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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 (Negishi 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 (CGN)
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 with a physiological concen-
tration of K™ (5 mM; low K™), whereas they survive
more than 2 weeks in se1um—contammg or serum-free
medium with 25 mM K" (high K*; Gallo et al., 1987;
Yamag15h1 et al.,, 2001; Zhong et al 2004). Such low—
K -induced death of CGNs and its rescue by high K has
been studied extenswely as a model of actwlty—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 CGNs, 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 CGNs in culture. Our results show that T4 but not
T3 or r'T3 was eﬁecmve 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 lsolanon 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 KCl, 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%

COs,. 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 cclls 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 KCl,

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 rTdT 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-GABA4 receptor a-1 (rabbit polyclonal; 1:1;000;
Thermo Scientific, Waltham, MA); anti-human contactin-2/
TAG1 (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 3 (GSK-3B; mouse monoclonal;
1:10,000; BD Transduction Laboratories, San Jose, CA);
anti-phospho-GSK-33  (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;
C31E5E; 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

Cells cultured in $3.5-cm dishes in serum-containing
high-K ™ medium for 2 days were transferred to K25, K25 Wlth
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 Tris, 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 -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 ceHs) Pl and PO cells were initially
cultured for 48 hr in high-K™ medium containing 25 mM
KCl and supplemented with 10% FBS, then transferred to
serum-free high-K* medlum containing 25 mM KCl
(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 (Flg 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. Susceptibility of CGNs at different 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-K* 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=8).
*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 eftect on this
low-K " -induced death of CGNs in primary culture pP6
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 200 nM T4 in K35, 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).

Bec cause 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 al 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 GABRa1 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, GABRal
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 GABR a1 expression. It i 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 rT3 (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.., 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

Journal of Neuroscience Research

— 71

Days after serum deprivation

(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). 3-
Actin was used as loading control. Values are expressed as relative
to day O 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 um. [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 B-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

MAP2 consists of high-molecular-weight isoforms,
MAP2a and MAP2b, and a lower molecular weight,
juvenile isoform, MAP2¢, 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 CGNs
cultured for 48 hr in K25 (open columns), K25 containing 200 nM
T4 (K25+ 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 B-
tubulin (C) and B-actin (D) in CGNs. Sup and Ppt indicate unpoly-
merized supernatant and polymerized precipitate fractions of Triton
X-100 extracts separated by ultracentrifugation (see Materals 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 in 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 twofold
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, PHF13, and tau phosphorylated at Thr231 probed
with anti-Alzheimer’s disease tau antibody, AT180, were
not detected (data not shown).

Effect of T4 on GSK-3f and JNK

It is well known that tau is phosphorylated by a
number of kinases, including GSK-38, JNK, and cyclin-
dependent kinase-5. Among these, kinases reported to be
responsible for the phosphorylation at Ser199 and Ser422
are GSK-3f and JNK, respectively. Therefore, we exam-
ined the effect of T4 on the activation of these two
kinases.

Kinase activity of GSK-3@ is downregulated by
phosphorylation at Ser9. As shown in Figure 6A, 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-33 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 each 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-3( observed under the
same culture condition (Fig. 6A). Each of the three sub-
types of JNK, JNK1-3, or MAPKS8~10 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 Tyr185 (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
et al., 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



