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• A  decrease  in  parvalbumin-positive  neurons  in  the  hippocampus  and  neocortex  of  grt  mice.
• An increase  in  somatostatin-positive  neurons  in  the  hippocampus  of  grt mice.
• Hypothyroid  neuronal  state  was  recovered  by  T3 treatment  from  postnatal  day  0 to  20.
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a  b  s  t  r  a  c  t

Thyroid  hormone  (TH)  plays  an  important  role  in  brain  development,  and  TH  deficiency  during  pregnancy
or  early  postnatal  periods  leads  to  neurological  disorders  such  as cretinism.  Hypothyroidism  reduces  the
number  of parvalbumin  (PV)-positive  interneurons  in the  neocortex  and  hippocampus.  Here  we  used
a  mouse  strain  (growth-retarded;  grt)  that  shows  growth  retardation  and  hypothyroidism  to  examine
whether  somatostatin  (Sst)-positive  interneurons  that  are  generated  from  the  same  pool  of  neural  pro-
genitor  cells  as  PV-positive  cells  are  also  altered  by TH  deficiency.  The  number  of  PV-positive  interneurons
was  significantly  decreased  in  the  neocortex  and  hippocampus  of  grt  mice  as  compared  with  normal  con-
trol  mice.  In  contrast  to  the decrease  in  the  number  of  PV  neurons,  the  number  of Sst-positive  interneurons
in  grt  mice  was  increased  in the  stratum  oriens  of the  hippocampus  and  the  hilus  of  the  dentate  gyrus,
although  their  number  was  unchanged  in the neocortex.  These  changes  were  reversed  by  triiodothyro-
nine  administration  from  postnatal  day  (PD)  0 to 20.  TH  supplementation  that  was initiated  after  PD21
did  not,  however,  affect  the  number  of  PV-  or  Sst-positive  cells.  These  results  suggest  that  during  the  first
three postnatal  weeks,  TH  may  be critical  for the  generation  of  subpopulations  of  interneurons.

© 2013 The Authors. Published by Elsevier Ireland Ltd. All rights reserved.

1. Introduction

The growth-retarded (grt) mouse was first reported as a spon-
taneously derived mutant from phenotypically normal siblings of
the Snell’s dwarf mouse (DW/J strain). The difference in weight
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between the normal and grt mice become apparent by 3 weeks
after birth. However, the weight of the grt mice gradually caught
up to that of the normal mice [35]. In grt mice, plasma concentra-
tions of thyroxine (T4) were significantly lower, whereas levels of
thyroid-stimulating hormone (TSH) were greatly elevated [30,35].
Exposure of the thyroid glands of +/+ and +/grt mice to TSH in vitro
resulted in the same degree stimulation of free T4 and free T3
release from the glands and cAMP production in the glands, but
these responses were much weaker in grt/grt thyroid glands [14].
These results indicate that the TSH receptors of these mice are unre-
sponsive to TSH, which likely contributes to the dysfunction of the
thyroid gland in grt mice [14,15]. Recently, the grt phenotype was
shown to be caused by a single missense mutation in the gene
encoding tyrosylprotein sulfotransferase 2 (Tpst2) with a change
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from C at nucleotide 798 to G, which leads to the replacement of
a highly conserved histidine with glutamine at codon 266 in the
sulfotransferase domain [27]. Impaired tyrosine sulfation of TSH
receptor molecules by inactivation of TPST2 reduces responsive-
ness to TSH and causes the functional failure of the thyroid in grt
mice [27].

Thyroid hormone (TH) functions in many critical aspects of
brain development, including synaptic formation [22], neuronal
migration [23], and glial myelination [24], and, consequently, TH
deficiency causes mental retardation [25]. Interestingly hypothy-
roid rats display a decrease in the number of PV-positive
interneurons [1], and this phenomenon is reversed by treatment
with TH [7].

PV- and somatostatin (Sst)-positive progenitor cells are gen-
erated from the medial ganglionic eminence (MGE), tangentially
migrate toward the neocortex and hippocampus, and become
mature GABAergic interneurons after reaching their destination
[3,17]. PV-positive interneurons are detected after postnatal day
(PD) 7 in the neocortex and hippocampus [2,26,28] and increase
in number during PD14–21 [4]. PV-positive interneurons even-
tually differentiate into large basket cells and chandelier cells
[10,16] and are classified electrophysiologically as fast-spiking cells
[11]. Among interneuron subpopulations, Sst-positive interneu-
rons are also generated from the MGE  [34] and are detected at
PD0 in the hippocampus, earlier than PV-positive neurons [29]. The
number of Sst-positive interneurons increases during PD10–15,
and they mature to become small basket cells and Martinotti
cells, which are regular-spiking and burst-spiking neurons, respec-
tively [12,21]. Circulating T4 and triiodothyronine (T3) levels are
markedly increased by the second postnatal week in normal mice
[5,8], and thus elevation of TH at this stage may  strongly influence
the normal development of these interneuron subpopulations.

The aim of the present study was to determine whether TH is
critical for the development of GABAergic interneurons in mice.
We utilized grt mice and investigated the influence of hypothy-
roidism on the formation of PV- and Sst-positive interneurons, both
of which originate from the MGE.

2. Materials and methods

2.1. Animals

Mice were maintained under controlled conditions of tempera-
ture (23 ± 1 ◦C), relative humidity (50 ± 5%), and lighting (lights on
08:00–20:00 h) and were given laboratory chow (Labo MR  Breeder;
Nosan, Yokohama, Japan) and tap water ad libitum. Male mice with
a wild-type phenotype (+/+, +/grt; referred to as “normal”) and grt
(grt/grt) male mice were obtained by mating wild type (+/+) or
heterozygous (+/grt) female mice with heterozygous (+/grt) male
mice.

All animal experiments were conducted in accordance with
international standards on animal welfare according to the National
Institutes of Health Guide for the Care and Use of Laboratory Ani-
mals, and the Animal Experiment Guidelines of the Institutes for
Animal Experimentation at Tohoku University and Saitama Uni-
versity.

2.2. Hormone treatment

There were two T3 treatments. One group of mice was  injected
with phosphate-buffered saline (PBS, pH 7.4) or T3 (Sigma–Aldrich
Co., St. Louis, MO,  USA) from PD0 to 20, and the other group was
injected with PBS or T3 from PD21 to 27. Normal mice (n = 4) were
injected intraperitoneally with 10 mM PBS (i.e., they did not receive
T3 treatment), and grt mice with PBS (n = 4–5) or T3 in PBS (2 �g/10 g

body weight; n = 4) once every other day. Brains were collected on
the day after the last injection (i.e., a sampling day is at PD21 or
28). The effective dose of T3 in mice was determined according to
a previous study [31].

2.3. Tissue preparation and immunohistochemistry

Mice were deeply anesthetized with sodium pentobarbi-
tal (50 mg/kg) and perfused with 0.9% saline followed by 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB, pH 7.4). The
brain was post-fixed overnight in 4% PFA, and stored in 30% sucrose
in 0.01 M PB (pH 7.4) at 4 ◦C for 48 h. Thirty-micrometer-thick sec-
tions were cut on a cryostat, and free-floating sections were rinsed
in 10 mM  PBS (pH 7.4). After being washed with PBS containing
0.3% (w/v) Triton X-100 (PBS-T), sections were incubated for 30 min
with 5% normal horse or goat serum diluted in PBS-T. The sec-
tions were then incubated overnight at 4 ◦C with mouse anti-PV
(1:500; Sigma–Aldrich Co.) or rabbit anti-Sst (1:500; Enzo Life Sci-
ences International, Inc. Plymouth Meeting, PA, USA). After being
washed with PBS-T, the sections were treated with 0.1% H2O2 to
inactivate endogenous peroxidases. After another wash in PBS-T,
the sections were incubated with biotinylated anti-mouse or anti-
rabbit IgG (1:1000; Vector Laboratories, Burlingame, CA, USA) for
2 h at room temperature, rinsed with PBS-T, and incubated with
avidin–biotin complex (ABC; Vector Laboratories) for 1 h at room
temperature. The staining was then visualized by incubating the
sections in 0.05% diaminobenzidine and 0.02% H2O2 in PBS.

2.4. Quantification

Thirty-micrometer serial sections from ∼−1.06 to −3.40 mm
caudal to the bregma according to the stereotaxic atlas of Franklin
and Paxinos [13] were cut on a cryostat and preserved in 200 �l
cryoprotectant (PBS with 15% sucrose, 30% ethylene glycol solu-
tion) per well. Sections from each animal were analyzed at 210-�m
intervals. After immunostaining, microscopic images of these sec-
tions were taken with a CCD camera and processed using Adobe
Photoshop CS6 (Adobe Systems, San Jose, CA, USA). The area of the
hippocampus (the pyramidal cell layer including CA1 to CA4 and
the granular cell layer of the dentate gyrus) and the area of the
whole neocortex (the motor, somatosensory, visual and association
cortex) in each section were measured using ImageJ (National Insti-
tutes of Health, Bethesda, MD,  USA). The density of immunoreactive
cells in each section was calculated by dividing the number of Sst-
or PV-positive cells by the area of the hippocampus or the neocor-
tex. All data were expressed as the mean ± SEM. Comparisons with
control (PBS-treated normal mice) and study groups (PBS-treated
grt mice and T3-treated grt mice) were analyzed with one-way
ANOVA followed by Tukey’s multiple comparison test. P values of
<0.05 were considered statistically significant. Statistical analysis
was performed with GraphPad Prism 5 (GraphPad Software Inc.,
San Diego, CA, USA).

3. Results

3.1. Changes in the number of PV-positive cells in the neocortex
and hippocampus of grt mice

PV-positive cells were widely distributed in the neocortex (see
supplementary Fig. 1). Although the cortical area, including the area
∼−1.06 to −3.40 mm caudal to the bregma, contains the motor cor-
tex, somatosensory cortex, visual cortex, and association cortex, the
results of an immunohistochemical study showed no significant
differences among the cortical regions. Thus a numerical value of
the neocortex shows changes of the number of cells in the whole
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