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Research Highlights

(2) In the present study, we induced hypothyroidism during the onset of type 2 diabetes in Zucker
diabetic fatty rats.

(2) The complex effects of type 2 diabetes and methimazole induced hypothyroidism were not fully
confirmed.

(3) Hypothyroidism in type 2 diabetic patients affects the structure of hippocampal astrocytes and
microglia.

Abstract

In the present study, we investigated the effects of hypothyroidism on the morphology of astrocytes
and microglia in the hippocampus of Zucker diabetic fatty rats and Zucker lean control rats. To in-
duce hypothyroidism, Zucker lean control and Zucker diabetic fatty rats at 7 weeks of age orally
received the vehicle or methimazole, an anti-thyroid drug, treatment for 5 weeks and were sacrificed
at 12 weeks of age in all groups for blood chemistry and immunohistochemical staining. In the me-
thimazole-treated Zucker lean control and Zucker diabetic fatty rats, the serum circulating
thyronine (Ts3) and thyroxine (T4) levels were significantly decreased compared to levels observed in
the vehicle-treated Zucker lean control or Zucker diabetic fatty rats. This reduction was more
prominent in the methimazole-treated Zucker diabetic fatty group. Glial fibrillary acidic protein im-
munoreactive astrocytes and ionized calcium-binding adapter molecule 1 (Iba-1)-immunoreactive
microglia in the Zucker lean control and Zucker diabetic fatty group were diffusely detected in the
hippocampal CA1 region and dentate gyrus. There were no significant differences in the glial fibril-
lary acidic protein and Iba-1 immunoreactivity in the CA1 region and dentate gyrus between Zucker
lean control and Zucker diabetic fatty groups. However, in the methimazole-treated Zucker lean
control and Zucker diabetic fatty groups, the processes of glial fibrillary acidic protein
tive astrocytes and Iba-1 immunoreactive microglia, were significantly decreased in both the CA1
region and dentate gyrus compared to that in the vehicle-treated Zucker lean control and Zucker
diabetic fatty groups. These results suggest that diabetes has no effect on the morphology of as-
trocytes and microglia and that hypothyroidism during the onset of diabetes prominently reduces the
processes of astrocytes and microglia.
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INTRODUCTION

Thyroid hormones are essential for brain de-
velopment™@. Over the last few decades,
great effort has been made to implement pro-
grams for the prevention of neonatal hypo-
thyroidism because fetal and postnatal neu-
ronal development is closely related to thyroid
hormone action®®. However, less attention
has been focused on adult-onset hypothy-
roidism although it is a frequent condition in
humans with the prevalence of increasing
lifespan™®. In rat, adult onset hypothyroidism
induces amyloidogenic pathway and impaired
hippocampal long-term potentiation and spa-
tial memory performance’®*?. In addition, thy-
roid hormone is a fundamental regulator of
biological processes, including cell prolifera-
tion, differentiation, and metabolic bal-
ance™*¥. specifically, thyroid hormone affects
the differentiation and maturation of different
glial subtypes including astrocytes and micro-
glia™**¥. Astrocytes and microglia are preva-
lent neuroglia in the brain. The physiological
role of astrocyte and microglia is now unveil-
ing and participation in development, neuronal
plasticity, and neuronal circuit are sug-
gested™ ¥, Researches about the microglia
and astrocytes in pathological states were
conducted in plentiful studies™™ 2. However,
the role of both glial cells is still controversial.
Reactive gliosis by astrocytes and microglia is
usually related with the pathological
processes®?1. Additionally, the astrogliosis is
considered as neuroprotective actions against
neuronal damages®?%, Astroglial atrophy
which results in malfunction of supportive role
of astrocytes is thought as one of reason of
early synaptic and cognitive impairment®.
Hippocampal astrogliosis is reported in an
animal model of hypothyroidism®. However,
hypothyroidism delayed induction of reactive
gliosis by brain injury like stabbing or ische-
mia®*3¥, Diabetes influences glial fibrillary
acidic protein (GFAP) immunoreactivity in
streptozotocin-induced rats®? and also in-
creases microglial proliferation in stroke pa-
tients®. Also in type 2 diabetes mice, im-
paired memory and coexistent astrogliosis
and synaptotoxicity are attenuated by caffeine
treatment®®. Although the incidence of hypo-

thyroidism is significantly increased (5.7%) in
diabetic patients compared to the control
population without diabetes (1.8%)%", there
were few reports regarding the effects of
adult onset hypothyroidism on the astrocytes
and microglia in type 2 diabetic animals.

Therefore, in the present study, we investi-
gated the effects of hypothyroidism on as-
trocytes and microglia in the hippocampus
during adult onset of diabetes using type 2
diabetic animals: Zucker diabetic fatty
(Lepr®@) and its wild type, Zucker lean con-
trol (Lepr™) rats.

RESULTS

Quantitative analysis of animals

Ten Zucker diabetic fatty and 10 Zucker lean
control rats were randomly divided into two
groups with five rats in each group: ve-
hicle-treated and  methimazole-treated
groups. Distilled water and methimazole
was administered to Zucker lean control and
Zucker diabetic fatty rats orally in drinking
water for 5 weeks (7-12 weeks old). All
Zucker diabetic fatty and Zucker lean control
rats were used in the final analysis.

Effects of hypothyroidism on body
weight, food intake, and blood glucose
levels in rats with type 2 diabetes

In all groups, body weight was steadily in-
creased with age. However, the body weight
in vehicle-treated Zucker diabetic fatty rats
was significantly higher (P < 0.05) compared
to that in the vehicle-, methimazole-treated
Zucker lean control rats as well as that in the
methimazole-treated Zucker diabetic fatty
rats at 9 weeks of age and this pattern was
maintained until 12 weeks of age. Body
weight was significantly decreased in the
methimazole-treated Zucker lean control
and Zucker diabetic fatty rats at 9 weeks of
age compared to that in the vehicle-treated
Zucker lean control and Zucker diabetic fatty
rats, respectively. Especially, body weight
was prominently lower in the methimazole-
treated Zucker diabetic fatty rats compared
to that in the vehicle-treated Zucker diabetic
fatty rats (Figure 1).
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Figure 1 Changes in body weight (A), food intake (B) and
blood glucose levels (C) in vehicle-treated Zucker lean
control (vehicle-ZLC), methimazole-treated ZLC
(methimazole- ZLC), vehicle-treated Zucker diabetic fatty
(vehicle-ZDF), and methimazole-treated Zucker diabetic
fatty (methimazole-ZDF) rats.
Differences between the means were analyzed using
two-way analysis of variance (ANOVA) followed by
Bonferroni's post-tests (n = 5 per group; ?P < 0.05, vs. ZLC
group; P < 0.05, vs. ZDF group; °P < 0.05, vs. ZLC-methi
group). The bars indicate mean + standard error (SE).

Similarly, food intake was high in the vehicle-treated
Zucker diabetic fatty rats compared to that in the ve-
hicle-treated Zucker lean control rats although the signi-
ficance was not detected. Food intake was significantly
decreased at 9 weeks of age in both methima-
zole-treated Zucker lean control and Zucker diabetic fatty
rats compared to that in the vehicle-treated Zucker lean
control and Zucker diabetic fatty rats, respectively (P <
0.05; Figure 1).

Blood glucose levels was increased in vehicle-treated
Zucker diabetic fatty rats with age, but blood glucose
levels in methimazole-treated Zucker diabetic fatty rats
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increased at early stage (until 8 weeks of age) and was
significantly lower from 9 to 12 weeks of age compared
to that in the vehicle-treated Zucker diabetic fatty rats
(Figure 1).

Effects of hypothyroidism on circulating free
tri-iodothyronin (T3), and thyroxine (T,) levels in
serum in rats with type 2 diabetes

At 12 weeks of age, in the methimazole-treated Zucker
lean control group, the average circulating T; and T, levels
were significantly decreased compared to that observed in
vehicle-treated Zucker lean control group, respectively
(P < 0.05). In the methimazole-treated Zucker diabetic
fatty group, the average circulating Tzand T, levels were
significantly decreased compared to that in the ve-
hicle-treated Zucker diabetic fatty group (P < 0.05). In
methimazole-treated Zucker diabetic fatty group, the av-
erage circulating T; and T, levels were low compared to
that observed in the methimazole-treated Zucker lean
control group (Figure 2).

T, level In serum (pg/mL)
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ZLC ZLC-methi
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ZDF ZDF-methi

T4 level in serum (ng/mL)
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u "
ZDF ZDF-methi
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Figure 2 Changes in serum circulating free
tri-iodothyronin (Ts3), and thyroxine (T,4) levels in the
vehicle-treated Zucker lean control (ZLC),
methimazole-treated ZLC (ZLC-methi), vehicle-treated
Zucker diabetic fatty (ZDF), and methimazole-treated ZDF
(ZDF-methi) rats.

Differences between the means were analyzed using
two-way analysis of variance (ANOVA) followed by
Bonferroni’'s post-tests (n = 5 per group; P < 0.05, vs. ZLC
group; P < 0.05, vs. ZDF group; °P < 0.05, vs. ZLC-methi
group). The bars indicate mean + standard error (SE).

Effects of hypothyroidism on astrocytes in the
hippocampus in rats with type 2 diabetes
At 12 weeks of age, the GFAP immunoreactive astrocytes
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in vehicle-treated Zucker lean control group were found in
the polymorphic and molecular layer of the dentate gyrus
and in the strata oriens and radiatum of the hippocampal
CAL region (Figure 3A, B). In this group, the GFAP im-
munoreactive astrocytes had a small cytoplasm with long
processes. In the methimazole-treated Zucker lean control
group, the overall morphology and the number of GFAP
immunoreactive astrocytes was similar to vehicle-treated
Zucker lean control group in the dentate gyrus and hip-
pocampal CAl region (Figure 3C, D, J). However, some
GFAP immunoreactive astrocytes had poorly developed
processes in the polymorphic layer of the dentate gyrus
(Figure 3C) and strata oriens and radiatum of the CA1
region (Figure 3D), respectively. In methimazole-treated
Zucker lean control group, the GFAP immunoreactivity in
the dentate gyrus and CA1 region was significantly de-
creased compared to those observed in the ve-
hicle-treated Zucker lean control group, respectively (Fig-
ure 3l). In the vehicle-treated Zucker diabetic fatty group,
the GFAP immunoreactive astrocytes demonstrated a
similar morphology and the number in the dentate gyrus
and hippocampal CAL1 region (Figure 3E, F, J). In addition,
the GFAP immunoreactivity in the dentate gyrus and CA1
region was similar between the vehicle-treated Zucker
lean control and vehicle-treated Zucker diabetic fatty
group, respectively (Figure 3l). In the methimazole-treated
Zucker diabetic fatty group, the GFAP immunoreactive
astrocytes had a small cytoplasm with poorly developed
processes in the polymorphic layer of the dentate gyrus
(Figure 3G) and strata oriens and radiatum of the CAl
region (Figure 3H). In methimazole-treated Zucker di-
abetic fatty group, the GFAP immunoreactivity in the
dentate gyrus and CAL1 region was significantly decreased
compared to those observed in the methimazole-treated
Zucker lean control group as well as vehicle-treated
Zucker diabetic fatty group, respectively (Figure 3l).
However, the number of GFAP immunoreactive astro-
cytes was not changed (Figure 3J).

Effects of hypothyroidism on microgliain the
hippocampus

At 12 weeks of age, ionized calcium-binding adapter mo-
lecule 1 (Iba-1) immunoreactive microglia in the ve-
hicle-treated Zucker lean control group were found in the
polymorphic and molecular layer of the dentate gyrus and
in the strata oriens and radiatum of the hippocampal CA1
region (Figure 4A, B). In this group, Iba-1 immunoreactive
microglia had a round cytoplasm with ramified processes.
In the methimazole-treated Zucker lean control group,
Iba-1 immunoreactive microglia showed morphological
changes; the processes were retracted in the dentate
gyrus and hippocampal CA1 region (Figure 4C, D).
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Figure 3 Glial fibrillary acidic protein (GFAP)
immunoreactivity in the dentate gyrus (A, C, E, and G),
and CALl region (B, D, F, and H) of vehicle-treated Zucker
lean control (ZLC; A, B), methimazole-treated ZLC
(ZLC-methi; C, D), vehicle-treated Zucker diabetic fatty
(ZDF; E, F), and methimazole-treated ZDF (ZDF-methi; G,
H) rats.

GFAP immunoreactivity is mainly detected in the
polymorphic layer (PL) and molecular layer (ML) of the
dentate gyrus and stratum oriens (SO) and radiatum (SR)
of CA1 region. GFAP immunoreactive astrocytes have
retracted processes in the ZLC-methi and ZDF-methi
groups compared to those observed in the ZLC or ZDF
group. These phenomena are prominent in the ZDF-methi
group compared to that in the ZLC-methi group. In
contrast, the number of GFAP immunoreactive cells is not
significantly different between groups. GCL: Granule cell
layer; SP: stratum pyramidale. Scale bar: 100 pm.

The relative optical densities (ROD, I) and the relative
number (J), expressed as a percentage of the value in the
ZLC group of GFAP immunoreactivity in the dentate gyrus
and hippocampal CA1 region per section of the ZLC,
ZLC-methi, ZDF, and ZDF-methi groups. Differences
between the means were analyzed using two-way analysis
of variance (ANOVA) followed by Bonferroni’s post-tests
(10 sections per animal and 5 animals per group. ®P <
0.05, vs. ZLC group; bp < 0.05, vs. ZDF group; °P < 0.05,
vs. ZLC-methi group). The bars indicate mean * standard
error (SE).
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G), and CALl region (B, D, F, and H) of vehicle-treated
Zucker lean control (ZLC; A, B), methimazole-treated ZLC
(ZLC-methi; C, D), vehicle-treated Zucker diabetic fatty

(ZDF; E, F), and methimazole-treated ZDF (ZDF-methi; G,
H) rats.
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Iba-1 immunoreactivity is mainly detected in the polymorphic
layer (PL) and molecular layer (ML) of the dentate gyrus and
stratum oriens (SO) and radiatum (SR) of the CAL region.
The Iba-1 immunoreactive microglias in the ZLC-methi and
ZDF-methi group have less ramified processes compared to
those identified in the ZLC or ZDF group. These
morphological changes are prominent in the ZDF-methi
group compared to those in the ZLC-methi group. However,
there are no significant differences in the number of Iba-1
immunoreactive cells between groups. GCL: Granule cell
layer; SP: stratum pyramidale. Scale bar: 100 pm.

The relative optical densities (ROD; ) and the relative
number (J), expressed as a percentage of the value in the
vehicle-treated ZLC group of Iba-1 immunoreactivity in the
dentate gyrus and hippocampal CA1 region per section of
the ZLC, ZLC-methi, ZDF, and ZDF-methi groups.
Differences between the means were analyzed using
two-way analysis of variance (ANOVA) followed by
Bonferroni’s post-tests (10 sections per animal and 5
animals per group. 2P < 0.05, vs. ZLC group; °P < 0.05, vs.
ZDF group; °P < 0.05, vs. ZLC-methi group). The bars
indicate mean * standard error (SE).
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However, the number of Iba-1 immunoreactive micro-
glia was similar between vehicle-treated and methi-
mazole-treated groups (Figure 4J). In the ve-
hicle-treated Zucker diabetic fatty group, the distribu-
tion pattern and morphology of Iba-1 immunoreactive
microglia were similar to those observed in the Zucker
lean control group (Figure 4E, F). In addition, the Iba-1
immunoreactivity and number in the dentate gyrus and
CAL region of this group was similar to those identified
in the Zucker lean control group (Figure 4l). In the
methimazole-treated Zucker diabetic fatty group, the
Iba-1 immunoreactive microglias were markedly de-
creased in the polymorphic and molecular layer of the
dentate gyrus and in the strata oriens and radiatum of
the hippocampal CA1 region (Figure 4G, H). Specifi-
cally, the Iba-1 immunoreactive microglia in this group
had poorly ramified processes. In addition, the Iba-1
immunoreactivity in this group was significantly de-
creased in the dentate gyrus and CA1l region com-
pared to that observed in the methimazole-treated
Zucker lean control group and vehicle-treated Zucker
diabetic fatty group (Figure 41). However, the number
of Iba-1 immunoreactive microglia was not changed
(Figure 4J).

DISCUSSION

Hypothyroidism is a prevalent thyroid disorder in both
the elderly population and in type 2 diabetic pa-
tients®®*%. In the present study, we induced hypothy-
roidism during the onset of type 2 diabetes in Zucker
diabetic fatty rats. The circulating serum T; and T,
levels were significantly decreased in the ve-
hicle-treated Zucker diabetic fatty rats compared to
that observed in the vehicle-treated Zucker lean con-
trol rats. This result was supported by previous studies
which reported the significantly low levels of plasma T,
in the obese animals as compared to their lean (eu-
thyroid) control littermates!***3,

Similarly, the serum T3 level was significantly lower in
diabetic patients as compared to normal subjects!**.
The administration of methimazole to Zucker lean
control and Zucker diabetic fatty rats significantly re-
duced the serum T; levels as reported previously“.

Next, we made the observation that type 2 diabetes
did not demonstrate any differences in the distribution
pattern and morphology of GFAP immunoreactive as-
trocytes and lba-1 immunoreactive microglia in the
hippocampus. This result was contradictory to the
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streptozotocin-induced type 1 diabetic model where a
reduced GFAP-positive cell count was found on day 3
when these cells were significantly decreased in size
and less arborized with respect to the control®. This
observation was reversed on day 7 when the
GFAP-positive cells increased in both number and size
in addition to becoming more ramified®". In contrast,
increase of astrocytes was observed in type 2 diabetic
mice after 4 months duration of diabetic state®®. In
addition, microglial proliferation was more prominent in
the peri-infarct region and in the non-lesional hemis-
phere in the presence of diabetes mellitus than in the
absence of diabetes mellitus in stroke patients®. This
discrepancy may be associated with the potency and
duration of diabetes.

In the present study, we observed that hypothyroidism
significantly decreased the processes of GFAP im-
munoreactive astrocytes in the hippocampus of Zucker
lean control and Zucker diabetic fatty rats although the
number of GFAP immunoreactive astrocytes was not
changed. This result was supported by previous stu-
dies that a reduction in the number of mature astro-
cytes was prominent in the brain of hypothyroid ani-
mals within the white matter tracts*®*"\. In addition, in
hypothyroid neonatal rats there was a reduction in the
GFAP content in the hippocampus and basal fore-
brain®®. In the previous study, we reported that me-
thimazole significantly alleviated the reduction of cell
proliferation in the subgranular zone of the dentate
gyrus compared to that observed in the vehicle-treated
Zucker diabetic fatty rats*’. The reduction of GFAP
immunoreactivity in the present study may be related
to the decreased maturation of astrocytes and/or the
damage to mature astrocytes in the hippocampus.
Additionally, thyroid hormone regulates the morpho-
logical maturation of astrocytes (transition from radial
glia to GFAP positive cell) and the expression of
GFAPPY,

In addition, we observed that hypothyroidism in Zucker
lean control and Zucker diabetic fatty rats significantly
decreased the ramified processes of Iba-1 immuno-
reactive microglia in the hippocampus although the
number of Iba-1 immunoreactive microglia was not
changed. Purified amoeboid-shaped microglia respond
to T; exposure by increasing the extension of cell
processes, an important step in the acquisition of a
ramified phenotype™?. In the present study, the signifi-
cant reduction of T; may be associated with the de-
crease of ramified processes of the microglia. This re-
sult was supported by a previous study which demon-

strated a diminished number of cell bodies and a de-
creased density of abundant microglial process in the
cortical forebrain of the hypothyroid neonatal rat™? 5.
Conversely, T; favored the survival of microglial cells
in vitro and may have induced the extension of their
processes!? 1.

Diabetes is reported to exacerbate ischemic brain
damage associated with higher morbidity and mortali-
ty®*®% In streptozotocin-induced rats, Cu or Ag in-
toxication exhibits enhanced neurotoxicity and ex-
acerbation of sensory, motor and cognitive function as
compared to normal animals®®. In the present study,
the decrease of processes in GFAP immunoreactive
astrocytes and Iba-1 immunoreactive microglia was
prominent in the methimazole-treated Zucker diabetic
fatty rats compared to that in the methimazole-treated
Zucker lean control rats. This result suggests that the
diabetes exacerbates hypothyroidism-induced dam-
age in astrocytes and microglia.

In conclusion, adult onset of hypothyroidism signifi-
cantly decreases the processes of astrocytes and mi-
croglia without any changes in number of astrocytes
and microglia. In addition, diabetes aggravates hypo-
thyroidism-induced dysfunction of astrocytes and mi-
croglia in the hippocampus.

MATERIALS AND METHODS

Design
A randomized, controlled, animal experiment.

Time and setting

This study was performed at the Department of Anatomy
and Cell Biology, College of Veterinary Medicine, and
Research Institute for Veterinary Science, Seoul National
University, Seoul, South Korea from 2009 to 2011.

Materials

Male and female heterozygous type (Lepr®") of
Zucker diabetic fatty rats were acquired from Genetic
Models (Indianapolis, ME) and mated to get homo-
zygous 10 male Zucker diabetic fatty and Zucker lean
control rats each. The animals were housed in a con-
ventional state under adequate temperature (23°C)
and humidity (60%) control with a 12-hour light-dark
cycle, and were fed tap water and Purina 5008 diet ad
libitum as recommended by Genetic Models Co. (Pu-
rina, St. Louis, MO, USA). The procedures for handling
and caring of animals follow the Guide for the Care
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and Use of Laboratory Animals issued by Institute of
Laboratory Animal Resources, U.S.A., 1996. All of the
experiments were conducted to minimize the number
of animals utilized and the suffering caused by the
procedures of the present study.

Methods

Genotyping of Lepr gene and experimental design
Genotype of Lepr™ gene herein was determined with
the process described in our previous study®”. For
effects of 2-mercapto-1-methyl-imidazole (methima-
zole) induced hypothyroidism on astrocytes and mi-
croglia in the hippocampus during onset of diabetes,
Zucker lean control and Zucker diabetic fatty rats were
randomly divided into vehicle- and methima-
zole-treated groups (n = 5 in each group). At 7 weeks
of age, 0.03% methimazole (300 mg per 1 000 mL
distilled water; Sigma, St. Louis, MO, USA) was admi-
nistered to Zucker lean control and Zucker diabetic
fatty groups orally in drinking water for 5 weeks be-
cause Zucker diabetic fatty rats show insulin insuffi-
ciency from 7 or 8 weeks of ages and impairment in
glucose disposal and hepatic glucose suppression!®®.
Methimazole was used to prevent thyroid hormone
synthesis by inhibiting coupling and iodination™®®..

Food intake, body weight, and blood glucose
sampling

Total food/water intake and body weight over the course
of the study (between 6 and 12 weeks of age) were also
determined for each animal by summing the weekly av-
erages. To measure blood glucose concentration, blood
was sampled each morning (9:00 a.m.) by “tail nick” us-
ing a 27 G needle and analyzed by using a blood glucose
monitor (Ascensia Elite XL Blood Glucose Meter, Bayer,
Toronto, ON, Canada).

Serum levels of thyroid hormones

To confirm the hypothyroid state, blood samples col-
lected from left ventricle of heart in the morning
(9:00-11:00 a.m.) were drawn from the euthyroid and
hypothyroid rats upon killing at the age of 12 weeks for
analysis of serum circulating free tri-iodothyronin (Ts3),
and thyroxine (T,) levels to determine thyroid function in
these rats using commercial assay kits (Monobind, Inc.,
Lake Forest, CA, USA).

Immunohistochemistry for GFAP and Iba-1

Animals in each group were anesthetized with an
intraperitoneal injection of 30 mg/kg Zoletil 50 (Virbac,
Carros, France) and perfused transcardially with 0.1
mol/L phosphate-buffered saline (PBS; pH 7.4) fol-
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lowed by 4% paraformaldehyde in 0.1 mol/L phos-
phate buffer (PB; pH 7.4). The brains were removed
and postfixed in the same fixative for 6 hours. The
brain tissues were cryoprotected by infiltration with
30% sucrose overnight. The 30-um-thick brain sec-
tions in the coronal plane were serially cut using a
cryostat (Leica, Wetzlar, Germany). The sections were
collected into 6-well plates containing PBS for further
processing.

To obtain the accurate data for immunohistochemistry,
the free-floating sections were carefully processed
under the same conditions. The tissue sections were
selected between —-3.00 and —4.08 mm to the bregma
in reference to the rat atlas®® for each animal. Ten
sections were in 90 ym apart from each other, and the
sections were sequentially treated with 0.3% hydrogen
peroxide (H,0,) in PBS for 30 minutes and 10% nor-
mal goat serum in 0.05 mol/L PBS for 30 minutes.
They were then incubated with diluted rabbit an-
ti-GFAP antibody (diluted 1:1 000; Chemicon Interna-
tional, Temecula, CA, USA) and rabbit anti-lba-1 an-
tibody (1:500; Wako, Osaka, Japan) overnight at room
temperature and subsequently exposed to biotinylated
goat anti-rabbit IgG and streptavidin peroxidase com-
plex (1:200; Vector, Burlingame, CA, USA). They were
then visualized by reaction to 3,3'-diaminobenzidine
tetrachloride (Sigma) in 0.1 mol/L Tris-HCI buffer (pH
7.2) and mounted on gelatin-coated slides. The sec-
tions were mounted in Canada Balsam (Kanto, Tokyo,
Japan) following dehydration.

The number of GFAP immunoreactive astrocytes and
Iba-1 immunoreactive microglia in the dentate gyrus
and hippocampal CA1 region was counted using an
image analyzing system equipped with a comput-
er-based CCD camera (Optimas 6.5 software, Cy-
berMetrics, Scottsdale, AZ, USA). Analysis of a region
of interest in the hippocampal CA1 region or dentate
gyrus was performed using an image analysis system.
Images were calibrated into an array of 512 x 512
pixels corresponding to a tissue area of 140 ym x
140 uym (40 x primary magnification). Each pixel res-
olution was 256 gray levels. The intensity of GFAP and
Iba-1 immunoreactivity was evaluated by means of a
relative optical density (ROD), which was obtained
after transformation of the mean gray level using the
formula: ROD = log (256/mean gray level). ROD of
background was determined in unlabeled portions and
the value subtracted for correction, yielding high ROD
values in the presence of preserved structures and low
values after structural loss using NIH Image 1.59
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software (National Institutes of Health, Bethesda,
MD, USA). A ratio of the ROD was calibrated as
percentage.

Statistical analysis

The data shown here represent the mean + standard
error (SE) of experiments performed for each experi-
mental region. Differences among the means were sta-
tistically analyzed by two-way analysis of variance fol-
lowed by Bonferroni’'s post-tests in order to elucidate
differences among the groups using GraphPad Prism 5.0
software (GraphPad Software Inc., La Jolla, CA, USA).

Research background: Thyroid hormone is essential for
brain development. It is worth mentioning that thyroid hor-
mone also affects the differentiation and maturation of as-
trocytes and microglia.

Research frontiers: At present, there are many studies re-
garding hypothyroidism in neonates, but few studies were
about hypothyroidism in adults. Studies regarding the effects
of adult onset hypothyroidism on astrocytes and microglia in
animals with type 2 diabetes are hardly reported.

Clinical significance: Maintaining a constant level of thyroid
hormone is of important significance for preventing against
cognitive dysfunction and hippocampal abnormality in di-
abetic patients.

Academic terminology: Zucker diabetic fatty rats are se-
lected from Zucker (fa/fa) rats with diabetic phenotype.
Zucker diabetic fatty rats are characterized by typical obesity,
hyperinsulinemia, hyperglycemia, hyperlipemia, peripheral
insulin resistance and hypertension and therefore are ideal
animal models of type 2 diabetes.

Peer review: Cognitive dysfunction and hippocampal ab-
normality are the major diabetes-related complications. It is
important whether hypothyroidsm contributes to these com-
plications in diabetes.
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