibody titers as well as an
increase in cedar-pollen-specific IgE activity. The drug
effects on these changes were negligible, since the patients
were receiving only minimal doses of methimazole or no
medication, except for patient 5 who received a second
course of 15 mg of methimazole in July due to relapse of
thyrotoxicosis. Large doses of methimazole may have an
immunosuppressive effect [21], but a minimal mainte-
nance dose may not have such an influence. The natural
seasonal influence could also be ruled out, since the con-
trol patients without pollinosis showed no significant
change in the titers of any antibodies during the period of
18 months.

The incrcases in antibody activities started soon after
the attacks of rhinitis for every antibody, but the peaks of
activity were slightly different among these. The pattern
of increase was similar between cedar-pollen-specific IgE
and anti-TSH-receptor antibody, although 2 patients were
always ncgative. It is interesting to speculate that B lym-
phocyte clones to produce antireceptor antibodies would
be inactivated completely and reproduction of antirecep-
tor antibodies could not be induced by allergic stimula-
tion in the latter 2 patients. The peak of IgE and antire-
ceptor antibody activities was around May-July. Com-
pared to this, the pcak was around October, that is 7
months after the attacks of rhinitis, for both anti-thyroid-
peroxidase and antithyroglobulin antibodies, though the
pattern was slightly different in individual patients, IgE
antibodies, including that against cedar-pollen-specific
IgE, bind to mast cells and basophils. Anti-TSH-receptor
antibodies, which usually belong to IgG, bind to TSH
receptors in the thyroid gland. On the other hand, antithy-
roglobulin and anti-thyroid-peroxidase antibodies have
no such binding site, and thus consumption is different
from the above 2 antibodies. These differences may be
relevant to the differences of the patterns of antibody
increase,

Even in group B, 2 patients (cases 6 and 8) showed an
increase in anti-thyroid-peroxidase antibody in spring. In
case 6, this antibody was increased before any attack of
allergic rhinitis. An increase in antithyroglobulin anti-
bodies was also observed in case 8 in spring, although it
occurred before allergic rhinitis. They did not have con-
current respiratory disease in spring, and we do not know
the reason why these 2 cases showed an antibody in-
crease.

Itis important to elucidate the mechanism of antibody
increase. Allergic rhinitis is an inflammatory disease
localized in the nose and eyes. If the involved lymph

Allergic Rhinitis and Graves’ Discase

nodes draining the thyroid gland and mucosal respiratory
tract are, at least in part, the same, some Th2-derived
cytokines produced during allergen recognition can indi-
rectly drive and amplify the ongoing autoantibody pro-
duction by local B cells. IL-4, a Th2-associated cytokine,
stimulates the production of IgG1, IgG3 and IgG4, as well
as IgE [22]. Another Th2 cytokine, IL-13, stimulates [gE
and IgG4 antibody production [23]. In this study, the
increased antithyroid autoantibodies did not belong to
the IgE fraction. It may be worthwhile to examine the [gG
subclasses of these autoantibodies. Activation of a local
Th2 immune reaction may stimulate systemic immunity
toward Th2 predominance, but the measurement of circu-
lating cytokines failed to prove this possibility.

In conclusion, local allergic reactions to environmental
antigens in the nose and eyes may stimulate an immune
reaction to Th2 predominance in the involved lymph
node and may activate autoantibody production in the
thyroid gland.
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Graves’ disease (GD) is an organ-specific autoimmune disease characterized by hyperthy-
roidism. Agonistic anti-thyrotropin receptor antibodies (thyroid-stimulating antibodies,
TSAD), which mimic the thyrotrepin {TSH) action, are thought to cause GD. The precise
immunological mechanism of TSAb production, however, remains elusive. Previous immuni-
zation approaches using TSH receptor led to transient hyperthyroidism, but did not seem
sufficient for comprehensive understanding of the development of autoimmune responses.
To create GD-related autoimmunity in mice, we here generated TSAb-transgenic mice in
which a patient-derived TSAb is expressed in B cells. Expression of the human TSAb in mice
resulted in various manifestations of hyperthyroidism including increased free thyroxine lev-
els with concomitantly decreased TSH levels, increased thyroid uptake of technetium per-
technetate, hyperthermia and thyroid hyperplasia. We found a correlation between the
serum levels of human TSAbL immunoglobulin and free thyroxine. In addition, conventional
B cells expressing the TSAb were partially deleted in the periphery while B1 cells expressing
the TSAb persisted and accumulated in the peritoneal cavity, a finding consistent with previ-
ous demonstrations that the maintenance of B1 cells plays an important role in the develop-
ment of autoimmune diseases. Thus, our transgenic mouse may provide a novel and useful
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animal model for elucidating the pathogenesis and pathophysiology of GD. Received
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1 Introduction

Graves’ disease (GD) is a common autoimmune disease
characterized by the production of antibodies (Ab)
against thyrotropin (TSH) receptor (TSHR} [1-4]. Agonis-
tic anti-TSHR Ab, or thyroid-stimulating Ab (TSAb),
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Abbreviations: GD: Graves' disease TSH: Thyrotropin
TSAb: Thyroid-stimulating antibedy FT4: Free thyroxine Tg:
Transgenic higM: Human IgM SP: Spleen PerC: Perito-
neal cavity TPT: Technetium pertechnetate BBT: Basal
body temperature
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mimic TSH function and induce the overproduction of
thyroid hormones. GD patients manifest various symp-
toms of hyperthyroidism including increased heart rate,
excess perspiration and weight loss. TSAb can be
detected in the serum of more than 90% of newly diag-
nosed GD patients with hyperthyroidism [3]. The mea-
surement of TSAb in patients with GD is a useful predic-
tor of relapse and remission [5].

A GD animal model will clarify the mechanisms underly-
ing the development of GD including that of TSAb pro-
duction. Recently, two attempts were made by immuniz-
ing mice using human TSHR: one by the injection of
TSHR-transfected cells simultanecusly expressing MHG

0014-2980/03/0808-2531$17.50+.50/0
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class Il [6]; the other by genetic immunization using
TSHR cDNA [7]. Although these immunized mice
showed some typical phenotypes associated with hyper-
thyroidism, the responses were temporary and TSAb
were produced against non-self TSHR. The process of
autoantibody production in these mice presumably lacks
the persistent abrogation of self tolerance.

To circumvent the lack of an appropriate animal model
for the study of GD, we undertook a different approach.
In previous studies, we established a B cell clone pro-
duging a TSAb from a GD patient [8, 9]. We subsequently
demonstrated that this TSAb bound to TSHR and stimu-
Jated the thyreid in vitro [8, 10] and in vivo [11). These
observations prompted us to generate a transgenic (Tg}
mouse constitutively expressing the human TSAb. Since
B cells expressing the TSAb are subjected to the host
immune system, we postulated that these TSAb-Tg mice
might develop immunological responses associated with
autoimmunity, such as clonal deletion, anergy or the
breakage of self tolerance. Indeed, we demonstrate in
this report that these TSAb-Tg mice manifest many of
the clinical features of hyperthyroidism and develop
immunological responses against B cells that produce
autcantibodies. These TSAb-Tg mice provide a novel
and useful model for the study of endocrinclegical and
immunological aspects of GD. In particular, studies con-
cerning the disruption of self tolerance, a process which
is responsible for the TSAb production, will be greatly
facilitated.

2 Resulis

2.1 Establishment of transgenic mice expressing
a patient TSAb

To express an agonistic TSAb in mice, we designed a
transgene construct (Fig. 1A). A 5’ flanking region of the
original human 1g (TSAb) gene [8] was used as a provi-
sional prometer and a human Cp segment was used for
the constant region of Hchain. We established two
founder lines; one carried approximately ten copies of
the transgene on chromosome (Ch.) 10 while the other
carried ~20 copies on a Ch, 7-Ch. 9 translocation (data
not shown). As no phenotypic differences between these
two lines were observed, we show cambined results
from both lines in the following studies.

2.2 B cell surface expression of human TSAb in
TSAb-Tg mice

To determine whether the TSAb was expressed in the
TSAb-Tg mice, we quantified serum human IgM (higM)

Eur. J. Immunol, 2003. 33: 2531-2538
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Fig. 1. Schematic design of the transgene and the expres-
sion of higM on B cells in TSAb-Tg mice. (A) The transgene.,
Closed box indicates the probe used for Scuthern blot anal-
ysis. Relevant restriction sites are shown: K, Kpnl; X, Xhol;
C, Clal; N, Notl. (B) HigM and 1gx expression on PBL from Tg
mice. Three-color flow cytometry using anti-CD19, anti-
hurman [gM and anti-lgk Ab was performed. Numbers repre-
sent the percentage of a particular subset.

by ELISA. Average levels of serum higM in TSAb-Tg
mice were 47138 pg/ml {mean = SD, n=74), while
transgene-negative littermates expressed undetectable
levels of higM, thus confirming that the transgene was
successfully expressed in the Tg mouse. Next we exam-
ined TSAb-Tg B cells for expression of surface higM. As
shown in Fig. 1B, 12 % of B cells from the Tg mouse
were higM*/hlgs*. Moreover, total B cell numbers in the
TSAb-Tg mice were much lower than expected, sug-
gesting that B cells can be autoreactive, and clonal dele-
tion, one of the key mechanisms for self tolerance, may
have occurred (see below). Expression of the transgene
was not cbserved in Tcells (Fig. 1B) or other tissues
(data not shown).

2.3 Development of hyperthyroidism in TSAb
mice

Thyroid function in TSAb-Tg mice was assessed by mea-
suring serum free thyroxine (FT4) and TSH levels. The
FT4 levels of TSAb-Tg mice were significantly higher
than those of non-Tg littermates {mean = SD: Tg:
27.5+8.0 pmoll, n=74 vs. non-Tg: 14.9+3.9 pmol/,
n=38, p<0.001) {Fig. 2A), while the TSH levels of Tg mice
(mean = 8D: 1.3£1.2 ng/ml) were lower than those of
non-Tg littermates (mean + SD: 4.4+2.2 ng/ml) (Fig. 2B).
Based on the thyroid functicn of non-Tg mice, we arbi-
trarily defined the hyperthyroid status as follows: FT4
>22.7 pmol/l {mean + 2 SD} and TSH <1.4 ng/ml {mean
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Fig. 2. The human TSAb-Tg mice manifested hyperthyroid-
ism. (A} Serum FT4 levels of Tg (n=74) and non-Tg (n=38)
mice are shown. Horizontal bars in the non-Tg column rep-
resent the mean + 2 SD boundaries. (B) TSH levels of the
same mice as in (A). To calculate the deviation range {(mean
+ 2 8D) for non-Tg mice, values were normalized following
logarithmic transformation. (C) Correlation of FT4 and TSH
levels in each individual Tg mouse as in (A) and {B}. Horizon-
tal broken line corresponds to the upper bar level (mean +
2 8D} shown in (&), and vertical broken line to the lower bar
level (mean — 2 SD) shown in (B). Mice in the upper left quad-
rant (n=50) satisfy the criteria for hyperthyroidism. (D) Corre-
lation of FT4 and higM levels in individual Tg mice with low
TSH levels {n=60). r, correlation coefficient; using Person’s
correlation coefficient test. (E) BBT measurements. Body
temperatures of non-Tg (open box; male, n=6; female: n=7),
euthyrcid Tg (hatched box; male, n=7; female, n=4) and
hyperthyroid Tg (closed box; male, n=6; female, n=3) mice
are shown. The mean + SE values are shown for each set of
data; "p<0.05.

— 2 8D, using normalized logarithmic transformation).
Fifty of 74 TSAb-Tg mice (68%) met this criterion
(Fig. 2C). Of them, 24 mice had undetectable levels of
TSH (<0.1 ng/mf). Thirteen mice that displayed
increased FT4 but normal TSH levels. In these mice, the
duration or degree of the increased FT4 levels might not
be sufficient to suppress TSH levels. In the majority of
TSAb-Tg mice examined, we observed positive correla-
tions between serum higM and FT4 levels (Fig. 2D).
These results indicate that the higM (TSAb} is indeed
pathogenic, and that its level determines the severity of
hyperthyroidism in the Tg mice.

Transgenic mode! of Graves' disease 2533

2.4 Clinical manifestations of hyperthyroidism in
TSAb-Tg mice

Thyroid hormones stimulate various metabolic pro-
cesses, including energy expenditure and the metabo-
lism of various nutrients, and thus induce increased body
temperature as one of the clinical manifestations of thy-
rotoxicosis [12]. We observed higher basal body temper-
ature (BBT) in both male and female hyperthyroid Tg
mice compared to euthyroid Tg mice. There was no sig-
nificant difference in the BBT between euthyroid Tg and
non-Tg mice (Fig. 2E}). These findings strongly suggest
that thyroid function influences BBT in TSAb-Tg mice. In
addition, hyperthyroid TSAb-Tg mice showed higher
activity than euthyroid Tg mice as measured by distance
moved in a given time scale {data not shown).

2.5 Increased thyroid technetium uptake by
hyperthyroid Tg mice

Technetium pertechnetate (TPT)} scintigraphy was per-
formed to confirm that the hyperthyroidism in the TSAb-
Tg mouse was caused by hyperactivity of the thyroid
gland, not by destructive thyroiditis. The pertechnetate
fon is transported into thyroid tissue by an iodide-
concentrating mechanism but has a shorter half-life (6 h)
than other radiciodines ("': 8days; . 13 h). We
injected mice with TPT via the tail vein and assessed the
time course of TPT transport into the thyroid. In non-Tg
mice, TPT was predominantly found in the stomach
though trace amounts were present in the thyroid
{Fig. 3A). Thyroidal TPT accumulation slightly increased
up to 9% (mean + SD: 7.8+0.64%) and saturated at
90-120 min (Fig. 3B) post-injection. In contrast, hyper-
thyroid TSAb-Tg mice accumulated TPT up to signifi-
cantly higher levels (mean + SD: 16.5£3.1%) and sus-
tained this for at least 150 min. These results demon-
strate that iodide transport is substantially increased in
the hyperthyroid TSAb-Tg mice.

2.6 Hyperplastic thyroid in hyperthyroid mice

Thyroid hyperplasia is a typical characteristic of GD. His-
tological examinations of the thyroids from hyperthyroid
TSAb-Tg mice revealed irregular-sized follicles with dif-
fuse hypercellularity (Fig. 3C). In large follicles with large
nuclei, vacuoles due to hypersecretion were seen in the
boundary of epithelial cells; richness of interstitial arteri-
oles was also seen. These results are consistent with
hyperthyroxinemia and high thyroid technetium uptake.
Several accompanied features of GD were not detect-
able in our hyperthyroid TSAb-Tg mice, such as lympho-
cyte aggregates in the thyroid or evidence of muscle
destruction associated with ophthalmopathy.
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Fig. 3. High technetium uptake and hyperplasia in the thy-
roid of the human TSAb-Tg mouse. {A) Technetium uptake
planar images comparing the Tg and non-Tg mice. Images
were taken at 1, 10, 30, 60, 120 and 150 min after injection
of 2mGCi TPT into the tail vein. Striped color bar indicates
arbitral intensity of the accumulated radioactivity. The white-
red end indicates higher accumulation. (B) Time course of
technetium uptake in the Tg (closed circle; n=3) and non-Tg
{open circle; n=3) mice. The mean + SE values are shown for
individual time points; "p<0.05, **p<0.01, Student’s t-test.
{C) Thyroid gland histology. Magnification facters: top, x100;
bottom, x400. Compared to the normal tissue, the thyroid
gland from the Tg mouse displays diffuse hyperceflularity
and follicles with irregular sizes. Note that small cells are sur-
rounded by square epithelial cells and large ones are sur-
rounded by taller rounded cells.

2.7 Clonal deletion of TSAb-positive B cells in
peripheral lymphoid organs

As described earlier, B cell numbers in the TSAb-Tg mice
were much lower than expected, suggesting that autore-
active TSAb-positive B cells might have been partially
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eliminated by clonal deletion. To test this hypothesis,
B cells from bone marrow (BM}, spleen (SP) and perito-
neal cavity {PerC) of TSAb-Tg mice were analyzed. The
percentages of higM*/hlgk® B cells in the whole lym-
phoid cells from the SP and BM of Tg mice were similar
to those in the peripheral blood lymphocytes (PBL)
(Fig. 4A). Total B cell numbers decreased in the SP and
BM as well as in PBL (Fig. 4B). Statistical analysis con-
firmed that the total B cell numbers in TSAb-Tg PBL
were significantly decreased compared with that of non-
Tg littermates. However, percentages of higM* B cells in
the PBL and PerC of TSAb-Tg mice varied among mice.
These results suggest that clonal deletion of TSADb-
bearing B cells may be occurring in the TSAb-Tg mice.

2.8 B cells that survive clonal deletion
accumulate in the PerC

If clonal detetion regulates the numbers of TSAb-bearing
B cells in peripheral lymphoid organs, such cells may
survive deletion in places where the immunological sur-
veillance mechanism does not operate efficiently. Thus
we investigated the number and composition of B cells
in the PerC. We observed an increase of B cells in the
PerC of the TSAb-Tg mice compared with that of non-Tg
littermates (Fig. 4B); and the percentages of B cells
expressing higM and Igk in the PerC were much greater
than those in the PBL (Fig. 4A). Further analysis of
B cells in PerC using anti-Mac-1 Ab revealed that the
substantial number of Mac-1* B1 cells was present and
that approximately 40% of B1 cells expressed higM
{Fig. 4C). Furthermore, most of higM" B cells were Mac-
1*, Of higM* B cells, the percentages of B1a {CD5") and
B1b (CD5) cells were aimost equal. These results are
consistent with the previous ones that B cells in the PerC
play an important role in autoimmunity [13].

2.9 Oral LPS administration induces
hyperthyroidism in the TSAb-Tg mice

We examined whether administration of LPS induce the
hyperthyroid state in the euthyroid TSAb-Tg mice.
Before LPS administration, mean £ SD of serum FT4
and TSH levels of euthyroid TSAb-Tg mice were
11.4+1.15 pmol/mt and 3.8+0.64 ng/mi (non-Tg mice:
10.9+0.07 pmol/ml and 3.91+0.39 ng/mi), respectively.
Seven days after oral administration of 10 pg LPS, their
levels changed to 24.6+1.03 pmol/ml {n=5, p<0.0001)
and 0.07+£0.23 ng/ml {n=5, p<0.01) (non-Tg mice:
9.4+0.09 pmol/ml and 5.120.12 ng/ml), respectively
(Table 1). These data suggest that the LPS administra-
tion activated TSAb-producing B or B1 celis in the Tg
mice.
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Fig. 4. Clonal deletion and survival of TSAb-bearing B cells in the Tg mouse. (A) Flow cytometry of higM expression on the B cells
of 8P, BM and PerC. Cells were stained as described in Fig. 1B. (B) The B cell compartment size in lymphoid organs (open box:
non-Tg, n=3; closed box: Tg, n=3). Data are means =+ SE; ("p<0.05, *'p<0.01, Student's t-test for unpaired data. (C) Flow cytom-

etry of B1 cells in PerC.

3 Discussion

In this study, we generated hyperthyroidism in mice by
expressing a patient-derived anti-TSHR Ab as a trans-
gene. We were particularly interested in determining
whether this strategy would evoke in mice similar auto-
immune responses to those that are commonly seen in
humans with GD. The human TSAb was successfully
expressed in our Tg mice, and stimulated thyroid cells to
produce excessive amounts of thyroid hormones (FT4).
Consequently, these TSAb-Tg mice developed a series
of hyperthyroidism symptoms typically seen in GD,
which include increased serum FT4 levels concomitant
with suppressed or decreased TSH levels, hyperthermia,
hyperactivity, and an increase in body temperature, In
addition, thyroid cells in these mice showed increased
technetium uptake and displayed hyperplastic changes,
all of which are typically seen in GD.

Table 1. Hyperthyroidism induction by oral LPS adminis-
tration?

FT4 (pmol/) TSH (ng/mi)
TSAb-mice
before LPS 11.4x1.15 3.80+0.64
after LPS 24.6+1.03" 0.77+0.23"
nen-Tg mice
before LPS 10.920.07 3.91+0.39
after LPS 9.4+0.09 5.1+0.12

* Values are expressed as mean = SE (*p<0.01, n=5, vs.
“before LPS").

We took a new approach in generating a GD animal
model. In the previous models, mice were immunized
with human TSHR, which resulted in a transient autoim-
mune response. The non-persistent nature of the auto-
immune response in the immunized mice is, supposedly,
a consequence of the transient expression of the nomi-
nal Ag. However, the continuous presence of the Ag
could induce tolerance, rather than leading to a persis-
tent autoimmune response. To circumvent this problem,
we persistently expressed the autoantibody, derived
from a GD patient, in our Tg mouse. Indeed, many of the
pathological and clinical changes associated with GD
appeared in our TSAb-Tg mice. This is the first mouse
medel in which the constitutive expression of a human
autcantibody has resulted in the successful develop-
ment of an autoimmune disease.

Using this mouse model, we investigated the immunolog-
ical factors which influence the development of hyperthy-
roidism in mice. The serum FT4 levels, a direct indicator
of hyperthyroidism, strongly correlated with the serum
higM levels. Nevertheless, the numbers of total B cells in
PBL, SP and BM were significantly lower in the Tg mice
compared to those of non-Tg littermates. Moreover, the
number of Tg B cells variably decreased in the PBL, BM
and SP in Tg mice and did not show correlation with
serum higM or FT4 levels. These pieces of evidence sug-
gest that a deletion process against the self-reactive
B cells took place but the deletion of Tg B cells in the
periphery did not abrogate the production of autoreactive
TSAb in the Tg mice. Interestingly, we observed that the
number of total B cells dramatically increased in the PerC
of the Tg mice and that many of those B cells expressed
higM {TSAb). Collectively, these findings suggest that
B cells in PerC, rather than those in the periphery, are
implicated in the development of GD in the Tg mice.
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Similar observation was obtained from studies using a
Tg model of autoimmune hemolytic anemia (AIHA), in
which the mouse anti-erythrocyte autoantibody was
expressed as a transgene [13, 14). Using this model,
Honjo and co-workers demonstrated the importance of a
subset of B cells, namely B1 cells [15, 16], in the devel-
opment of AIMA. These investigators further demon-
strated that B1 cells which had survived clonal deletion
accumulated in the PerC, and that these B1 cells could
produce autoantibodies following LPS, IL-5 or [L-10
administration [17, 18]. In contrast, conventional B cells,
even in the PerC as well as in the petiphery, were deleted
in this model. These findings, combined with our own
observation, lead us to speculate that B cells in PerC can
produce the TSAb, causing the development of hyper-
thyroidism in our Tg mice.

Administration of LPS into the Tg mice resulted in the
elevated serum FT4 levels. Consistently, clinical studies
demonstrated that the increase of CD5* B cells, though
in the PBL compartment, correlates well with the disease
activity in GD patients [19, 20]. Interestingly, this fact cor-
relates with the data that the number of CD5" B cells in
the PerC tends to decrease; on the other hand, those in
PB tend to increase when hyperthyroidism was induced
by LPS administration. However, we did not determine
the number of plasma cells, a population presumably
secreting the TSAb, in these compartments (i.e. periph-
ery and PerC). Moreover, a role of T cells has not yet
been studied in the present model. In addition to B cell
dysregulation, intrinsic Tcell dysfunction may be
involved in chronic autoimmunity (21, 22]. Therefore, it is
not clear how the present model reflects T cell help and
dependency of the chronic Ab production on innate
stimuli in the autoimmune response. For example, T cell-
driven B2 differentiation into memory plasma cells has
not been ruled out as a possible pathological mechanism
in GD. Thus future investigation is needed to address
these issues.

We noticed one difference between the AIHA and TSAb-
Tg mice in addition to the similar accumulation of
B1 cells in PerC and the deletion of peripheral B cells.
Both B1 and B2 cells in TSAb-Tg mice increased in num-
ber in the PerC (data not shown), whereas only B1 cells
but not B2 cells increased in AIHA mice. This difference
may be associated with the distribution of the nominal
Agin each system. TSHR is widely expressed by the adi-
pose tissue, thymus, kidney, heart and brain, in addition
to the thyroid [23, 24], while erythrocytes are seen only in
the blood. Such difference in Ag distribution could sup-
posedly lead to different consequences in the develop-
ment of autoimmunity in each animal model because
autoreactive B cells might encounter their Ag at different
locations and/or stages in their develepment. However,
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both animal models manifested the development of
autoimmune responses, suggesting that the distribution
of Ag did not meaningfully affect the onset of the immune
responses in these animal models.

Most TSAb detected in patients with GD belong to the
igG class [1, 25). In fact, clone B6B7, which was isolated
from PBL of a GD patient, is originally the IgG ¢lone and
has a significant number of somatic mutations in V
region genes of H and L chains, indicating the involve-
ment of somatic mutations for the TSAb specificity [8, 9].
Although the isotype was changed from IgG to IgM in
this TSAb-Tg mouse, this would not influence the bind-
ing affinity to TSHR or TSAb activity per se. Furthermore,
we found IgM TSAb from PBL of GD patients and indi-
cated the affinity maturation of TSAb driven by Ag in
lgM-producing lymphocytes [8, 26). The isotype alter-
ation, however, might affect on effector functions, i.e.
complement fixation. This issue should be further inves-
tigated in the future study.

Clinical studies implicated the involvement of environ-
mental factors in the development of GD in humans. We
observed, as noted above, that an oral administration of
LPS into the Tg mice caused an elevation of serum FT4
levels suggesting that the activation of B cells in PerC
may augment the TSAb production in the Tg mice. Fur-
thermore, this observation implies that certain bacterial
infection in humans, through the activation of B1 cells in
PerC, may episodically trigger or augment autoantibody
production in human GD patients.

In summary, we developed a Tg mouse model of GD.
These mice should provide us with unique opportunities
not only to study the pathogenesis of GD but also to
develop a new treatment strategy for this autoimmune
disease.

4 Materials and methods

4.1 DNA construction

We isolated the V region cDNA of beth H and L chains of the
TSAb from an EBV-transformed B cell clone, BBB7,
obtained from PBL of a patient with GD [8, 9. The character-
istics of BBB7 were described previously [8-11, 27]. Next,
three PCR-amplified DNA fragments were tandemly ligated:
the 5.7-kb L chain, the 3.7-kb VDJ fragment containing
5' non-coding region and the 4.7-kb constant fragment of
H chain (Fig. 1A}. A 500-bp fragment upstream of the ATG
initiation site was cloned as a putative promoter. An intron
enhancer derived from the H chain and an intron enhancer/
matrix attachment region of k chain were also included. Cp.
segment was used for the constant region of H chain,
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because the isotype change from IgG to IgM will not influ-
ence the activity.

4.2 Generation of transgenic mice

A 14.1-kb transgene was microinjected into fertilized eggs of
C57BL/6J mice. We detected thé transgene integration by
Southern blot analyses with the probe (Fig. 1A}, Mice were
maintained in conventional but not pathogen-free conditions
and analyzed at 12-20 weeks of age. All subsequent animal
studies were conducted based on a guideline approved by
the Institute of Laboratory Animals, Graduate School of
Medicine, Kyoto University.

4.3 Flow cytometry

Lymphocytes from peripheral blood, BM, SP and PerC were
analyzed by flow cytometry on a FACSCalibur™ (Becton
Dickinson); anti-mouse CD19-biotin, anti-mouse B220-APC,
anti-mouse CD5-PE and anti-mouse Mac-1-PE Ab were
purchased from PharMingen. Goat anti-human u-FITC and
anti-human kL chain-PE  were from Biosource Int.
Streptavidin-PE-Cy5 was from DAKO.

4.4 ELISA system

The levels of secreted higM and higs were measured by
ELISA using goat anti-higM or anti-higk Ab as the coating
Ab, and alkaline phosphatase-conjugated anti-hlgM or anti-
higx Al as the secondary Ab. All Ab were from Biosource.

4.5 Thyroid function

Serum FT4 and TSH concentrations were measured using a
commercial kit (ENZAPLATE FT4, Bayer Medical; rat TSH "%
assay, Amersham Pharmacia Biotech),

4.6 Scintigraphy

Imaging was conducted using a scintigraphic gamma cam-
era with a parallel collimator, TPT (®*™TcQ;; Mediphysics;
2 mCi/0.1 ml} was injected into the tail vein of anesthetized
mice and the radicactivity accumulated in the thyroid was
measured. The uptake ratio was determined by measuring
the accumulated radioactivity in the thyroid shaped by
region of interest subtracting the radioactivity found in other
parts of the body as background, and dividing by the total
injected radioactivity, TPT decrement radioactivity was cor-
rected as follows: A (corrected activity) = A’ (counted activ-
ity) x power (1/2, min/6.02 x 60 min).
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4.7 Body temperature

We measured the anal temperature of mice at 7:00 p.m. for
four consecutive days to minirmize the body temperature
fluctuation related to the estrous cycle.

4.8 Histology of thyroid and retro-orbital tissue

Thyroid glands and orbital tissue with the eyeball were
placed in formalin. Five-micrometer-thick paraffin-
embedded sections from each tissue were stained with
hematoxylin-eosin.

4.9 Lipopolysaccharide administration

One-hundred micrograms LPS (Sigma Chemical Co., St. '
Louis, MQ) dissolved in 500 ul was orally administered to the
mice through a polyethylene tube of 1 mm diameter.
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