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The thyroid gland is an endocrine organ which is involved in metabolism, neuroexcitability, body growth
and development. The thyroid gland is also involved in the regulation of calcium metabolism, which is not
yet fully understood. In this study, we investigated the localization of the granin-derived neuropeptide,
manserin, in the adult rat thyroid gland. Manserin immunoreactivity was detected in thyroid follicular

epithelial cells. Intense manserin signals were also detected in some, but not all, parafollicular cells, indi-
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cating that parafollicular manserin may be subtype-specific. These results indicate that thyroid manserin
may play pivotal roles in parafollicular cells and follicular epithelial cells such as in calcium metabolism
and/or thyroid hormone secretion.

© 2012 Elsevier GmbH. All rights reserved.

Introduction

The thyroid gland plays an important role in the body by
promoting metabolism, increasing neuroexcitability, accelerating
body growth and development, and increasing cardiac function
(Cheng et al., 2010). The thyroid gland is also involved in the reg-
ulation of calcium metabolism. A protein called thyroglobulin is
secreted by thyroid follicular epithelial cells into the lumen of thy-
roid follicles. After iodination, thyroglobulin is again taken up by the
follicular epithelial cells (Spitzweg et al., 2000). The hormones thy-
roxine (T4) and triiodothyronine (T3) are then released (internally
secreted) into the circulation (Spitzweg et al., 2000).

Parafollicular cells of the thyroid gland are known to be involved
in regulating serum Ca2* levels through calcitonin secretion. Only
one parafollicular cell type is known to date. However, the existence
of somatostatin-positive and somatostatin-negative subtypes of
parafollicular cells has been proposed (Sawicki and Zabel, 1997),
suggesting that parafollicular cells may be heterogeneous. How-
ever, the precise morphological and functional distinctions among
parafollicular cells have still not been elucidated.
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We recently isolated manserin, a neuropeptide composed of 40
amino acids, by combining HPLC and affinity purification (Yajima
et al., 2004). Manserin is distributed in the rat pituitary, hypotha-
lamic nuclei, adrenal gland, duodenum epithelial cells, cerebellum,
inner ear, and B and & cells in the pancreatic islets (Yajima et al.,
2004, 2008; Kamada et al., 2010; Tano et al., 2010; Ohkawara
et al,, 2011; Ida-Eto et al., 2012), indicating that manserin plays
roles in several endocrine systems. Manserin has not previously
been found in the thyroid gland. However, the fact that Sgll, a
manserin precursor, occurs in thyroid parafollicular cells (Weiler
et al., 1989; Schmid et al., 1992) suggests that manserin might
also occur in the thyroid gland. Because Sgll is reported to have
Ca2*-binding ability (Yoo et al., 2007), manserin is also expected
to have some roles in Ca%* metabolism. In addition, parafollicu-
lar cells secrete numerous regulatory peptides that play important
roles in their functions (Sawicki, 1995). For these reasons, we
sought to identify the localization of manserin in the adult thyroid
gland.

Materials and methods
Animals
Four male Wistar rats (8-12 weeks old) were used. All animal

experiments were approved by the Committee of Laboratory Ani-
mal Research Center at Mie University.
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Fig. 1. Localization of manserin in TSH-expressing cells in the rat pituitary gland. Antigen-antibody complexes were detected by immunofluorescent staining (A-D). Manserin
signals were detected in the anterior, intermediate, and posterior lobes of the pituitary gland (A). Double immunostaining with anti-manserin antibody (B) and anti-TSH
antibody (C) was also shown. (D) is a merged image. AL, anterior lobe; IL, intermediate lobe; PL, posterior lobe. Scale bars =200 pm (A) and 10 wm (B-D).

Tissue preparation

Anesthetized rats were transcardially perfused with 0.9% saline
followed by perfusion with 4% paraformaldehyde (PFA) in phos-
phate buffered saline (PBS) (Tano et al., 2010). The thyroid and
pituitary glands were dissected and immersed in 4.0% PFA in PBS
overnight at 4°C. For cryosectioning, the pituitary gland was cry-
oprotected in 30% sucrose, embedded in O.C.T. compound (Sakura
Finetek, Tokyo, Japan), and sectioned at 9 pm thickness on a Leica
CM1850 cryostat (Leica Microsystems, Wetzlar, Germany). For
paraffin sectioning, the thyroid gland was immersed in a graded
ethanol series and xylene and embedded in paraffin followed by
sectioning at 7 wm using a rotary microtome.

Anti-manserin antibody

Affinity-purified rabbit anti-manserin antibody was prepared
as described previously (Kamada et al., 2010). The specificity of the
antibody was confirmed by immunoblotting (Yajima et al., 2004)
and a preabsorption test.

Immunostaining

The thyroid and pituitary glands were immunostained as
described previously (Yajima et al., 2004, 2008). In brief, sec-
tions were incubated in 3.0% H,0, in PBS, washed with PBS,
and blocked with 10% fetal bovine serum (FBS) in PBS contain-
ing 0.1% Triton X-100 for 1 h. The sections were then labeled with
rabbit anti-manserin antibody overnight at 4°C, incubated with
biotin-conjugated anti-rabbit IgG (Chemicon, CA, USA), and washed

with PBS. The sections were then stained by the ABC method
and visualized with 3,3’-diaminobenzidine (DAB) using the Vec-
tastain Elite ABC Kit (Vector Laboratories, Burlinghame, CA, USA).
For counterstaining, sections of the thyroid gland were stained
with Mayer's hematoxylin solution (Wako Pure Chemicals, Osaka,
Japan).

Frozen sections of the pituitary gland were immunofluores-
cently stained as described previously (Ohkawara et al., 2004; Tano
et al., 2010). For single immunostaining, the sections were incu-
bated with anti-manserin antibody (Kamada et al., 2010) at 4°C
overnight. For double immunostaining, the sections were incu-
bated with rabbit anti-manserin antibody (Kamada et al., 2010)
and goat anti-thyroid-stimulating hormone (TSH) 3 chain antibody
(Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) overnight at
4°(C, followed by incubation with fluorescently labeled secondary
antibodies. Concentrations of secondary antibodies used in this
study were as follows: Alexa 488-conjugated donkey anti-goat IgG
(2 pg/ml; Invitrogen, Carlsbad, CA, USA) and Alexa 568-conjugated
donkey anti-rabbit IgG (2 pg/ml; Invitrogen).

Paraffin sections of the thyroid gland were deparaffinized and
rehydrated through a graded ethanol series. After rehydration,
the sections were treated with citrate buffer (pH 6.0) for target
retrieval, followed by blocking with 10% FBS in PBS containing 0.1%
Triton X-100 for 1 h. The sections were then incubated with primary
antibodies at 4 °C overnight, followed by incubation with fluores-
cently labeled secondary antibodies. Primary antibodies used for
immunostaining of the paraffin sections were as follows: rabbit
anti-manserin antibody (Kamada et al., 2010), rabbit anti-SgII anti-
body (QED Bioscience, San Diego, CA, USA), and goat anti-calcitonin
antibody (Santa Cruz Biotechnology Inc.).
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Fig. 2. Distribution of manserin in the thyroid gland. Antigen-antibody complexes were detected by DAB staining (brown, A-G). The specificity of anti-manserin antibody
was confirmed by the preabsorption test. In the preabsorption test, manserin signals were detected when anti-manserin antibody was incubated with PBS (A), but no signal
was detected when anti-manserin antibody was preabsorbed with a recombinant peptide (10-6 M) (B). In the thyroid gland, manserin signals (C, E and G) and Sgll signals (D
and F) were detected. Arrows in (E) indicate localization of manserin in the cells located in the interfollicular space. Arrowheads in (E) indicate localization of manserin in the
follicular epithelial cells. (G) shows higher magnification view of the boxed area in (E). In (C)-(G), nuclei were counterstained with Mayer’s hematoxylin solution. f, follicle.
Scale bars=50 m (A-D), 10 um (E and F) and 2 um (G). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the
article.)
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Fig. 3. Distribution of manserin or Sgll in the parafollicular cells. Double immunostaining was performed with anti-calcitonin antibody (B and E) and anti-manserin (A) or

anti-Sgll antibody (D). Merged images are also shown (C and F). Scale bar =20 pm (A-F).

Signals were visualized using an Olympus FV1000 laser scan-
ning microscope (Olympus, Tokyo, Japan) for immunofluorescently
stained sections and an Olympus BX50 microscope (Olympus,
Japan) for sections stained by the ABC method. These images were
processed using Adobe Photoshop CS5.1 (Adobe Systems Inc., CA,
USA). Immunoreactive cells were counted using processed images.

Results

Because blood levels of thyroid hormones are controlled by TSH
produced in the pituitary gland, we examined whether manserin
was present in TSH-expressing cells in the rat pituitary gland.
Manserin was detected in the anterior, intermediate, and poste-
rior lobes of the pituitary gland (Fig. 1A). In our previous study,
manserin was not localized in the intermediate and posterior
lobes (Yajima et al., 2004). This apparent discrepancy may be
explained because of (1) DAB staining, which is less sensitive
than immunofluorescent staining and (2) anti-serum, but not
affinity-purified anti-manserin antibody was used. Double stain-
ing with anti-manserin antibody and anti-TSH antibody revealed
that manserin was present in TSH-expressing cells (Fig. 1B-D). The
TSH-expressing cells were exclusively manserin positive, whereas
only some manserin-positive cells were TSH positive (30.5% of 246
manserin-positive cells counted). Since manserin was colocalized
with follicle stimulating hormone (FSH)-expressing cells (Yajima
et al., 2004), cells that are manserin-positive and TSH-negative
are thought to be FSH-expressing cells. These results indicate that
manserin is present in TSH-expressing cells in the rat pituitary
gland.

Because manserin is colocalized with the TSH-expressing cells
in the pituitary gland as described above, the peptide is assumed to

be localized in the thyroid gland. Intense, but scattered, manserin
signals were observed in cells around follicles (Fig. 2A and C). At
higher magnification, intense manserin-positive cells were exclu-
sively localized in the space between follicles, i.e., the interfollicular
space, suggestive of parafollicular cells (Fig. 2E, arrows). Under
careful observation, manserin immunoreactivity was also observed
in the follicular epithelial cells, although the immunostaining was
less faint than parafollicular cells (Fig. 2E and G). These results
indicate that manserin is present in follicular epithelial as well as
in parafollicular cells. No signal was detected when the manserin
antibody was preabsorbed with a recombinant peptide (10-6 M;
Fig. 2B) and when the primary antibody was omitted (data not
shown). Sgll, a precursor of manserin that has been reported to
be present in the thyroid gland (Schmid et al., 1992; Weiler et al.,
1989), showed a staining profile quite similar to that of manserin
(Fig. 2D and F).

To confirm the presence of manserin in parafollicular cells, we
tested the colocalization of manserin with calcitonin, a parafollic-
ular hormone that regulates blood Ca?* levels. As reported (Foster,
1968), anti-calcitonin antibody stains almost all parafollicular cells
(Fig. 3B and E). However, only 35.8% of 447 calcitonin-expressing
cells counted were manserin positive (Fig. 3A and C), suggesting the
existence of distinct forms of parafollicular cells. On the other hand,
almost all (96.4%) of the calcitonin-expressing cells counted were
Sgll positive (Fig. 3D and F). These results suggest that manserin
may localize only in a specific subtype of the parafollicular cells.

Discussion

This is the first study to demonstrate the presence of manserin
in thyroid follicular epithelial cells and also in parafollicular cells.
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This result suggests that thyroid manserin may play some roles
in the thyroid functions such as Ca?* metabolism and hormone
secretion.

We detected manserin signals as fine puncta in the cytoplasm
of thyroid follicular epithelial cells. Because thyroid hormones are
produced by the proteolytic cleavage of iodinated thyroglobulin in
lysosomes and released by follicular epithelial cells into the blood,
the punctate signals of manserin in the follicular epithelial cells
indicate that manserin may reside in the lysosome where thyroid
hormones were produced. Granin family proteins play a role in the
formation of secretory vesicles (lacangelo and Eiden, 1995; Kim
etal.,2001), and there is evidence that the Sgll-derived peptide SNis
involved in stimulating the production and release of LH (Zhao et al.,
2011). Thus, granin family proteins and their derived peptides play
importantroles in hormone secretion. Accordingly, we propose that
manserin regulates the body metabolic rate by modulating thyroid
hormone secretion, although further experiments are necessary to
resolve this issue.

The presence of manserin in only approximately one-third of
parafollicular cells indicates that manserin may be a marker for
one subtype of the parafollicular cells. Sawicki (1995) reported that
somatostatin was present in only a subset of these cells. The char-
acterization of functionally different subtypes of the parafollicular
cells awaits further studies of thyroid manserin.

The manserin precursor, Sgil, was present in almost all parafol-
licular cells, whereas manserin was found in only one subset. Most
parafollicular cells contain prohormone convertase (PC) 1 and PC2,
which cleave precursor proteins including Sgll at paired basic sites
to yield bioactive peptides that include SN, EM66, and manserin
(Kurabuchi and Tanaka, 2002). The same authors reported that PC2
was equally distributed in all of the parafollicular cells, but that
the content of PC1 was different among the parafollicular cells.
One possibility is that manserin is produced by the cleavage of
Sgll by PC1 and is accordingly found only in the parafollicular cells
expressing relatively higher levels of PCI.

Manserin localizes in TSH-expressing cells and follicular epithe-
lial cells in the pituitary and thyroid glands, respectively. TSH
activates follicular epithelial cells and stimulates synthesis and
secretion of thyroid hormones, T3 and T4 (Szkudlinski et al., 2002).
The production and secretion of TSH are suppressed by blood
levels of thyroid hormones. Thus, blood TSH levels are tightly con-
trolled by a negative-feedback loop. The presence of manserin in
TSH-expressing cells and follicular epithelial cells suggests that
it plays a role in the maintenance of homeostasis using this
negative-feedback mechanism. Further investigations of manserin
are required to resolve this question. Since manserin was shown to
be expressed depending on the stress (Kamadaetal., 2010), homeo-
stasis of calcium regulation depending on the stress is also thought
to be maintained through manserin. Further studies using stress
animals should be necessary to resolve this issue.

As a result of this study, we conclude that the novel pep-
tide manserin is localized in TSH-expressing cells in the adult
rat pituitary gland and in follicular epithelial cells in the thy-
roid gland. Although the manserin precursor protein SgIl was
found in almost all parafollicular cells, manserin was found in only
approximately one-third of these cells. These results suggest that
manserin performs subtype-specific functions in the parafollicular
cells.

References

Cheng SY, Leonard JL, Davis P]. Molecular aspects of thyroid hor-
mone actions. Endocr Rev 2010;31:139-70.

Foster GV. Calcitonin (thyrocalcitonin). N Engl ] Med 1968;279:
349-60.

lacangelo AL, Eiden LE. Chromogranin A: current status as a
precursor for bioactive peptides and a granulogenic/sorting fac-
tor in the regulated secretory pathway. Regul Pept 1995;58:
65-88.

Ida-Eto M, Oyabu A, Ohkawara T, Tashiro Y, Narita N, Narita
M. Existence of manserin, a secretogranin Ii-derived neu-
ropeptide, in the rat inner ear; relevance to modulation of
auditory and vestibular system. ] Histochem Cytochem 2012;60:
69-75.

Kamada N, Tano K, Oyabu A, Imura Y, Narita N, Tashiro Y, et al.
Immunohistochemical localization of manserin, a novel neu-
ropeptide derived from secretogranin II, in rat adrenal gland,
and its upregulation by physical stress. Int J Pept Res Ther
2010;16:55-61.

Kim T, Tao-Cheng JH, Eiden LE, Loh YP. Chromogranin A, an “on/off”
switch controlling dense-core secretory granule biogenesis. Cell
2001;106:499-509.

Kurabuchi S, Tanaka S. Immunocytochemical localization of pro-
hormone convertases PC1 and PC2 in the mouse thyroid
gland and respiratory tract. | Histochem Cytochem 2002;50:
903-9.

Ohkawara T, Oyabu A, Ida-Eto M, Tashiro Y, Tano K, Nasu F, et al.
Secretogranin Il and its derivative peptide, manserin, are differ-
entially localized in Purkinje cells and unipolar brush cells in the
rat cerebellum. Int J Pept Res Ther 2011;17:193-9.

Ohkawara T, Shintani T, Saegusa C, Yuasa-Kawada J, Takahashi M,
Noda M. A novel basic helix-loop-helix (bHLH) transcriptional
repressor, NeuroAB, expressed in bipolar and amacrine cells in
the chick retina. Brain Res Mol Brain Res 2004;128:58-74.

Sawicki B. Evaluation of the role of mammalian thyroid parafollic-
ular cells. Acta Histochem 1995;97:389-99.

Sawicki B, Zabel M. Immunocytochemical study of parafollicular
cells of the thyroid and ultimobranchial remnants of the Euro-
pean bison. Acta Histochem 1997;99:223-30.

Schmid KW, Kirchmair R, Ladurner D, Fischer-Colbrie R, Bécker W.
Immunochistochemical comparison of chromogranins A and B
and secretogranin Il with calcitonin and calcitonin gene-related
peptide expression in normal, hyperplastic and neoplastic C-
cells of the human thyroid. Histopathology 1992;21:225-32.

Spitzweg C, Heufelder AE, Morris JC. Thyroid iodine transport. Thy-
roid 2000;10:321-30.

Szkudlinski MW, Fremont V, Ronin C, Weintraub BD. Thyroid-
stimulating hormone and thyroid-stimulating hormone
receptor structure-function relationships. Physiol Rev
2002;82:473-502.

Tano K, Oyabu A, Tashiro Y, Kamada N, Narita N, Nasu F, et al.
Manserin, a secretogranin II-derived peptide, distributes in the
rat endocrine pancreas colocalized with islet-cell specific man-
ner. Histochem Cell Biol 2010;134:53-7.

Weiler R, Cidon S, Gershon MD, Tamir H, Hogue-Angeletti R, Win-
kler H. Adrenal chromaffin granules and secretory granules from
thyroid parafollicular cells have several common antigens. FEBS
Lett 1989;257:457-9.

Yajima A, Ikeda M, Miyazaki K, Maeshima T, Narita N, Narita M.
Manserin, a novel peptide from secretogranin Il in the neuroen-
docrine system. Neuroreport 2004;15:1755-9.

Yajima A, Narita N, Narita M. Recently identified a novel neuropep-
tide manserin colocalize with the TUNEL-positive cells in the
top villi of the rat duodenum. J Pept Sci 2008;14:773-6.

Yoo SH, Chu SY, Kim KD, Huh YH. Presence of secretogranin Il and
high-capacity, low-affinity Ca?* storage role in nucleoplasmic
Ca?* store vesicles. Biochemistry 2007;46:14663-71.

Zhao E, McNeilly JR, McNeilly AS, Fischer-Colbrie R, Basak A, Seong
JY, et al. Secretoneurin stimulates the production and release
of luteinizing hormone in mouse LBT2 gonadotropin cells. Am |
Physiol Endocrinol Metab 2011;301:E288-97.

— 159 —



Journal of Neuroscience Research 00:00-00 (2014)

Action of Thyroxine on the Survival and
Neurite Maintenance of Cerebellar Granule

Neurons in Culture

Koshi Oyanagi,’ Takayuki Negishi,” and Tomoko Tashiro'*

"Department of Chemistry and Biological Science, School of Science and Engineering, Aoyama Gakuin

University, Kanagawa, Japan

*Department of Physiology, Faculty of Pharmacy, Meijo University, Nagoya, Japan

Developmental hypothyroidism causes severe impair-
ments in the cerebellum. To understand the role of thy-
roid hormones (THs) in cerebellar development, we
examined the effect of three different THs, thyroxine
(T4), 3,5,3-triidothyronine (T3), and 3,3',5'-triiodothyro-
nine (reverse T3; rT3), on the survival and morphology
of cerebellar granule neurons (CGNs) in culture and
found novel actions specific to T4. Rat CGNs obtained
at postnatal day 6 were first cultured for 2 days in
serum-containing medium with 25 mM K" (K25), then
switched to serum-free medium with physiological
5 mM K* (K5) or with K25 and cultured for an additional
2 or 4 days. CGNs underwent apoptosis in K5 but sur-
vived in K25. Addition of T4 at concentrations of 100-
200 nM but not T3 or rT3 rescued CGNs from cell death
in K5 in a dose-dependent manner. Furthermore,
200 nM T4 was also effective in maintaining the neu-
rites of CGNs in K5. In K5, T4 suppressed tau phospho-
rylation at two developmentally regulated sites as well
as phosphorylation of c-jun N-terminal kinase (JNK)
necessary for its activation and localization to axons.
These results suggest that, during cerebellar develop-
ment, T4 exerts its activity in cell survival and neurite
maintenance in a manner distinct from the other two
thyroid hormones through regulating the activity and
localization of JNK. © 2014 Wiley Periodicals, Inc.

Key words: cerebellar granule cells; thyroid hormones;
cell survival; tau proteins; phosphorylation

Thyroid hormone (TH) is essential for the proper
development of many organs, including the brain. Lack of
sufficient TH during the perinatal period results in a syn-
drome termed cretinism in humans, which consists of severe
impairment of body growth accompanied by mental retarda-
tion, ataxia, and deafness (Porterfield and Hendrich, 1993;
Bernal, 2002). In the rodent models of perinatal hypothyr-
oidism with growth retardation and neurological symptoms
similar to human cretinism, characteristic morphological
impairments in cell migration, dendritic arborization, and
myelination are observed in the brain (Bernal and Nunez,
1995; Oppenheimer and Schwartz, 1997; Koibuchi and
Chin, 2000; Thompson and Potter, 2000; Williams, 2008),
leading to behavioral alterations (INegishi et al., 2005).

© 2014 Wiley Periodicals, Inc.

Structural and functional alterations resulting from
perinatal hypothyroidism are most evident in the cerebel-
lum, where major development takes place during the
critical time window of TH action corresponding to the
first 2 weeks after birth in rodents (Koibuchi et al., 2003;
Anderson, 2008; Koibuchi, 2008). In hypothyroid ani-
mals, migration of cerebellar granule neurons (CGNs)
from the external granular layer (EGL) to the internal
granular layer (IGL) is severely retarded so that a thick
EGL remains even at 2 weeks postnatally when the EGL
has practically disappeared in euthyroid animals. Together
with impaired development of Purkinje cell dendrites,
synaptic connections between these dendrites and parallel
fiber axons of CGNs are severely reduced in hypothyr-
oidism. Although a limited number of genes involved in
the thyroid hormone-dependent cerebellar development
have been identified by global gene expression analyses
(Quignodon et al., 2007; Takahashi et al., 2008; Chaton-
net et al., 2012), this is still not adequate to explain the
precise mechanisms underlying large physiological actions
of TH. In addition, nongenomic action of TH utilizing
cell surface receptors or cytoplasmic receptors has also
been found in cerebellar astrocytes, Purkinje cells, and
CGNs (Siegrist-Kaiser et al., 1990; Farwell et al., 1995,
2005; Kimura-Kuroda et al., 2002).

The present study investigates the effect of TH
directly on rat CGNs in culture to understand how TH
regulates the development of these cells. Unlike other
types of neurons, CGNs obtained from the early postnatal

Additional Supporting Information may be found in the online version of
this article.
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rat cerebellum undergo apoptosis when cultured in
serum—contammg medium Wlth a physiological concen-
tration of K (5 mM; low K), whereas they survive
more than 2 weeks in serum—contammo or serum-free
medium with 25 mM K™ (high K" Ga]lo et al., 1987,
Yamaglshl et al., 2001; Zhong et al 2004). Such low—

K *-induced death of CGNs and its rescue by high K has
been studied extensively as a model of activity-dependent
neuronal survival in vivo. Other than high-K " -induced
depolarization, growth factors such as insulin-like growth
factor 1 and brain-derived neurotrophic factor have also
been shown to protect CGNs from low-K ' -induced
death (Yamagishi et al., 2003a; Bazan-Peregrino et al.,
2007; D’Mello et al.,, 1997) through activation of the
phosphoinositide 3-kinase/protein kinase B (Akt) path-
way (Zhang et al., 1998; Yamagishi et al., 2003b; Zhong
et al., 2004). Because TH is one of the candidate serum
factors influencing survival of CGN, this study examines
the effect of three different forms of TH, thyroxine (T4),
3,5,3/-triidothyronine (T3), and 3,3',5'-triiodothyronine
(reverse T3; rT3), on the survival as well as the morphol-
ogy of CGNis in culture. Our results show that T4 but not
T3 or T3 was effecnve in promoting survival of CGNs in
serum-free, low-K* medium. T4 was also effective in
maintaining CGN neurites in K5 by stabilizing microtu-
bules through reduction of tau phosphorylation at least at
two developmentally regulated phosphorylation sites.

MATERIALS AND METHODS

Animals

Pregnant Wistar ST rats were purchased from SLC (Shi-
zuoka, Japan) and were maintained under controlled conditions
(24°C *=1°C) on a 12-hr light (0600-1800 hr)/12-hr dark
(1800~0600 hr) cycle. Food and water were freely available. All
animal treatments were approved by the Animal Experimenta-
tion Committee of Aoyama Gakuin University and were car-
ried out under veterinary supervision in accordance with the
Society for Neuroscience Guidelines for the use of animals in
neuroscience research.

Primary Culture of CGNs

Cerebelli from postnatal day (P) 6 rats were transferred
to ice-cold isolation medium consisting of equal volumes of
Ca®**- and Mg®"-free phosphate-buffered saline (PBS) and
Dulbecco’s modified Eagle’s medium (DMEM)/F-12 (1:1;
Gibco, Palo Alto, CA), cut into small pieces, freed of
meninges, and digested with 0.25% trypsin (Gibco) in PBS at
37°C for 30 min. Cells were dissociated gently by passages
through a disposable pipette and centrifuged twice in a serum-
containing medium (DMEM/F-12 supplemented with 10%
fetal bovine serum [FBS]) at 800 rpm for 5 min at room tem-
perature (r.t.). The cells were resuspended in serum-
containing medium with 25 mM KCI, 1.0% insulin—transfer-
rin—selenium (ITS-X; Gibco), 10 U/ml penicillin, and 10 pg/
ml streptomycin (Gibco) and plated onto a 96-well plate, a
four-well plate, a 3.5-cm dish, or a 16-well shde chamber
coated with poly-L-lysine (Gibco) at 3,000 cells/mm?. All cul-
tures were maintained at 37°C in 95% humidified air and 5%

CO,. At 24 hr after plating, 5 pM cytosine arabinoside was
added and left in the medium throughout the culture period to
eliminate proliferative cells. To examine the effect of thyroid
hormones, the cells were further cultured for up to 4 days in
serum-free high-K™ medium (K25; DMEM/F-12 containing
25 mM KCl, 1.0% ITS-X, penicillin, and streptomycin) or
low-K* medium (K5; DMEM/F-12 containing 5 mM KCI,
1.0% ITS-X, penicillin, and streptomycin) with or without
thyroid hormones L-thyroxine (T4), 3,5,3'-L-triiodothyronine
(T3), or 3,3,5-triiodothyronine (reverse T3; rT3; Sigma-
Aldrich, St. Louis, MO).

Cerebellar Slice Cultures

After decapitation, brains of P7 rats were dissected out
into isolation medium. Sagittal slices (300-pum thickness) of the
cerebellum were cut with a Microslicer (Dosaka EM, Kyoto,
Japan) and then placed on Millicell-CM culture inserts (Merck-
Millipore, Billerica, MA) in medium containing 20% FBS and
penicillin—streptomycin. After 2 days of culture in serum-
containing medium, the slices were transferred to K25 or K5.

Assessment of Cell Viability

The viability of cells cultured for 48 hr in 96-well plates
under various conditions was assessed by measuring mitochon-
drial metabolic activity with a CellTiter-Blue cell viability assay
kit (Promega, Fitchburg, WI). CellTiter-Blue reagent was
added directly to cells cultured in 96-well plates and incubated
for 30 min at 37°C. After incubation, fluorescence (560g,/
590g,,) was recorded with a Fluoroskan Ascent FL (Thermo
Labsystems, Beverly, MA). Results are expressed as percentages
of the value obtained from cells cultured in the control K25
medium without TH.

Hoechst 33258 dye (Sigma-Aldrich) was used to identify
dead cells with pyknotic nuclei. After fixation with a 4% parafor-
maldehyde (PFA)—8% sucrose solution in PBS, cultured cells in
16-well chamber slides were permeabilized with 0.2% Triton X-
100 (Sigma-Aldrich) solution and incubated with 0.2 pg/ml
Hoechst 33258 for 1 hr at r.t. to detect pyknotic nuclei. Cells
were examined under a fluorescence microscope (Axioplan 2;
Carl Zeiss, Oberkochen, Germany). Microscopic images were
obtained with a color CCD camera (ProgRes CFscan; Jenoptic,
Jena, Germany), and the number of pyknotic nuclei was counted.

Apoptotic cells in cultured slices were detected by TUNEL
assay with a DeadEnd fluorometric TUNEL system (Promega).
Briefly, slices that had been cultured for 48 hr in K25 or K5 were
transferred to microtubes and fixed for 1 hr at 4°C in PBS con-
taining 4% PFA and 8% sucrose. The slices were then permeabil-
ized with 0.2% Triton X-100 in PBS and incubated for 1 hr at
37°C in r'TdT enzyme and Nucleotide Mix solution. After ter-
mination of the enzyme reaction, slices were transferred onto
glass slides, sealed with Dako fluorescent mounting medium
(Dako, Carpinteria, CA), and examined under an Axioplan 2 flu-
orescence microscope. Microscopic images were captured with a
ProgR es CFscan color CCD camera.

Western Blotting

Cell homogenate was obtained by scraping the cells off
and sonicating for 10 sec in sodium dodecyl sulfate (SDS)
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sample buffer (50 mM Tris, 2.0% SDS, 10% glycerol, 10% 2~
mercaptoethanol, and bromophenol blue) containing protease
and phosphatase inhibitors (Roche Applied Science, Indianapo-
lis, IN). After having been boiled for 3 min, proteins in the
homogenates were resolved by SDS-polyacrylamide gel elec-
trophoresis (PAGE) and transferred to polyvinylidene fluoride
membrane (Immobilon P; Millipore). The blots were blocked
with 2.5% nonfat dry milk or 2% BSA in Tris-buffered saline
containing 0.1% Tween20 (TBS-T) and incubated at 4°C over-
night with one of the following primary antibodies: anti-
microtubule-associated protein (MAP) 2 (mouse monoclonal;
1:2,000), anti-B-actin (mouse monoclonal; 1:50,000; Sigma-
Aldrich), anti-GABA 4 recepror a-1 (rabbit polyclonal; 1:1;000;
Thermo Scientific, Waltham, MA); anti-human contactin-2/
TAGI (goat polyclonal; 1:2,000; R&D Systems, Minneapolis,
MN); anti-tau, clone Tau-5 (mouse monoclonal; 1:5,000),
anti-B-tubulin (mouse monoclonal; 1:1,000) from Merck-
Millipore; anti-Tau pS199 phosphospecific antibody (rabbit
polyclonal; 1:2,000; Invitrogen, Carlsbad, CA); anti-phospho-
MAPT (pSer422; rabbit polyclonal; 1:1,000; Sigma-Aldrich);
anti-glycogen synthase kinase 33 (GSK-3B; mouse monoclonal;
1:10,000; BD Transduction Laboratories, San Jose, CA);
anti-phospho-GSK-3B  (Ser9; 5B3; rabbit monoclonal;
1:10,000), anti-stress-activated protein kinase (SAPK)/c-jun
N-terminal kinase (JNK; 56G8; rabbit monoclonal; 1:1,000),
anti-phospho-SAPK/JNK  (Thr183/Tyr185; 81E11; rabbit
monoclonal; 1:1,000), anti-phospho-Akt (Ser473; 193H12;
rabbit monoclonal; 1:5,000), anti-phospho-Akt (Thr308;
C31ES5E; rabbit monoclonal; 1:2,000) from Cell Signaling
Technology (Danvers, MA), or anti-Akt1/2/3 (H-136; rabbit
polyclonal; 1:500; Santa Cruz Biotechnology, Santa Cruz, CA).
After they were rinsed in TBS-T, the blots were further incu-
bated with horseradish peroxidase (HRP)-conjugated secondary
antibodies (1:5,000; Jackson Immunoresearch, West Grove,
PA) and visualized by exposure to Hyperfilm ECL (GE Health-
care, Piscataway, NJ) with Immobilon Western Chemilumines-
cent HRP substrate (Millipore). For quantification, the films
were scanned, the density of each band was measured in Image
J (NIH), and the results were normalized with B-actin as
standard.

Immunocytochemistry

Cells in 16~well chamber slides were fixed with PBS
containing 4% paraformaldehyde (PFA) and 8% sucrose for 5
min at 4°C, rinsed in PBS, and postfixed for 2 min in metha-
nol at —20°C. Fixed cells were blocked in blocking buffer (4%
normal goat serum, 2% BSA, and 0.2% Triton X-100 in PBS)
for 30 min at r.t. and incubated with antitau antibody, clone
Tau-5 (1:500; Millipore), anti-MAP2 antibody (1:500; Sigma-
Aldrich), anti-SAPK/JNK (56G8; rabbit monoclonal;
1:1,000), and anti-phospho-SAPK/JNK (Thr183/Tyr185;
81E11; rabbit monoclonal; 1:1,000) overnight at 4°C. They
were further incubated with Alexa 488-conjugated anti-mouse
IgG (1:500; Invitrogen), Alexa 546-conjugated anti-rabbit IgG
(1:500; Invitrogen), or Alexa 488-conjugated anti-rabbit IgG
(1:500; Invitrogen), and Hoechst 33258 (0.1 pg/ml; Sigma-
Aldrich) for 1 hr at r.t. The slides were observed under a Axio-
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plan 2 fluorescence microscope, and the images were recorded
with a ProgRes color CCD camera.

Analysis of Actin and Tubulin Polymerization

CeHs cultured in §3.5-cm dishes in serum-containing
high-K ™ medium for 2 days were transferred to K25, K25 with
200 nM T4, or K5 with 200 nM T4 and incubated for an addi-
tional 48 hr. After incubation, cells were rinsed with ice-cold
PBS and homogenized in separation buffer (5 mM Tiis, pH
8.0, 1 mM EDTA, 0.5% Triton X-100 with protease inhibitor
cocktail [Sigma-Aldrich]). The homogenate was centrifugated
at 100,000¢ for 1 hr at 4°C to yield supernatant and precipitate
fractions. Ice-cold trichloroacetic acid was added to both super-
natant and precipitate fractions homogenized in separation
buffer to give final concentrations of 10%. After incubation for
30 min on ice, proteins in both fractions were recovered as pre-
cipitates by centrifugation at 12,000¢ for 5 min at 4°C. Precipi-
tated proteins were rinsed with ice-cold ethanol three times,
dissolved in SDS sample buffer by homogenization, and boiled
for 5 min. The amount of B-actin and B-tubulin recovered in
each supernatant or precipitate fraction was further analyzed by
SDS~PAGE and Western blotting as described above.

Statistical Analysis

Values are given as mean = SEM. Differences between
the two experimental groups were evaluated by Student’s t-test.
In the case of three or more groups, Tukey’s test was used. For
analysis of cell viability, two-way ANOVA followed by Dun-
nett’s multiple-comparisons test was used. In all cases, P < 0.05
was considered statistically significant.

RESULTS

Susceptibility of Differentiated CGNs to Low-K* -
Induced Cell Death

Sensitivities of CGNs to low-K " -induced cell death
were first compared among cells obtained from P1 rats (P1
cells) and P6 rats (P6 cells). Pl and P6 cells were initially
cultured for 48 hr in high-K* medium containing 25 mM
KCI and supplemented with 10% FBS, then transferred to
serum-free high-K* medlum containing 25 mM KCI
(K25) or serum-free low-K* medium containing 5 mM
KCl (K5). When cells were evaluated 48 hr later by mito-
chondrial reducing capacity, a significant reduction was
observed in viability of cells cultured in K5 compared with
those cultured in K25 with P6 cells, whereas P1 cells were
equally viable in either medium (Fig. 1A). Viability of P6
cells in K5 decreased to 50% of those cultured in K25
within the first 2 days after switching to serum-free K5,
reaching a plateau level at 4 days (Plg 1B).

To examine the effect of K* concentration on the
survival of CGNs in a more intact system, sagittal slices
were prepared from the rat cerebellum at P7. At this age,
thick EGL and IGL were clearly distinguishable such that
responses of both proliferative cells in the EGL and post-
migratory cells in the IGL could be studied in the same
slice (Fig. 1C). After 2 days of culture in serum-
containing K25, slices were transferred to serum-free K5
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Fig. 1. Suscepublhty of CGNs at dlﬂ'erent developmental stages to
low-K " -induced death. A: Low-K -induced death of CGNs pre-
pared from rats at P1 (P1 cells) or P6 (P6 cells). K25, serum-free
high-K* medium (open columns); K5, serum-free low—l(r medium
(solid columns). Values are mean = SEM (n=8). *P < 0.05 between
K5 and K25. B: Time dependence of low-K " -induced cell death in
CGNs prepared from rats at P6. Neuronal viability was assessed by
mitochondrial reducing capacity. Values are mean = SEM (n=38).
*P < 0.05 between K5 and K25. C: Apoptotic cell death detected by
TUNEL staining in P7 rat cerebellar slices cultured in K25 or K5 for
48 hr. Scale bar = 100 pm.

or K25 and cultured for an additional 2 days, and the
extent of cell death was analyzed by TUNEL staining. As
shown in Figure 1C, a large amount of TUNEL-positive
cells was observed in slices cultured in K5 but not in K25.
TUNEL-positive cells in K5 slices were observed exclu-
sively in the IGL. These results indicate that only postmi-
gratory CGNs located in the IGL are susceptible to low-
K "-induced cell death.

T4 but not T3 or rT3 Prevents the Death of CGNs
Induced by Low K*

To test whether thyroid hormone has an effect on this
low-K "-induced death of CGNs in primary culture P6
cells were cultured as described above in high-K © medium
containing 10% FBS for 2 days, then switched to either K5
or K25 containing one of the three different forms of TH,
T4, T3 or rT3, at varying concentrations (Fig. 2A-C).
When cells were evaluated 48 hr after switching to K5, a
dose-dependent increase in cell viability was observed with
T4 concentrations of 100-200 nM (Fig. 2A) but not with

similar or higher concentrations of T3 (Fig. 2B) or T3
(Fig. 2C). With 900 nM T4 in K5, cells were fully pro-
tected from low-K "-induced death. In K25, cell viability
was not affected by the addition of any TH.

The effect of T4 was further confirmed by visualiz-
ing chromatin condensation of dyeing cells with Hoechst
33258 staining (Fig. 2D). Large numbers of cells with
brightly stained pyknotic nuclei were observed when
CGNs were cultured in K5, which was markedly reduced
by the addition of T4 (200 nM) but not T3 (200 nM; Fig.
2D). In the presence of T4 in K5, the number of cells
with pyknotic nuclei was comparable to that observed in
K25 (Fig. 2E).

Because only postmigratory CGNs were susceptible
to low-K'-induced cell death, we next examined
whether the developmental stage of CGNs was altered by
the addition of T4 by using GABA, receptor a1 subunit
(GABRal), which is developmentally upregulated in
vivo, and transient axonal glycoprotein-1 (TAG-1), which
is expressed only in the postmitotic, premigratory cells in
the EGL as indicators (Fig. 2F-H). As shown in Figure
2F,G, expression of GABR a1 increased with days in cul-
ture in K25 without T4. Addition of T4 to K25
K25+ T4) or K5 (K5+ T4) resulted in significantly
larger increases in GABRal immunoreactivity after 2
days than K25 alone. After 4 days in culture, GABR«al1
expression levels were comparable among the three cul-
ture conditions. Expression of TAG-1, on the other
hand, time dependently decreased under these three cul-
ture conditions (Fig. 2F,H).

The results show that maturation of CGNs pro-
ceeded normally in the presence of T4 with a slight
enhancement of GABRa1 expression. It is thus clear that
T4 did not protect CGNs from low-K -induced cell
death by interfering with their maturation.

Effect of T4 on the Neurites of CGNs

We next examined the effect of 200 nM T4 on the
neurites of CGNs by immunofluorescent staining with
antibodies against the two major MAPs of neurites,
MAP2 and tau. As shown in Figure 3, more neurites
were visualized with anti-tau staining than with anti-
MAP?2 staining, indicating the axonal nature of the neu-
rites (Takemura et al., 1991). Addition of T4 to K5 not
only promoted cell survival but was also effective in
maintaining a network of neurites comparable to that
observed in K25. Addition of T4 to K25, on the other
hand, resulted in an apparently denser network of tau-
positive neurites compared with cells in K25 alone or
K5 + T4, which was further confirmed by Western blot-
ting (see Fig. 5D below).

Effect of T4 on the Polymerization of Actin and
Tubulin

The following experiments compared the CGNs
cultured under the three different conditions that fully
sustained cell survival for 48 hr, K25, K25+ T4, and.
K5+ T4. First, the expression as well as the
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Fig. 2. Effect of thyroid hormones on low-K -induced death of
CGNs. A-C: Neuronal viability of P6 cells cultured for 48 hr in
K25 (open circles) or K5 (solid circles) containing various concen-
trations of T4 (A), T3 (B), or T3 (C). Values are expressed relative
to that of cells cultured in K25 without each hormone. Values are
mean = SEM (n=12). *P<0.05 vs. K5 without each hormone;
#P<0.05 between K25 and K5 containing the same dose of each
hormone; n.s. in 200 and 400 nM T4 indicates no significant effect
of low-K™ stimulation, i.e., full protection by T4 from low-K™*-
induced cell death. D: Fluorescent images of pyknotic nuclei visual-
ized by Hoechst 33258 in CGNs cultured in K25 (upper row) or
K5 (lower row) with or without 200 nM T4 (middle column) or
T3 (right column). E: Number of cells with pyknotic nuclei per
unit area (mm?) in CGNs cultured in K25 (open columns) or K5
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(solid columns) with or without 200 nM T4 or T3. Values are
mean = SEM (n = 16-20). *P < 0.05 between two values indicated.
F: Representative immunoblots of GABRal and TAG-1 in CGNs
cultured for 0, 2, or 4 days in K25 or K5 in the presence or
absence of 200 nM T4. Day 0 indicates a sample just before switch-
ing to serum-free medium. G,H: Protein expression of GABRal
(G) and TAG-1 (H) in CGNs cultured for 0, 2, or 4 days in K25
(open columns), K25 containing 200 nM T4 (K25 + T4; gray col-
umns), or K5 containing 200 nM T4 (K5 + T4; solid columns). B-
Actin was used as loading control. Values are expressed as relative
to day 0 and are mean = SEM (n=4). *P<0.05 vs. K25 alone on
the same day; “P<0.05 vs. day 0. Scale bar =100 pm. [Color fig-
ure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Fig. 3. Effect of T4 on neurites of cultured CGNs. Immunofluorescent images of CGNs cultured
for 48 hr in K25 or K5 with or without 200 nM T4 with anti-tau (green) and anti-MAP2 (red)
antibodies. Hoechst 33258 was used to stain nuclei. Scale bar = 50 pm.

polymerization state of major cytoskeletal proteins, -
tubulin and (-actin, were evaluated by separating 0.5%
Triton X-100 homogenate of harvested cells into superna-
tant and precipitate fractions containing unpolymerized
and polymerized cytoskeletal proteins, respectively. Total
amounts of B-tubulin or B-actin were comparable among
CGNs cultured in K25, K25+ T4, and K5+ T4 (Fig.
4A,B). The proportion of polymerized tubulin was
increased more than twofold by the addition of T4 in K25
(Fig. 4C), whereas the proportion of polymerized actin did
not differ significantly (Fig. 4D). Tubulin polymerization
seemed to increase slightly in CGNs cultured in K5 + T4.

Effect of T4 on the Expression and
Phosphorylation of MAPs

MAP?2 consists of high-molecular-weight isoforms,
MAP2a and MAP2b, and a lower molecular weight,
juvenile isoform, MAP2c, which are produced from a
single gene by alternative splicing. Expression levels of
these three MAP2 isoforms were comparable among
CGNs cultured for 2 days in K25, K25+ T4, and
K5 + T4 (Fig. 5A—C). After 4 days of culture, however,
MAP2a and 2b tended to be increased in the presence of

T4 both in K25 and in K5. At the same time, a signifi-
cant reduction in MAP2c¢ was observed in K25+ T4
compared with K25 alone (Fig. 5C), suggesting that T4
enhanced maturation of MAP2 isoform composition in
cultured CGNEs.

In the case of tau, although six splicing isoforms can
be produced from a single gene, only the lowest molecu-
lar weight, juvenile isoform (54 kDa) was observed in
CGNs cultured under all three conditions (Fig. 5A). The
amount of tau increased approximately twofold in CGNs
cultured for 2 days in the presence of 200 nM T4 both in
K25 and in K5 (Fig. 5A,D). After 4 days of culture, how-
ever, a significant increase in tau expression remained
only in cells cultured in K25 + T4.

Because the ability of tau to promote microtubule
assembly and stabilization is regulated by its phosphoryla-
tion, the effect of T4 on the phosphorylation of tau was
further analyzed. Among the many phosphorylation sites
of tau protein, two developmentally regulated sites,
Ser422 and Ser199, as well as two sites known to be
hyperphosphorylated in PHF tau, Ser396 and Thr231,
were examined (Yu et al., 2009).

Tau phosphorylated at Ser422 (p-Tau Ser422)
showed significant changes in amount by the addition of
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Fig. 4. Effect of T4 on the polymerization of B-tubulin and B-actin
in cultured CGNs. A,B: Quantification of protein expression of total
B-tubulin (A) and total B-actin (B) in extracts obtained from CGNjs
cultured for 48 hr in K25 (open columns), K25 containing 200 nM
T4 (K254 T4 gray columns), or K5 containing 200 nM T4
(K5 + T4; solid columns), in which each value is expressed relative to
those of cells cultured in K25. C,D: Level of polymerization of -
tubulin (C) and B-actin (D) in CGNs. Sup and Ppt indicate unpoly-
merized supematant and polymerized precipitate fractions of Triton
X-100 extracts separated by ultracentrifugation (see Materials and
Methods). Extent of polymerization was expressed as the proportion
of the protein in Ppt against the sum of the protein in Ppt and Sup.
Values are mean = SEM (n = 4). *P < 0.05 vs. K25.

T4. After 2 days of culture, p-Tau Ser422 was increased
1.7-fold and 2.2-fold in K25 + T4 and K5 + T4, respec-
tively, compared with that in K25 (Fig. 5E). Between
days 2 and 4, however, p-Tau Ser422 increased more
than 2.5-fold in CGNs cultured in K25, whereas it
remained at the same level in K25+ T4 and decreased
tenfold in K5 + T4. On the other hand, the phosphoryla-
tion level (p-Tau Ser422/total Tau) at this site was com-
parable under the three culture conditions after 2 days in
culture but was significantly reduced after 4 days in both
K25 and K5 containing T4 (Fig. 5F). In K5+ T4, a
severe reduction in the amount of p-Tau Ser422 contrib-
uted to the reduction in phosphorylation level, whereas
in K25 + T4 an increase 1n total tau (Fig. 5D) was respon-
sible for the apparent reduction in the phosphorylation
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level instead of an actual decrease in the amount of p-Tau
Ser422. In contrast, there was no apparent change in tau
phosphorylated at Ser199 (p-Tau Ser199) by T4 addition
in either K25 or K5 (Fig. 5G), but the phosphorylation
level at this site was reduced by 50% after 2 days in cul-
ture in both K25 and K5 (Fig. 5H) because of twotold
increases of total tau in the presence of T4 (Fig. 5D). A
significant reduction in the phosphorylation level at
Ser199 remained in K25 + T4 after 4 days in culture for
the same reason.

Under all three culture conditions, tau phosphoryl-
ated at Ser396 probed with one of the anti-PHF tau anti-
bodies, PHIF13, and tau phosphorylated at Thr231 probed
with anti-Alzheimer’s disease tau antibody, AT 180, were
not detected (data not shown).

Effect of T4 on GSK-3p and JNK

It is well known that tau is phosphorylated by a
number of kinases, including GSK-33, JNK, and cyclin-
dependent kinase-5. Among these, kinases reported to be
responsible for the phosphorylation at Ser199 and Ser422
are GSK-3p and JNK, respectively. Therefore, we exam-
ined the effect of T4 on the activation of these two
kinases.

Kinase activity of GSK-33 is downregulated by
phosphorylation at Ser9. As shown in Figure 0A, phos-
phorylation at this site was observed in CGNs cultured
for 2 or 4 days under all three conditions. CGNs cultured
for 2 days in K25 -+ T4 transiently exhibited a higher level
of phosphorylation compared with cells in K25 or
K5+ T4 (Fig. 6A). A major kinase phosphorylating
GSK-3B and suppressing its activity is Akt, which is
known to be activated by phosphorylation at both Ser473
and Thr308. As shown in Figure 6B, Akt phosphorylation
at cach of these sites was transiently enhanced by the addi-
tion of T4 to K25 after 2 days but was back to the level of
K25 alone after 4 days. A similar tendency was observed
in K5 + T4. Transient enhancement of Akt phosphoryla-
tion in K25 + T4 thus matched in timing with the tran-
sient phosphorylation of GSK-3B observed under the
same culture condition (Fig. 6A). Each of the three sub-
types of JNK, JNK1-3, or MAPK8~10 consists of several
splice variants with molecular weights of 46 kDa (P46)
and 54 kDa (P54), all of which are activated by simultane-
ous phosphorylation at Thr183 and Tyrl85 (for review
see Kyriakis and Avruch, 2012). In differentiating neu-
rons, a major pool of phosphorylated, active JNK (p-
JNK) localizes to neurites, where it plays a critical role in
axon determination and axon guidance through regula-
tion of microtubule stability (Oliva et al., 2006; Hirai
etal, 2011; Qu et al., 2013). Under all three culture con-
ditions, an antibody against p-JNK stained the neurites,
whereas an antibody against total JNK stained mainly the
cell bodies, with much weaker staining of the neurites
(Fig. 7A). Immunoblotting analysis revealed that the
amount of total JNK was comparable among the three
culture conditions, whereas p-JNK was significantly
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Fig. 5. Effect of T4 on the expression and phosphorylation of
MAP2 and tau in cultured CGNs. A: Representative immunoblots
of MAP2, tau, p-Tau Ser422, and p-Tau Ser199 in CGNs cultured
for 2 or 4 days in K25, K25 containing 200 nM T4 (K25 + T4), or
K5 containing 200 nM T4 (K5 + T4). B-Actin was used as loading
control. B-D: Amount of MAP2a,b (B), MAP2c (C), or tau (D)
in CGNs cultured for 2 or 4 days in K25 (open columns), K25
containing 200 nM T4 (K25 + T4; gray columns), or K5 contain-
ing 200 nM T4 (K5 + T4; solid columns) expressed relative to that

decreased in amount in K5 + T4 after 2 and 4 days of cul-
ture (Fig. 7B).

DISCUSSION

Effect of T4 on Cell Survival and Neurite
Maintenance of CGNs Cultured in K5 and K25

The present study shows that T4 but not T3 or rT3
is effective in promoting survival of CGNs in serum-free,
low-K* medium (K5). T4 not only served as a survival
factor, but was also effective in fully maintaining the neu-
rites of CGNs in K5 by stabilizing microtubules through
reduction of tau phosphorylation at least at two develop-
mentally regulated sites, Ser199 and Ser422. T4 in K5
downregulated the activities of the two tau kinases
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Tau Ser422 (E), phosphorylation level at Ser422 (F), amount of p-
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cultured for 2 or 4 days in K25 (open columns), K25 containing
200 nM T4 (K25 + T4; gray columns), or K5 containing 200 nM
T4 (K5 + T4, solid columns) expressed relative to that of CGNs
cultured for 2 days in K25. Values are mean = SEM (n=4).
*P < 0.05 in pairwise comparisons.

responsible for phosphorylation of these sites, GSK-38
and JNK, by maintaining inhibitory phosphorylation of
GSK-3f as in the case of other growth factors and, in
addition, by suppressing phosphorylation of JNK neces-
sary for its activation. Given that these kinases are
involved in low-K "-induced death of CGNs (Yamagishi
et al., 2001, 2003b; Zhong et al., 2004; Song et al.,
2010), suppression of their activities is likely to be a key
to the function of T4 in both cell survival and neurite
maintenance in K5. JNK, in particular, is 2 good candi-
date for a T4 effector in the regulation of both processes
because it has been shown to have a dual role in neurons
as an SAPK and a kinase with developmental roles (Cof-
fey et al., 2000, 2002). p-JNK is localized predominantly
to neurites of developing neurons and plays critical roles
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Fig. 6. Effect of T4 on the phosphorylation of GSK-3B and Akt
in cultured CGNs. A,B: Representative immunoblots and quan-
tification of the phosphorylation levels of GSK-3B at Ser9 (A)
and Akt at Ser473 or Thr308 (B) in CGNs cultured for 2 or 4
days in K25 (open columns), K25 containing 200 oM T4

in axon determination and axon guidance by regulating
microtubule stability (Oliva et al.,, 2006; Hirai et al.,
2011; Qu et al,, 2013). Although phosphorylation of tau
was not examined in these previous studies, tau is a likely
candidate substrate of p-JNK in the regulation of micro-
tubule stability because it is the major MAP in axons.
Gene targeting studies have further demonstrated that
JNK1 plays essential roles in vivo in neuronal migration
and establishment of axon tracts (Chang et al., 2003; Hirai
et al., 2006, 2011).

Addition of T4 to K25 induced an apparent reduction
in the phosphorylation level of tau at both Ser199 and
Ser422, but it was due mainly to an increase in total tau
rather than a decrease in tau phosphorylation (Fig. 5). Given
that an enhancement in Akt activation was observed in
K25 + T4 after 2 days, activation of the mammalian target
of rapamycin pathway might be involved in the upregula-
tion of tau synthesis (Swiech et al., 2008; Tang et al., 2013;
Westerholz et al., 2013) under this condition. Response of
JNK toward T4 was also different in K5 and K25. In
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(K25 + T4; gray columns), or K5 containing 200 nM T4
(K5 +T4; solid columns) expressed relative to that of CGNs
cultured for 2 days in K25. B-Actin was used as loading control.
Values are mean = SEM (n=4). *P < 0.05 between the two val-
ues indicated.

K5+ T4, p-JNK was significantly reduced after 4 days,
whereas, in K25+7T4, it tended to be increased (Fig. 6).
Tau mRNA is particularly enriched in CGNs, with the
peak of expression in the second and third postnatal weeks
in the IGL (Takemura et al., 1991), at the time when CGIN
neurites are maturing into parallel fiber axons. T4-induced
increase in total tau, together with the sustained activation
of JNK in K25, might represent the actively elongating
phase of CGN axons in the presence of T4 under depola-
rizing conditions.

Comparison of Survival-Promoting Activity With
Typical Nongenomic Actions of T4

The survival-promoting activity of T4 described
here is likely to be based on nongenomic action, given
that the transcriptionally active T3 was without effect.
Typically, nongenomic actions of TH have been defined
as involving T4 and rT3 rather than T3, occurring within
minutes to hours, and being mediated by cell surface
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was used to stain nuclei. B: Representative immunoblots and quantifi-
cation of the phosphorylation levels of JNK in CGNs cultured for 2

receptors or nuclear receptors localized to the cytoplasm
(for review see Farwell et al., 2006; Davis et al., 2008;
Cheng et al., 2010). Because cell survival cannot be eval-
uated within such a short time span, we examined the
rapid effect of T4, T3, and rT3 on the survival kinase
Akt/PKB in CGNs cultured in K5 (Supp. Info. Fig. 1).
The results show that T4 and T3 differentially affect the
phosphorylation of Akt at Ser473 and Thr308, suggesting
that distinct pathways are stimulated by each TH. Further
studies are required, however, to determine how these
initial responses are linked to cell survival or to cell death
observed after 48 hr.
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(K5 + T4; solid columns) expressed relative to that of CGNs cultured
for 2 days in K25. B-Actin was used as loading control. Values are
mean = SEM (n=4). *P<0.05 between the two values indicated.
Scale bar = 50 pm.

One of the well-known nongenomic actions of T4
is the rapid enhancement of actin polymerization first
observed within 10 min after T4 addition in astrocytes
cultured on a laminin-coated surface (Siegrist-Kaiser
et al.,, 1990). Although to a lesser extent, T4 and rT3
were also shown to be effective in increasing F-actin con-
tent of CGNs examined 16 hr after TH addition and in
inducing neurite outgrowth as well as migration of CGNs
out of cerebellar explants (Farwell et al., 2005). Under the
present experimental conditions, however, enhancement
of actin polymerization was not observed with any TH at
0.5, 1, or 4 hr after addition (Supp. Info. Fig. 2). One of
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the causes for this discrepancy may be the ditterence in
surface coating. In the study by Farwell et al. (2005),
CGNs were cultured on laminin coating, which is capable
of inducing actin polymerization through regulation of
integrin—laminin interaction, as in the case of astrocytes
cultured on laminin (Farwell et al., 1995). Given that
integrin ayB3 has been identified as a plasma membrane
receptor for T4 involved in the regulation of cell proliter-
ation and angiogenesis in cancer cells and endothelial cells
(Bergh et al., 2005; Lin et al., 2009), the polylysine coat-
ing used in the present study may not be as effective as
laminin in recruiting integrin to interact with T4. The
fact that rT3 was not effective in promoting CGN sur-
vival under our experimental conditions suggests that rT3
may preferentially utilize integrin as its receptor. Another
cause of discrepancy between the study by Farwell et al.
(2005) and the present study may be the difference in the
maturation state of CGNs under the two culture condi-
tions. Judging from the susceptibility to low-K " ~induced
cell death, the decrease in TAG-1 expression, and the
expression of tau, CGNs examined in the present study
were mainly in the postmigratory stage, whereas the cells
in the study by Farwell and colleagues were in the premi-
gratory to migratory stage, in which organization of actin
plays a major role.

T4, Extracellular K"
of Cultured CGNs

By using mouse CGNs, which are viable under the
physiological K concentration of 5 mM, it was shown
that CGNs in dissociation cultures or organotypic slice
cultures undergo temporally regulated development and
maturation processes in 5 mM KCl as in vivo. In contrast,
in 25 mM KCI, CGNs did not reach the final maturation
stage unless calcineurin activity was inhibited experimen-
tally (Sato et al., 2005; Okazawa et al, 2009). In
K5 + T4, a dramatic reduction was observed in tau phos-
phorylated at Ser422 between days 2 and 4 of culture,
together with a decrease in active JNK (Figs. 5, 6).
Ser422 and Ser199 of rat brain tau are highly phosphoryl-
ated only during the first 2 weeks of postnatal develop-
ment, which corresponds to the axon outgrowth and
elongation stage (Yu et al,, 2009). Phospho-Ser422, in
pa1t1cular is mp]dly dephosphorylated thereafter so that
virtually no phosphorylation 1s observed at this site after 1
month of age. Because microtubule-binding and stabiliza-
tion activity of tau is negatively regulated by phosphoryla-
tion (for review see Mandelkow and Mandelkow, 2012),
such developmental phosphorylation of tau is considered
a means to ensure a dynamic polymerization—depolymer-
ization cycle of microtubules necessary for axon growth.
Phosphorylation followed by dephosphorylation at
Serd22 observed in K5+ T4 thus suggests that, under
physiological K concentration, T4 induces axonal matu-
ration within 4 days. In contrast, a robust increase of total
tau with a sustained level of phosphorylated tau observed
in K25+ T4 should result in higher amounts of both

, and JNK in the Maturation
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phosphorylated and unphosphorylated tau and continua-
tion of axon elongation.

In Londumon, the present study demonstrates novel
actions of T4 on cell survival as well as on the neurites of
CGNs in culture. T4 induced microtubule polymeriza-
tion in CGN neurites through distinet mechanisms in K5
and K25. In K5, T4 reduced tau phosphorylation through
a decrease in active JNK. In K25, in contrast, T4
mcreased tau synthesis without reducing the phosphoryla-
tion of tau, which may result in active axon growth. Fur-
ther investigations on how T4 affects the level and the
localization of active JNK in differentiating CGNs should
provide valuable insights into the mmportance of TH
action in cercbellar dcwlopmcnt
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Abstract

Background: Maternal viral infection during pregnancy induces morphological abnormalities in the fetus and may cause emo-
tional and psychological problems in offspring through unknown mechanisms. We have previously shown that prenatal exposure
of rats to chemicals such as thalidomide causes an autistic-like phenotype in offspring, indicating that prenatal events affecting sero-
tonergic development may cause developmental disorder. Methods: We investigated whether prenatal viral infection altered the
expression of neurotransmitters involved in the emotional or psychological status of offspring. We here took advantage of the polyr-
iboinosinic:polyribocytidylic acid (poly 1:C) system, the synthetic double-stranded RNA, which is often used in animal models of
viral infection. Results: Ten mg/kg of poly I:C was intraperitoneally injected on gestational day (GD) 9 and counted the numbers
of serotonin-immunopositive cells on GD15 using flat whole-mount preparation method, resulting 11.1% of increase in the number
of serotonergic neurons in poly I:C group. Furthermore, there was a significant decrease in hippocampal serotonin content in off-
spring by postnatal day 50 following poly I:C administration by high-performance liquid chromatography. Discussion and Conclu-
sion. Since serotonin is known to link with behavior and emotion after birth, these results suggest that maternal viral infection might
cause, in addition to morphological abnormalities, serotonin-related pathogenesis such as neurodevelopmental disorders including
autism spectrum disorders.
© 2014 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.

Keywords: Maternal viral infection; Autism; Poly I:C; Serotonin

1. Introduction infection during pregnancy induces intrauterine growth

retardation, microphthalmia, microcephalia, and cere-

Maternal viral infection during pregnancy induces bral calcification [4]. In addition to morphological

morphological abnormalities in the fetus [1,2]. For abnormalities, maternal infection may also induce emo-

example, congenital rubella syndrome caused by rubella tional problems in offspring such as schizophrenia [5,6]

virus infection during pregnancy, induces fetal cataracts, and mental retardation [7]. However, the mechanisms
cardiac defects, and deafness [3]. Cytomegalovirus responsible for these disorders are unknown.

Autism spectrum disorders (ASD) are neurodevelop-

e et Add tofie Tt Eiose Siafa] mental disorder including cognitive and emotional
orresponding author. Iess: 1€ mversxty, raduate Schoo . . .

of Medicine, 2-174, Edobashi, Tsu, Mie 514-8507, Japan. Tel.: +81 59 problems [8.9]. The etiologies of ASD are unknown;
232 1111x6326; fax: +81 59 232 8031. however, several lines of evidence suggest that distur-
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neurons may be the cause [10-12]. We have shown that
embryonic disturbance of serotonergic development
induced by thalidomide or valproic acid may cause an
autistic phenotype in the offspring of treated rats
[13,14] as well as by viral infection.

Serotonin (5-hydroxytryptamine, 5-HT) is a mono-
aminergic neurotransmitter involved in emotional and
mood control [13.15]. Clusters of serotonergic neurons
are located in the raphe nuclei of the brainstem. Rostral
raphe nuclei start to express the serotonergic neuron
phenotype on approximately gestational day (GD) 12
[16]. Ascending serotonergic neurons are first observed
on the same day as rostral raphe nuclei, and then they
promptly develop diverse axonal projection networks
throughout the brain until birth [17].

In the present study, we investigated whether prenatal
viral infection changes the serotonergic system. We took
advantage of the polyriboinosinic:polyribocytidylic acid
(poly L:C) system, which is often used as an animal
model of viral infection [18-20].

2. Materials and methods
2.1. Administration of poly I.C

Pregnant Wistar rats were obtained from CLEA
Japan, Inc. (CLEA Japan, Inc., Japan). All animal
experiments were approved by the Committee of Labo-
ratory Animal Research Center at Mie University. Ten
mg/kg of poly I:C (Sigma Aldrich, MO), which is dis-
solved in sterile phosphate-buffered saline (PBS), or ster-
ile PBS alone was intrapenitorially (i.p.) injected to GD
9 or 10 pregnant Wistar rats. The dose of poly I:C was
determined according to a previous study [21].

2.2. Measurement of monoamines and their metabolites
using high-performance liquid chromatography (HPLC)

Measurements of monoamines and their metabolites
on postnatal (P) day 50 were performed as described
previously [22]. Experiments were performed indepen-
dently twice, and consistent results were obtained from
these two experiments. Statistical evaluation was per-
formed using independent Student’s ¢ tests. Statistical
significance was defined as p < 0.05 (two-tailed).

2.3. Flat whole-mount preparation of rat brain and
determination of the number of serotonin-immunopositive
cells

Flat whole-mount of hindbrains on GD15 was pre-
pared as described previously [23]. GD9 pregnant rats
were 1.p. injected with poly I:C, and the GDI15 fetuses
were surgically removed. The embryonic brains were
cut along the dorsal midline, opened, and whole-
mounted flat with the ventricular side down. The flat,

whole-mounted brain was fixed with 4% paraformalde-
hyde (PFA) overnight at 4 °C and probed with an
anti-serotonin antibody as described previously [23].
The numbers of all serotonin-immunopositive cells
localized in rostral and caudal clusters were blindly
counted to exclude the possibility of bias.

2.4. Quantitative analysis of gene expression during the
development of serotonergic neurons

Cranial regions of GDI12 embryos were exactly cut
just posterior to the forth ventricle, and five embryos
were collected from four of each of the pregnant moth-
ers in the two groups. Total RNAs were prepared using
TRIzol Reagent (Invitrogen, CA) according to the
manufacturer’s instructions. One microgram of each
total RNA preparation was reverse-transcribed using
QuantiTect Reverse Transcription Kit (QIAGEN, Ger-
many) according to the manufacturer’s instruction.
Real-time PCR reactions using Power SYBR Green
PCR Master Mix (Applied Biosystems, CA) were per-
formed using a StepOne Real-Time PCR System
(Applied Biosystems, CA). Data were analyzed using
the comparative cycle threshold method. Gapdh was
used as an internal control. Oligonucleotide sequence
used for real-time PCR were as follows: sonic hedgehog
(Shhy  forward primer:S-AGCTTCGAGTGACTG
AGGGC-3'Shh reverse primer: 5-GTCCCTGTCAG
ACGTGGTGA-3, fibroblast growth factor 8 (Fgf8) for-
ward primer: 5-CGCAAAGCTCATTGTGGAGA-3,
Fgf8 reverse primer: 5-ACACGCAGTCCTTGCCT
TTG-3', Gata2 forward primer: 5-AGCCTTGTGCC
GCCATTAC-3, Gata2 reverse primer: 5-ACCTGTC
CATTTTGCTCTCCA-3, Pet-1 forward primer: 5'-TC
CCACGACCTACTCAAAC-3, Pet-1 reverse primer:
5'-AGGGATGGACAACAGCAGAG-3, Gapdh for-
ward primer: 5-CAAGTTCAACGGCACAGTCAA
G-3', Gapdh reverse primer: 5-ACATACTCAGCACC
AGCATCAC-3.

2.5. Whole-mount in situ hybridization

Eight embryos from three mothers were used for each
group. Whole-mount in situ hybridization of GDI12
embryos using digoxigenin-labeled complementary
RNA (cRNA) probes was performed following Wilkin-
son’s method [24]. In brief, dissected embryos were fixed
with 4% PFA in PBS overnight at 4 °C; PFA was
removed with a graded-concentration ethanol series,
and the samples were stored at —20 °C. Samples were
gradually rehydrated and immersed in 0.1% Tween 20
(Sigma-Aldrich) in PBS (PBST). Next, samples were
treated with 10 ug/ml proteinase K (Roche Applied Sci-
ence, IN) for 30 min at 37 °C, fixed again in 0.2% glutar-
aldehyde, 4% PFA in PBS for 20 min. After two washes
with PBST, samples were prehybridized for one hour at
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70 °C and hybridized with a digoxigenin-labeled cRNA
probe for 16 h at 70 °C. The composition of the hybrid-
ization solution was as follows: 50% formamide
(WAKO chemicals, Japan), 5 x SSC (pH 7.0), 1%
SDS, 50 ug /ml yeast tRNA (Roche Applied Science,
IN), and 50 pg/ml heparin sodium salt (Sigma-Aldrich,
MO). After hybridization, samples were washed once
with 50% formamide, 5 x SSC (pH 4.5); three times
with 1% SDS at 70 °C for 30 min; and then three times
with 50% formamide and 2 x SSC (pH 4.5) at 65 °C for
30 min. Samples were washed with 25 mM Tris—HCI
(pH 7.5), 137 mM NacCl, 2.7 mM KClI, and 0.1% Tween
20 (KTBT) at room temperature (RT). After blocking
with 1% blocking reagent (Roche Applied Science, IN)
in KTBT for two hours at RT, samples were incubated
with Anti-Digoxigenin-AP Fab fragments (Roche
Applied Science, IN, 1:2500 dilutions) at RT, and the
reactions were detected using 4-nitroblue tetrazolium
chloride and 5-bromo-4-chloro-3-indolyl-phosphate.
Images were acquired using a KEYENCE VH-5500
microscope system (KEYENCE, Japan). The templates
used for probe preparation were as follows: rat Shh
(2052-3331; GenBank Accession No. AF030355) and
rat Fgf8 (34-560; GenBank Accession No. AB079113).

3. Results

To determine whether prenatal viral infection induces
abnormalities in the monoamine systems, we used poly
I:C, a double-stranded RNA, which mimics viral infec-
tion [18-20] and is therefore frequently used as a model
of viral infection. Poly I:C was administered to GD10
pregnant rats because this time window is critical for
the early development of serotonergic neurons
[13,14,25]. A significant decrease in hippocampal 5-HT
levels in the progeny on day P50 was observed in the
poly 1:C group (control; 196.6 + 40.2 ng/g weight, poly
I:C; 109.3 4+51.7ng/g weight, p<0.01) (Table I).
Dopamine (DA) and its metabolites were not detected
in the hippocampus. The levels of striatal 5-HT, DA,
and their metabolites did not differ between the two
groups. These results indicate that prenatal poly I:C
administered on GD10 affected 5-HT levels in the hippo-
campus of the adult brain.

To determine whether decreased hippocampal 5-HT
levels in adult progeny of the poly I:C group were
caused by abnormal embryonic development of
serotonergic neurons, profiles of early serotonergic
development were evaluated using the so-called flat
whole-mount preparation method. This method facili-
tates morphological examination during the -early
embryonic stage of serotonergic neurons developing
spatiotemporally in the fetal brain [23.25,26]. Poly I:C
or PBS were administered on GD9, embryos were
harvested on GD15, and flat whole-mount hindbrain
sections were prepared. Fig. 1A shows the two major

Table 1
Monoamine levels in control (n = 8) vs poly I:C injected rats (n = 5) on
P50.

Monoamines Group Hippocampus Striatum

ng/g weight

5-HT control 196.6 + 40.2’.= 133.8 +£34.9
poly I:C 109.3 £+ 51.7 139.7 £ 47.6

5-HIAA control 307.2 4+ 24.5 273.0 £ 46.1
poly I.C 314.8 +39.6 241.6 +77.9

DA control N.D. 1295.3 £391.3
poly I.C N.D. 1147.1 £ 596.2

DOPAC control N.D. 802.8 + 88.9
poly I.C N.D. 855.4 4+ 142.8

HVA control N.D. 34544493
poly I.C N.D. 338.6 + 58.1

Ten milligrams per kilograms of poly I:C were administered to GD10
rats. On P50, concentrations of hippocampal and striatal monoamines
and their metabolites in offspring were measured by HPLC. Consistent
results were obtained from independent experiment. Values represent
the mean =+ standard deviation (SD). N.D.: not detected.”p < 0.01 vs.
control.

—

% # of 5-HT neurons control poly I:C

% rostral raphe 276.6129.1  307.4126.9*
—é (n=15)

> caudal raphe 634.8+57.2  620.3+54.5
e (n=15)

caudal cluster

floor plate

Fig. 1. Effect of poly I:C administration on serotonergic neurons in
GD15 rat using flat whole-mount preparations. (A) Low magnification
view of the GDI15 control stained with anti-serotonin antibody. (B)
Comparison of the numbers of serotonin-immunopositive cells in
rostral and caudal clusters between the control and poly I:C groups.
Numbers represent the average of each determination + SD. Scale bar
represents 500 um. “p < 0.01 vs. control.

clusters of serotonergic neurons, which are rostral and
caudal cluster [16]. Differences in the basic structure of
the raphe between the poly I:C and control groups were
not noted initially. Although the number of serotonergic
neurons in the caudal cluster did not differ between the
two groups (control; 634.8 £57.2 cells, poly I:C;
620.3 + 54.5 cells), close observation revealed that the
numbers in the rostral cluster significantly increased in
the poly I:C group compared with the control group
(Fig. 1B) (control; 276.6 £29.1 cells, poly I.C;
307.4 4+ 26.9 cells, p <0.01). These results suggest that
poly I:C administration during pregnancy perturbs, in
part, the early development of serotonergic neurons.
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