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Results: Experimental data on changes in empathy, theory of mind
and moral judgment after mild TBI are surprisingly sparse. The
exploration of face and speech perception in mild TBI was usually
restricted to patients with comorbid psychiatric conditions. Several
studies looked at risk behavior and decision making under risk and
uncertainty using lowa Gambling Task (IGT) in patients with TBI of
various severity and one study looked at IGT in patients with mild
TBL. The investigation of alexithymia after mild TBI relied exclusively
on self-questionnaires.

Conclusion: Changes in social information processing after mild TBI
might be related to mild TBl-causally bound pathophysiological
mechanisms leading to perturbations in networks for social cognition,
pre-injury personality traits, litigation, psychological, emotional and
environmental factors. Further research needs to unravel variables
that independently predict changes in social information processing
domain.

doi:10.1016/j.jns.2015.08.795

726

WFN15-0653

Miscellaneous Topics 3

Modulation of cortical activity in patients with chronic spinal
cord injury after intrathecal baclofen

L Stetkarova? R. Jech®, J. Keller*. “Neurology, Third School of Medicine
Charles University Hospital Krdlovské Vinohrady, Prague 10, Czech
Republic; ®Neurology, 1st Faculty of Medicine and General University
Hospital in Prague Czech Republic, Prague 2, Czech Republic; “Radiology,
Na Homolce Hospital Prague Czech Republic, Prague 5, Czech Republic

Background: Intrathecal baclofen (ITB) is commonly used for severe
spasticity due to chronic spinal cord injury (SCI). Clinical effect of ITB
on reduction of spasticity is well known; however, mechanism of
long-term administration of ITB on the motor system is not fully
elucidated.
Objective: To determine which cortical processes are activated
during ITB therapy using functional magnetic resonance imaging
(fMRI).
Patients and methods: Seven subjects (5 males, aged 20-69 yrs)
with chrenic SCI (3 with cervical lesions, 4 with thoracic lesions)
with no voluntary movement on lower limbs were studied by 1.5T
fMRI with mental movement simulating of foot flexion on the
dominant side {(one left-handed subject was flipped in x axis). Tasks
were performed before and 12 weeks after ITB pump implantation.
FMRI data processing was carried out using FEAT (FMRI Expert
Analysis Tool) Version 6.00, part of FSL Second-level analysis was
carried out using FLAME stage 1 and 2. Spasticity was assessed by
Modified Ashwaorth scale (MAS). The study obtained Institutional
Review Board approval.
Results: ITB treatment profoundly decreased limb spasticity in all
subjects {group MAS knee spasticity dropped from 2.7 to 044).
Second-level analysis (Z=2, cluster significance threshold
p = 0.05) revealed increase of activation of primary sensorimotor
cortex of the foot (Fig. 1).
Conclusions: Continuous TTB administration relieving spasticity in SCI
patients was associated with increase of activation of sensorimotor
cortex of plegic legs, which may reflect distant functional reorganiza-
tion of sensorimotor network at cortical level due to positive neuro-
plastic changes.

Supported by PRVOUK P34, 1GA NT12282.

tloi: 10.1016/j.jns.2015.08.796
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Factual investigation for solitary patients with subacute
myelo-optico-neuropathy in Japan

H. Takada®, K. Odaira®, 5. Hashimoto®, M. Konagaya®. “Neurology,
Aomori National Hospital, Aomori, Japan; ®Regional Medical Ligison
Office, Aomori National Hospital, Aomori, Japan; ‘Epidemiology, Fujita
Health University School of Medicine, Toyoake, Japan; “Neurology,
Suzuka National Hospital, Suzuka, Japan

Background: Subacute myelo-optico-neuropathy (SMON) is caused
by clioquinol intoxication. In Japan, many SMON patients are still
afflicted, despite no addition of new patients after 1971. Silvering has
been pointed out in medical treatment for SMON patients, and
solitary issue is also concerned.

Objective: The aim of this study was to investigate the characteristic
features in SMON patients who lived alone.

Patients and methods: We analyzed data from 730 SMON patients
that was obtained at medical check-ups carried out by Japanese
SMON Research Committee from 2010 to 2012. Neurological and
general symptoms classified by severity, activities of daily living
(ADL), and care giving condition were surveyed.

Results: Solitary patients tended to increase, from 23.9% in 2010 to
27.8% in 2012. Women occupied over 80%, and the mean age was
above 75 years. Regarding the severity of neurological and general
symptoms, severely disabled patients were 28% in 2010 and 34% in
2012, For Barthel index, patients whose score was under 60 were
30% in 2010 and 45% in 2012. For ADL, going out was less frequent in
solitary patients, and solitary patients tended to feel life dissatisfac-
tion. Twenty-seven percent of patients in solitude did not need care
giving, 67% could have care giving when needed, and 5% had no
caregiver despite of necessity.

Conclusions: In Japan, not a few number of SMON patients lived by
themselves, subsequently for a long period after the exposure to
toxicity. Particular application of treatment considered individual
care environment should be required for SMON patients who live
alone.

d0i:10.1016/j.jns.2015.08.797
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Effects of vitamin B12 and folic acid deficiencies on cogniton:
experience from a tertiary center in Tarkey

D. Ozyurtly®, M.O, Orun®, A. Sivaci®, A. Demiralay®, N. Turkes®, FE.
Can®, M. Cavusoglu®, O. Taskapiliogly®, H.M. Bakar®. “Neurology,
Uludag University Medical Faculty, Bursa, Turkey; ®Biostatistics, Uludag
University Medical Faculty, Bursa, Turkey

Vitamin B12 and folate deficiency is an important public health
problem in the developing countries. Vitamin B12 and folate deficiency
have negative effects on cognitive functions and are associated with
increased risk for dementia. This situation not only affects the
hematological system but also the neurological system.

The purpose of this study was to investigate the effects of these
vitamins on hematological parameters and cognitive performance.

Between 2011-2015, 300 patients admitted to out-patient clinic
with forgetfulness were included in the study. Hemoglobin, mean
corpusculer voltime (MCV), thrombocyte levels, mini mental state
test scores, Beck Depression Scale and Geriatric Depression Scale
results of the patients were retrospectively investigated. There was
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Abstract

A medical examination of the SMON in Tokushima of 2014 was reported. There were 28 testees
this year. Twenty-seven of them had a medical checkup in a group, seven had a medical
checkup at home, and three had a medical checkup in Tokushima National Hospital. This was a
similar group of medical examination testees to an average year. There were fore elderly people
aged over 90. A medical examination testee decreases gradually with aging of SMON patients.
Measures to increase the number of medical examinations by arranging visits are necessary. A
future problem may be that many patients are reluctant to be visited at home.

Keywords: SMON in Tokushima, medical checkup, Tokushima National Hospital

Introducton patients with SMON who are resident in
Tokushima and enrolled in an SMON

The sale of chinoform was halted 45 years investigation individual vote. We conducted

ago. Subsequently, no new SMON cases were a mass checkup and at-home exami at%ons.
reported. Also, the number of SMON Furthermore, we checked on the patients

atients decreases with the course. The  nospitalized in Tokushima National Hospital
Sveathering measures of the SMOl;I are and outpatients of the hospital. We went in
performed as activity such as "gathering the large meeting room of the Tokushima-shi

workshops of the SMON". We have been hmandicappefi tpersons in’celrlchz.iglge pziefzai
checking on the SMON patients in ee examination areas, each with a medica

examination desk and an examination couch
were prepared in the meeting room. An
electronic height measuring instrument, a set
of scales and a sphygmomanometer were

Tokushima every year for many years. In this
study, the results for 2014 are reported.
Subjects and methods. The subjects were

Correspondence to: Takao Mitsui, M.D., Tokushima National Hospital, National Hospital Organization, 1354 Shikiji, Kamojima,
Yoshinogawa, Tokushima 776-8585 Japan Phone: +81-883-24-2161 Fax : +81-883-24-8661
e-mail: tmitsui@tokushima-nh.hosp.go.jp
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prepared for physical measurement. The
physical situation and the present social
conditions were described by the SMON
patients. Also, a neurological medical
examination was conducted.

Results

Thirty people received a  medical
examination in 2014. They comprised 9 men
and 19 women. The average age was 80 years
old. The average age at which the disease
was contracted was 43 years. The mass
checkup covered 22 people. Seven people
had a medical examination during an
at-home visit. The testees in the Tokushima
National Hospital outpatient department
numbered two people. The hospitalized
patients were alone.

Time of contraction of disease. As shown in
Table 1, the age of the patients who had a
medical checkup at home was the highest.
The age of the patients who had a medical
checkup in a group was the second highest.
The patients who had outpatient
consultations were the youngest. The Barthel
Index (78.2 points) of the patients who had a
medical checkup at home was the lowest.
Most of the patients who received home care
had family medicine. Frequent complications
included  cataract, hypertension, and
arthropathy. Many patients were aware of
forgetfulness but in four patients this was
complicated by obvious dementia. There
were fore elderly people older than 90 years.
There were two patients with early onset
(onset at 18 years old). Two women patients
were 65 years old. One had a part-time job;
the other was uneasy about single life in the
future.

Discussion

Forty-five years have passed since the sale of
the chinoform agent was halted in (1970) in
1970 [1]. As a result, it is over 41 years since
SMON patients began to contract the disease.
The average disease contraction time of

Mitsui et al.

SMON patients in Tokushima prefecture is
43 years. The average age of the testees was
78. The number of patients in 1972 when a
meeting (patients association) of the
Tokushima SMON was organized was 155.
The medical examination results that we
examined corresponded to the national
tendency of the average year. Most patients
had family medicine. Even if the patients
were living alone, a nearby doctor could be
contacted in an emergency. Fore patients
were over 90 years old. Three people used
nursing care insurance. Furthermore, they
received close support from family members.
There were two women with young onset (18
years old). The Barthel Index scores for them
were 90 and 100 points. The degree of their
disorder was very mild. As well as support
in terms of food, clothing and shelter, mental
support seemed to be needed. The
weathering measures of the SMON are
performed as activity such as "gathering
workshops of the SMON" positively in this
study squad. The number of medical
examination testees of the aging is shown in
(Table 1). A mass checkup in the Tokushima
public health center began in 1990. More than
forty people participated constantly from
1999. In 2011, the number of the people
having an examination decreased. This may
be associated with a decrease in the number
of testees to have changed a place in a
medical examination this year. However, a
decrease in the number of testees due to
aging will be a main factor. The number of
medical examinations conducted at home
should be increased.

Reference

1. Konagaya M. SMON: Origin of side-effects of
chemical medicine. Iryo. 2009;63:227-234.
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Table 1. Patients with SMON that received a medical examination

Patients Mean Barthel
Men  Women Total age Index
Mass checkup 9 13 22 82 82.7
Checkup at home 1 3 4 84 45
Outpatient department 0 2 2 65 95
Hospitalization 0 0 0 - -
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Article history: Activation of the high-affinity nerve growth factor (NGF) receptor Trk occurs through
Accepted 20 Novemnber 2014 multiple processes consisted of translocation and clustering within the plasma membrane
Available online 29 November 2014 lipid rafts, dimerization and autophosphorylation. Here we found that a nonprotein extract

of inflamed rabbit skin inoculated with vaccinia virus (Neurotropin®) enhanced efficiency
of NGF signaling. In rat pheochromocytoma PC12 cells overexpressing Trk (PCtrk cells),
Neurotropin augmented insufficient neurite outgrowth observed at suboptimal concentra-
tion of NGF (2 ng/ml) in a manner depending on Trk kinase activity. Cellular exposure to
Neurotropin resulted in an accumulation of Trk-GM1 complexes without affecting
dimerization or phosphorylation states of Trk. Following NGF stimulation, Neurotropin
significantly facilitated the time course of NGF-induced Trk autophosphorylation. These
observations provide a unique mechanism controlling efficiency of NGF signaling, and
raise the therapeutic potential of Neurotropin for various neurological conditions asso-
ciated with neurotrophin dysfunction.
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1. Introduction

Nerve growth factor (NGF) stimulates survival and differen-
tiation of sympathetic and sensory neurons (reviewed in
Sofroniew et al, 2001). NGF induces morphological and
biochemical differentiation of rat pheochromocytoma PC12
cells into a phenotype resembling sympathetic neurons
(Greene and Tischler, 1876). NGF initiates its biological
actions upon binding to the plasma membrane high-affinity
NGF receptor, Trk {(Kaplan et al., 1991a; 1821b), which in turn
activates intracellular signaling cascades involving pathways
depending on extracellular signal-regulated kinase (ERK) and
phosphatidylinositol 3-kinase (PI3K) (reviewed in Patapoutian
and Reichardt, 2001).

Trk-mediated NGF signaling is initiated by well-coordinated,
seamless processes occurred on Trk molecules, which are
composed of formation of homodimers (ing et al, 1992),
autophosphorylation of tyrosine residues {Kaplan et al., 19%91a)
and spatial assemblies with downstream signaling effectors
such as Shc and phospholipase C (reviewed in Huang and
Reichardt, 2003). Moreover, it has recently become appreciated
that molecules requisite for initiating NGF signaling cascade
colocalize into certain membrane subdomains, often referred to
as lipid rafts, that contain cholestercl and glycosphingolipids
{Limpert et al,, 2007; reviewed in Hakomori, 2000). While the
exact structure and function of neuronal lipid rafts are currently
under debate, initiation of NGF signaling is known to be
controlled in the lipid rafts by recruitment of signaling mole-
cules and their interactions with lipid components {reviewed in
Pike, 2003). As a prime example, it had been shown that
monosialoganglioside GM1, a major lipid constituent of the lipid
rafts, enhances NGF-dependent homodimerization {Farocogui
et al, 1997) and autophosphorylation (Mutch et al, 1995) of
Trk. In addition, GM1 depletion by inhibiting glucosylceramide
synthase abolished the NGF response in PC12 cells (Mutch et al,,
1998). These observations clearly indicate structural and func-
tional modulation of Trk by this lipid molecule. Thus, the lipid
rafts serve as a highly organized, regulatory core requisite for
initiating Trk-mediated NGF signaling.

A non-protein extract of inflamed rabbit skin inoculated
with vaccinia virus, designated Neurotropin®, has been widely
distributed in Japan and China for the treatment of chronic pain
conditions and other various neurologic symptoms. However,
precise molecular mechanisms underlying in these pharmaco-
logical actions are not fully understood. An active ingredient(s)
of this multi-component drug remains yet to be elucidated, in
spite of substantial efforts supported by current fractionation
technologies such as ultra performance liquid chromatography
and capillary electrophoresis. Recently, screening of active
ingredients has been started in vitro based on our findings that
brain-derived neurotrophic factor (BDNF) expression was aug-
mented in human neuroblastoma SH-SYSY cells by this drug
{Fukuda et al., 2010). Because the BDNF induction by Neuro-
tropin was abolished by co-treatment of the cells with anti-Trk
antibody or K252a, a selective inhibitor of Trk tyrosine kinase, it
was suggested that targeting and activation of Trk are pivotal
for Neurotropin action. In order to test this assumption, here we
examined NGF-induced Trk activation in PC12 cells overexpres-
sing Trk (PCtrk cells) (Mutoh et al,, 2000). Although Neurotropin

itself lacked ability to induce Trk autophosphorylation, it largely
facilitated the time course of Trk autophosphorylation in
response to NGF. In PCirk cells exposed to Neurotropin, asso-
ciation of Trk with GM1 ganglioside was found to occur without
affecting Trk dimerization and autophosphorylation states.
These data implicate that Neurotropin controls the efficiency
of Trk-mediated NGF signaling pathway through a novel
mechanism associating with ligand-independent interaction
of Trk and GM1.

2. Results

2.1.  Trk-dependent promotion of neuritogenesis
by Neurotropin

PC12 cells differentiate into a neuron-like morphology through
high-affinity NGF receptor, Trk (Hemstead et al,, 1992). In order
to evaluate Trk-dependent cellular processes in a steady and
sensitive manner, we employed PC12 cells overexpressing
human Trk (PCtrk cells) (Mutoh et al., 2000). As expected, NGF
(50 ng/ml) dramatically promoted neurite extension, a marker
of cellular differentiation, within 24 h (Fig. 1A, Panel c). Neurite
extension was not evident at low concentration of NGF {2 ng/
mlL; Fig. 1A, Panel b), but was enhanced by Neurotropin in a
dose-dependent manner (Fig. 1A, Panels d-f, Fig. 1C). Maximal
neurite extension was observed at 20 mNU/mL of dosage, and
the effect was partly reversed at a higher dosage (100 mNU/mL,
Fig. 1C, P<0.05 vs. 20 mNU/mL, ANOVA). We also observed a
similar biphasic dose-dependency in neurite extension of the
parental PC12 cells treated with Neurotropin, confirming that
the action was not strain-specific (data not shown). Interest-
ingly, enhancement of neuritogenesis by Neurotropin was not
definite in the absence of NGF (Fig. 1B), indicating that Neuro-
tropin may assist the action of NGF in the cells. In addition to
such morphological observations, intracellular expression of
neurofilament M (NF-M), a major component of the neuronal
cytoskeleton supporting axonal construction, was evaluated by
Western blot analysis. Expression of NF-M (160 kDa) was sig-
nificantly augmented by Neurotropin at a dosage of 20 mNU/mL
{Fig. 1D). Thus, Neurotropin was shown to enhance neuritogen-
esis at suboptimal NGF concentration.

We next examined the role for Trk in Neurotropin action
by using a selective inhibitor of Trk tyrosine kinase activity,
K252a. An enhanced neurite extension by Neurotropin
(20 mNU/mL) was drastically prevented by K252a at the
concentration effective for inhibition of NGF-induced neur-
itogenesis (S00nM; Fig. ZA and B). In addition, K252a pre-
vented phosphorylation of intracellular signaling molecules
ERK1/2 and Akt induced by NGF or Neurotropin (Fig. ZC).
These observations suggest that Neurotropin stimulates
neuritogenesis through activations of Trk and downstream
signaling molecules.

2.2.  Neurotropin pretreatment facilitates time course
of NGF signaling

In order to characterize the Neurotropin effect on Trk, we next
examined the time course of NGF-induced Trk autophosphor-
ylation. Undifferentiated PCtrk cells pretreated for 3h with
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Fig. 1 - Neurotropin promotes neurite outgrowth in PCtrk cells treated at suboptimal concentration of NGF. (A) Neurite
extension by Neurotropin. PCtrk cells (1000 cells per well, 6-well plastic plate) were treated for 24 h in the absence (a) or the
presence of NGF (b, d-f, 2 ng; ¢, 50 ng/mL) and Neurotropin (NTP; d, 5 mNU; e, 20 mNU; f, 100 mNU/mL). Phase-contrast
micrographs taken for typical areas of cultures were shown. (Bar=50 um in length) (B) and (C). Effect by Neurotropin on neurite
length. PGtrk cells were cultured for 24 h in the absence (B) or the presence of NGF (2 ng/mL, C) and indicated concentrations of
Neurotropin (0, 5, 20, or 100 mNU/mL). Neurite length was measured by Image J as described in Section 4. Data represents the
mean and standard deviations (SD) of neurite length in three independent cultures. (D) Neurofilament M (NF-M) expression.
Cell lysates of PCtrk cells (1 x 10° cells, 26 h) were subjected to Western blotting against NF-M and $-actin (an internal control)
as described in Section 4 (upper panel, typical blotting images). Data represents the mean and SD of the intensity ratic of NF-M
to p-actin in three independent cultures.”P < 0.05, **P<0.001 vs. saline-treated controls (open bars); ns, not significant

(two-sided t-test).

saline (control) or Neurotropin at 20mNU/mL, an effective
concentration for neuritogenesis (see Fig. 1), were incubated
with NGF (50 ng/mL) for various time periods (0.5-20 min), and
tyrosine phosphorylation of Trk was examined by a double-
antibody ELISA using antibodies against Trk («-Trk) and
phosphotyrosine («-PY) for cell lysates (Fig. 3A), or by Western
blot analysis against phosphotyrosine (PY) in «-Trk immuno-
precipitates (Fig. 3B). NGF-induced Trk autophosphorylation
was observed in a time-dependent fashion, peaking at 5 min
(Fig. 3A, open symbols). To our surprise, pre-exposure of PCtrk
cells to Neurotropin (20 mNU/mlL, 37°C, 3h} significantly
accelerated the time course of NGF-induced Trk autopho-
sphorylation, although total and peak intensities of phos-
phorylated Trk were virtually unaffected (Fig. 2A, closed
symbols). Since basal levels of phosphorylated Trk without
NGF stimulation were equivalent between treatments (Fig. 3A
and B, time “C"), Neurotropin seemed not to enhance Trk
phosphorylation directly, but rather to improve the efficiency
of Trk-mediated NGF signaling.

2.3. Neurotropin promotes Trk-GM1 association

We have previously reported that GM1 associates with Trk and
enhances NGF signaling in PC12 cells (Mutoh et al., 1995). It is
believed that this process involves translocation of Trk mole-
cules into compartmentalized microdomains in the plasma
membrane, so-called lipid rafts, where GM1 and other glyco-
sphingolipids reside. Accordingly, we next examined the effect
of Neurotropin on the receptor-lipid association. Immunopre-
cipitates with o Trk from PCtrk cells incubated with NGF
(1 min) and/or Neurotropin {1 min or 3h) were subjected to
SDS-PAGE for Western blot analysis against GM1. Multiple
bands were probed by anti-GM1 antibody {«-GM1) as shown
in Fig. 4 {Panel C). NGF treatment gave a strongly immunor-
eactive band approximately at 140 kDa (lane 2, asterisk), corre-
sponding to the molecular size of Trk. This observation
indicates NGF-dependent formation of the Trk-GM1 complex
that is resistant to sample treatment with SDS as previously
reported (Mutoh et al., 1995). Both the receptor-lipid association
(Panels C and E) and Trk autophosphorylation (Panels A, B and
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Fig. 2 - Role of Trk in Neurotropin action. {(A) Neurite extension by Neurotropin was blocked by K252a. PCtrk cells (1000 cells
per well) cultured in serum-free DMEM in the presence of NGF (a-d, 2 ng/mL; e, f, 50 ng/mL) and/or Neurotropin {c, d, 20 mNU/
ml) were treated with K252a (500 nM; b, 4, f) for 6 h prior termination of the culture for 18 h. Phase-contrast micrographs were
taken for typical areas of cultures. (Bar=30 pm in length) From three independent cultures, neurite length was quantified by
Image J software as described in Section 4. (B) Data represents the mean and SD. ns, not significant; P <0.01, *P<0.001 vs,
controls in the absence of K252a (i-test). (C) Involvement of ERK1/2 and Akt in Neurotropin action. PCirk cells (1 x 10° cells)
were treated for 24 h in serum-free DMEM containing NGF and/or Neurotropin as indicated. K252a (500 nM) was added at
30 min prior termination of the treatment. Cells were lysed in SDS sample buffer, and the lysate was subjected to Westem blot
analysis detecting phosphorylated and total forms of ERK1/2 (P-ERK1/2 and ERK1/2, respectively, upper panels) or Akt (P-Akt

and Akt, respectively, lower panels) as described in Section 4.

D} by NGF was enhanced by prolonged incubation with
Neurotropin in the presence of Neurotropin {Panels A-C, lanes
4 and 6). Intriguingly, even in the absence of NGF, a 3-h
exposure to Neurotropin at 20 mNU/mL stimulated association
of Trk and GM1, without affecting Trk autophosphorylation
{Panels A-C, lane 5). Thus, Neurotropin induced association of
Trk and GM1, which may determine response acquisition of
the cells to NGF stimulation. In addition, these cbservations
strongly suggest that such receptor-lipid complex can be
constructed independently of Trk autophosphorylation.

2.4.  Effect on Trk homodimerization

Since dimer formation of Trk promotes efficient autopho-
sphorylation by NGF {Jing et al, 19927), we next tested the
effect of Neurotropin on the receptor homodimerization
{Fig. 5). Cell surface molecules in PCtrk cells treated with
NGF (S0 ng/mL, 5-min stimulation) or Neurotropin (20 mNU/
mL, 3-h exposure) were crosslinked with a membrane
impermeable, bifunctional crosslinker BS3, followed by immu-
noprecipitation of the cell lysates with «-Trk antibody. Wes-
tern blotting showed that Trk homodimer (approximately
300kDa in size) was significantly formed by NGF (lane 2;

P=0.043 vs. untreated control), but not by Neurotropin alone
(lane 3; P>0.05). These data suggest that formation of the
receptor dimer depends on the presence of NGF, but is not
stimulated by Neurotropin.

3. Discussion

In this study, neuritogenic action of Neurotropin was found to
accompany interaction of Trk and GM1 in PCtrk cells. In NGF
signaling, GM1 potentiates Trk responsiveness at least in the
steps of homodimerization (Farooqui et al., 1997} and autopho-
sphorylation (Rabin and Mocchetti, 1995) presumably by a
direct association with each other to form Trk-GM1 complex
(Mutch et al., 1995). However, little is known about the precise
mechanisms of functional modulation of Trk by GM1. In our
experiments, since 3-h exposure to Neurotropin stimulated
endogenous GM1 association with Trk without affecting dimer-
ization and autophosphorylation {Figs. 4 and 5), the association
of endogenous GM1 is confirmed to be an antecedent event
which is dissociable from the subsequent dimerization and
phosphorylation processes. Oppositely, a brief Neurotropin
treatment failed to induce apparent complex formation
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Fig. 3 - Facilitation of NGF signaling by Neurotropin. Serum-
free culture of PCirk cells (5 x 10° cells) was pretreated with
20 mNU/mL of Neurotropin for 3 h, and stimulated with

50 ng/mL of NGF for indicated time period (0, 0.5, 1, 5, or
20 min). The cells were immediately lysed at 4 °C, and the
lysate was subjected to ELISA assay (A) and Westem blot
analysis (B) for determination of Trk autophosphorylation.
(A) The cell lysates containing equal amount of proteins
were directly assayed by ELISA assisted by «-Trk and «-PY
as described in Section 4. Phosphorylated Trk levels (P-Trk)
were expressed as OD at 450 nm of the reaction mixture.
Data represents the mean and SD of 4 independent
experiments. Open circles, saline-treated controls; closed
circles, Neurotropin pretreatment (20 mNU/mL, 3 h).
Statistically significant induction of Trk phosphorylation
was observed after treatment both in control and
neurotropin-treated cultures (P <0.001 vs. 0 min; Dunnett-
type comparison). ***P <0.001, "P<0.01 vs. saline-treated
controls (ANOVA). (B) The lysates were immunoprecipitated
by «Trk, and subjected to SDS-5-20% PAGE, followed by
Westemn blot analysis against total (Trk) or phosphorylated
(PY) forms of Trk as described in Section 4. Each lane
contained equal amount of proteins. Representative images
are shown.

between Trk and GM1 (1 min, Fig. 4C, lane 3). A similar time-
requiring process was also repoerted for exogenously supplied
GM1 in the induction of Trk autophosphorylation with an
interval of 1h or 6 h (Rabin and Mocchetti, 1995). Neurotropin
action may involve such time-consuming events as redistribu-
tion and assembly of Trk molecules into GM1-rich environ-
ment like lipid rafts, leading an efficient NGF signaling (Limpert
et al, 2007). In agreement with this notion, PCtrk cells with
prolonged Neurotropin treatment (3 h) showed a significantly
accelerated time frame of Trk autophosphorylation response
by NGF (Fig. 3). These observations suggest that Neurotropin
enabled rapid cellular responses to NGF probably through the

formation of Trk-GM1 complexes, although underlying precise
mechanism by which Trk-GM1 complexes are formed remains
to be elucidated.

In the present study, Neurotropin was demonstrated to
induce neurite extension in the presence of suboptimal concen-
tration of NGF (2 ng/mL; Fig. 1). Neuritogenic actions by Neuro-
tropin had been reported for the first ime by Morita et al. :
where Neurotropin enhanced neurite outgrowth of PC12h cells a
subclone of PC12 cells which also responds to NGF (Hatanaka,
1981), independently of cAMP-driven pathways. Recently, neu-
roprotective actions of Neurotropin had been demonstrated in
PC12 cells and primary dorsal ganglion neurons manifested by
neurite degeneration induced by anticancer agents such as
paclitaxel (Kawashiri et al, 2009) and oxaliplatin (Kawashin
et al., 2011). In addition, a cytoprotective action of Neurotropin
has been reported on oxidant-exposed lung A549 cells by
inducing a redox-regulating molecule, thioredoxin-1 {Hoshine
et al,, 2007). Thioredoxin-1 is recognized as a neurotrophic co-
factor having a regulatory role in NGF-mediated signal transduc-
tion in PC12 cells (Bai et al, 2003). Furthermore, our recent
approaches employing human neuroblastoma SH-SYSY cells
revealed that Neurotropin activates the biosynthesis of brain-
derived neurctrophic factor (BDNF) (Fukuda et al, 2010). The
effect involved activation of PI3K, ERK and cAMP-responsive
element binding protein. Since these intracellular signaling path-
ways in neurons are known to be initiated by Trk receptors
(reviewed in Huang and Reichardt 2003), these independent
observations may share the molecular mechanism as described
in this report. Consistently, effective concentrations of Neuro-
tropin needed for all these phenomena observed in vitro were
between 10 and 100 mNU/mL.

Association of abnormalities in Trk-mediated intracellular
signaling has been implicated in numerous disorders such as
Alzheimer’s disease, stroke, amytrophic lateral sclerosis (ALS)
and diabetic neuropathy (see review by Chao et al, 2006).
Mutations in the tyrosine kinase domain of Trk have been
reported in patients with congenital insensitivity to pain with
anhidrosis (CIPA), an autosomal-recessive disorder character-
ized by recurrent episodes of unexplained fever, absence of
sweating, absence of response to noxious stimuli, self-
mutilating behavior and mental retardation {Indo et al, 1996),
In addition, we found o-Trk autcantibodies in patients with
subacute senscry neuropathy, which provoked a functional
disturbance of the Trk-mediated signaling in PCtrk cells
(Muteh et al, 2005). Moreover, we recently documented that
clioquinel, a causative agent of subacute myelo-optico neuro-
pathy (SMON), interrupted NGF-induced Trk signaling and
neurite outgrowth in PC12 cells (Asakura et al, 2009). These
observations suggest the importance of Trk-mediated signaling
in the maintenance of the autonomic, peripheral and central
nervous systems. Based on clinical experiences over a half
century in Japan, Neurotropin had been noted to possess
therapeutic potential for various neurological disorders asso-
cated with neurotrophin signaling dysfunction, such as
ischemic brain infarction (De Reuck et al, 1994), senile dementia
(sz\ ra et al,, 1987), SMON-associated dysesthesia (Sobue et al,

1992), and chemotherapy-induced neuropathy (Zhang et al,

2012). Translational studies using corresponding animal models
are now conducted to evaluate the contribution of Trk-mediated
NGF signaling in clinical effectiveness of Neurotropin.
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Fig. 4 - NGF-independent association of Trk and GM1 in PGtrk cells treated with Neurotropin. (A-G) Serum-free culture of PCtrk
cells (5 x 10° cells) was pretreated with saline (lanes 1 to 4) or 20 mNU/mL of Neurotropin (lanes 5 and 6) for 3 h, and stimulated
with 50 ng/mL of NGF for 1 min at 37 °C (lanes 2, 4, and 6). For lanes 3 and 4, Neurotropin (20 mNU/mL) was added
simultaneously with NGF and treated only for 1 min. Westem blot analyses of «-Trk immunoprecipitates against
phosphorylated ((A) P-Trk), total ((B) Trk) forms of Trk, or GM1 ganglioside (C) were performed as described in Section 4. Anti-
GM1 antibody primary recognized a broad band around 140 kDa (corresponding to the size of Trk), whereas secondary
antibody recognized «-Trk IgGs used for immunoprecipitation (arrow, ca. 50 kDa). When focused on the 140-kDa band,
Neurotropin alone stimulated an association of GM1 immunoreactivity in «-Trk immunoprecipitates even in the absence of
NGF ((C), lane 5). The mean and SD of activated Trk {(D) PY in panel A) and Trk-associated GM1 ((E) a 140-kDa band in panel G)
were summarized by three independent experiments. Data was represented as fold induction of saline-treated control (1.0).

*P <0.05; *P<0.01 vs. saline-treated controls without NGF stimulation; ns, not significant (Student t-test).

Neurotrophins have potential for the treatment of neuro-
logical diseases. However, their therapeutic application has
been largely limited because of their poor pharmacological
preperties, such as low stability in serum, restricted penetra-
tion across blood-brain barrier, minimal diffusion in central
nervous system and, more importantly, the pleiotropic
actions triggered by their ability to bind multiple receptors
{Lenge and Massa, 2013 for review). In order to overcome
such disadvantages of native neurotrophins, substantial
efforts have been made to discover small molecules mimick-
ing NGF actions with a better pharmacokinetics and receptor
selectivity (Lee and Chao, 2001; Jang et al, 2007; Yamada
et al., 2008; Scarpi et al,, 2012). Most of these compounds act
as robust Trk agonists that induce Trk signals even in the
absence of NGF. Therefore, there still remains a concern
about unexpected adverse on-target effects associated with
highly activated Trk signaling. For example, early clinical
trials that investigated the therapeutic efficacy of exogen-
ously administered NGF had revealed unaccepted incidents
of pain {Dyck et al, 1957; Eriksdotter Jonhagen et al,, 1998,
McArthur et al., 2000). Ironically, such clinical observations
have largely provided a biological basis for the recent under-
standings that Trk-mediated NGF signaling play a key role in
the peripheral sensitization process establishing chronic pain
(see reviews by Bennett, 2001; Sah et al., 2003). Antagonism of
NGF can prevent many of sensory abnormalities that develop
in a number of animal models of inflammatory pain, further

confirming the role of NGF in pain progression (Woolf et al.,
1994; McMahon et al., 1295; Kcltzenburg et al, 1999). In long-
term clinical experiences in Japan, Neurotropin has never
been reported to accentuate pain or other sensory abnorm-
alities. This might be related to our present observations that
Neurotropin, unlike other Trk agonists, demonstrated neuro-
protection only when cells were lacking adequate trophic
support.

4. Experimental procedure
4.1. Chemicals

All reagents were purchased from Sigma (MO, USA) unless
stated otherwise. Neurotropin was provided from Nippon
Zoki Pharmaceutical Co., Ltd. (Osaka, Japan). The analgesic
activity of Neurotropin {expressed in Neurotropin unit, NU) is
standardized by a behavioral testing in rodents loaded with
the “stress alteration of rhythm in environmental tempera-
ture” (SART), a repeated cold stress by which hypersensitivity
to a noxious stimulus is produced {Kita et al., 1979). Neuro-
tropin does not contain detectable known proteins such as
neurotrophins (HPLC). Neurotropin was diluted with saline
(Otsuka, Tokushima, Japan) as a vehicle.
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Fig. 5 ~ Effect of Neurotropin on dimerization of Trk in PGtrk cells. (A) PGtrk cells (5 x 10° cells) were incubated at 37 °G in
serum-free DMEM with saline (Control; lane 1), NGF (50 ng/mL; lane 2), or Neurotropin (NTP; 20 mNU/mL; lane 3). Cell surface
molecules were crosslinked by membrane-impermeable bifunctional crosslinker, BS3, at 4°C for 30 min. «-Trk
immunoprecipitates of the cell lysates were subjected to SDS-7.5% PAGE for the detection of monomeric (approximately
140 kDa) and dimeric (approximately 300 kDa) forms of Trk by Westemn blot analysis. Each lane contained equal protein
amount of lysates. Representative data was shown. (B) Intensity of Westem blot for dimerized Trk derived from same protein
amount of cell lysates was calculated by Image J as described in Section 4. Data represents the mean and SD of three
independent experiments. *P <0.05 vs. saline-treated controls; ns, not significant (Student t-test).

4.2, Cell cultures

PC12 cells overexpressing Trk (PCtrk cells) were constructed
as described elsewhere (Mutch et al, 2000). The cells were
grown in DMEM (Invitrogen, CA, USA) supplemented with
2 mM r-glutamine, 5% horse serum and 5% fetal bovine serum
(Biowhittaker, MD, USA} in polystyrene culture flasks or
dishes (Becton Dickinson, NJ, USA) at 37 °C in an humidified
chamber supplied with 5% CO,. Expression of Trk in PCtrk
cells is almost 10 fold greater than the parental PC12 cells
cultured in normal DMEM. Viability of the cells was always
more than 90% when assessed by staining dead cells with
0.4% Trypan Blue dye.

4.3.  Evaluations of cell differentiation

Undifferentiated PCtrk cells (approx. 1000 cells per well) were
allowed to adhere on 6-well plate surface, and stimulated
with 2.58 NGF {Millipore, MA, USA) and/or Neurotropin for 18-
24 h. For quantitative analysis, neurite length was measured
under microscope by using Image ] software (ver. 1.44; NIH,
USA). Several typical fields containing at least 100 cells were
randomly chosen to obtain total neurite length and the
number of cell bodies. Total neurite length divided by the
total numbers of cell bodies was defined as averaged neurite
length (um per cell). Three independent cultures were ana-
lyzed to calculate the mean and standard deviations (SD) of
neurite length for each condition. In inhibition assay, K252a
{500 nM; Biomol, PA, USA) was added simultaneously with
NGF. For quantitative analysis, typical images of three inde-
pendent cultures were captured under microscopy and ana-
lyzed as described above.

In addition to the morphological evaluation, expression of
neurofilament, a major axonal constituent, was quantified.
PCtrk cells (1 x 10°) stimulated with or without NGF and/or
Neurotropin were lysed and homogenized at 4°C in SDS

sample buffer (58.3mM Tris-HCl, pH 6.8, 1.7% SDS, 5%
glycerol, 3.3% 2-mercaptoethanol, 0.002% bromophenol blue).
The lysate was boiled and stored at —80 “C for Western blot
analysis as described below. Blot intensities by Western
analysis against neurofilament M (NF-M) and f-actin were
determined by lmage ] software to calculate relative NF-M
expression per f-actin.

4.4.  Immunoprecipitation and immunoblotting

PCtrk cells were stimulated with NGF following medium
replacement by serum-free DMEM at least for 1 h. After NGF
treatment, medium was removed and cells were immediately
washed with ice-cold phosphate-buffered saline (PBS, pH 7.4),
followed by solubilization in SDS sample buffer for whole-cell
analysis, or in lysis buffer (20 mM HEPES, pH 7.2, 1% Nonidet P-
40, 10% glycerol, S0 mM NaF, 1mM phenylmethylsulfonyl
fluoride, 1 mM Na3VO04, 10 ug/ml leupeptin). After centrifuga-
tion at 12,000 rpm for 2 min at 4 °*C, the lysates were subjected
to immunoprecipitation with an antibody against Trk (clone
C-14; Santa Cruz Biotechnology, Santa Cruz, CA, USA, «-Trk)
and protein A-Sepharose conjugate (Sigma, USA} at 4 °C over-
night. After washing extensively, the precipitates were eluted
from the Sepharose beads by boiling in SDS sample buffer for
S min. The eluates were separated on SDS-5-20% PAGE (ePA-
GEL; Atto Chemicals, Tokyo, Japan), and blotted onto PVDF
membrane (Immobilon-P; Millipore, USA). The membranes
were blocked for 1h in Tris-buffered saline (TBS) containing
0.1% Tween 20 (TBS-T) with 3% nonfat milk. Incubations with
the primary, as well as with the HRP-coupled secondary,

“antibodies were performed for 1h at room temperature (RT)

in TBS-T. Immunoreactive bands were visualized by an ECL
detection system (ECL Plus; GE Healthcare, Buckinghamshire,
UK). Antibodies used in this study were as follows: «-Trk (clone
C-14), anti-phosphotyrosine monoclonal antibody {clone 4G10;
Upstate, NY, USA; «-PY), anti-GM1 antisera (EMD Bioscience,
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CA, USA; o-GM1), anti-neurofillament M antibody (NA1216;
Affiniti Research, Devon, UK; o«-NFM), and antibodies against
ERK1/2, phospho-ERK1/2, Akt, and phospho-Akt {Cell Signaling
Technologies, MA, USA)} for primary antibodies; anti-rabbit IgG
{(AP132P; Chemicon International, CA, USA} and anti-mouse 1gG
(Amersham Bioscience, Buckinghamshire, UK} for secondary
antibodies.

4.5.  Quantitative analysis for Trk autophosphorylation

For quantitation of phosphorylated Trk, a double-antibody
ELISA systermn was constructed. Briefly, a 96-well microplate
(fmmulon® 4 HBX; Thermo Electron, MA, USA) coated with
100 ul/well of o-Trk {1:1000 dilution) was blocked by 200 uL of
TBS containing 3% nonfat milk. Lysates prepared from con-
fluent cultures (1 x 10° cells) in 3-cm dishes were incubated in
the wells for 2h at RT. Each well contained an equal protein
amount of lysate, determined by BCA protocol (Thermo Fisher
Scientific, 1L, USA). After washing with TBS-T, wells were
incubated sequentially for 2h with «PY (1:1000 dilution,
100 pL) and anti-mouse IgG conjugated with HRP (1:2000 dilu-
tion, 100 ul). Bound enzyme activity was assessed by chromo-
genic substrate (TMB One; Promega, CA, USA) with optical
density at 450nm {(OD 450) employing a microplate reader
(Benchmark microplate reader; BioRad). In a separate experi-
ment, OD 450 values in the assay were confirmed to be linearly
related to the band intensities of Western blot analysis against
phosphotyrosines in a-Trk immunoprecipitates.

4.6. Trk homodimerization

Trk dimerization was carried out as described by Fukumoto
et al. (2000). Cells (5 x 10% were plated on 10-cm dishes and
treated with NGF (50 ng/mL, 5 min) or Neurotropin (20 mNU/
mLl, 3 h} in serum-free DMEM. The medium was removed, and
the cells were washed twice with ice-cold PRS, and cross-
linked in a buffer {25 mM HEPES, pH 8.5, 120 mM NacCl, 6 mM
KCl, 1 mM MgCl2, 10 mM EGTA) containing 1 mM bis (sulfo-
succinimidyl) suberate {BS3) at 4 °C for 30 min. The reaction
was terminated by adding 1M Tris-HCl (pH 7.4) to a final
concentration at 50 mM. Cells were then washed twice with
TBS and lysed in a lysis buffer as described above. Cell lysates
were subjected to SDS-7.5% PAGE, followed by Western blot
analysis with a-Trk. Intensities of bands corresponding to the
size of Trk monomer (140 kDa) and dimer (ca. 300 kDa) were
quantified by Image ] software. Each lane contained an equal
amount of proteins.

4.7. Statistics
All data were analyzed after the completion of experiments

by SAS system (version 8.2; SAS Institute, Japan). All signifi-
cance tests used a level <0.05.
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Clioquinol is considered to be a causative agent of subacute myelo-optico neuropathy (SMON), although
the pathogenesis of SMON is yet to be elucidated. We have previously shown that clioquinol inhibits
nerve growth factor (NGF)-induced Trk autophosphorylation in PC12 cells transformed with human Trk
¢DNA. To explore the further mechanism of neuronal damage by clioquinol, we evaluated the acetylation
status of histones in PC12 cells. Clioquinol reduced the level of histone acetylation, and the histone
deacetylase (HDAC) inhibitor Trichostatin A upregulated acetylated histones and prevented the neuronal
cell damage caused by clioquinol. In addition, treatment with HDAC inhibitor decreased neurite
retraction and restored the inhibition of NGF-induced Trk autophosphorylation by clioquinol. Thus,
clioquinel induced neuronal cell death via deacetylation of histones, and HDAC inhibitor alleviates the
neurotoxicity of clioquinol. Clioquinol is now used as a potential medicine for malignancies and
neurodegenerative diseases. Therefore, HDAC inhibitors can be used as a candidate medicine for the
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prevention of its side effects on neuronal cells.

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Subacute myelo-optico neuropathy (SMON) mainly occurred
during 1950-1960s in Japan (Tsubaki et al, 1971; Sobue, 1979;
Shiraki, 1979) and was characterized by subacute onset of sensory
and motor disturbances in the lower extremities with visual
impairment (Nakae et al., 1973; Tsubaki et al., 1971). Neuropatho-
logical study demonstrated distal dominant axonopathy of the
spinal long tracts and optic tracts (Tateishi, 2000). Clioquinol
(5-chloro-7-iodo-8-hydroxyquinoline), which had been used as an
antibiotic for treating diarrhea and skin infection, has been
considered to be a causative agent for SMON. More than
10,000 patients in Japan were affected by SMON before the
discontinuation of therapeutic use in clinical practices in Japan.
After the ban of the sale of clioquinol in September 1970, there was
a drastic disappearance of new cases of SMON though nearly
3000 patients still suffer from its sequelae in 2002 (Konagaya et al,,
2004). Even after 40 years of the outbreak of SMON in Japan, the
mechanism of neuronal cell damage by clioquinol is yet to be

* Corresponding author. Tel.: +81 562 93 9295; fax: +81 562 93 1856.
E-mail address: kasakura@fujita-huacjp (K Asakura).

htrp:/fdx.doi.org/10.1016/}.10x.2015.01.013
0300-483X/®@ 2015 Elsevier Ireland Ltd. All rights reserved.

elucidated. Recently clioquinol has been shed the light on as a
possible treatment for malignancies (Chen et al, 2007) and
neurodegenerative diseases including Alzheimer's disease, Par-
kinson's disease, and Huntington's disease {Cherny et al, 2001;
Ritchie et al., 2003; Kaur et al., 2003; Nguyen et al., 2005). Given
the potential reintroduction of oral clioquinol medication for these
new indications, a clear understanding of clioquinol neurotoxicity
is essential to fully appreciate the potential side effects of this drug.
To explore the mechanism of neurotoxicity of clioquinol, we
previously showed that clioquinol inhibits nerve growth factor
(NGF)-induced Trk receptor autophosphorylation in PC12 cells
transformed with human trk cDNA (the PCtrk neuronal cell line)
(Asakura et al.; 2009). There are some other potential mechanisms
regarding clioguinol neurotoxicity. In SH-SY5Y and IMR-32 neuro-
blastoma cells, clioquinol induced neurotoxicity mediated by DNA
double-strand breaks (DSBs) and subsequent activation of ATM/
p53 signaling pathway (Katsuyama et al,, 2012). Other study has
indicated that clioquinol inhibited the activity of SOD-1 and
therefore enhances reactive oxygen species in SH-SY5Y cells
(Kawamura et al., 2014).

Acetylation of histones is closely related to the cell fate
decisions between survival and death. Histone deacetylases
(HDACs) are enzymes that deacetylate lysine residues from
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histones as well as from several other nuclear, cytoplasmic and
mitochondrial non-histone proteins. In mammals, 18HDACs have
been phylogenetically classified into four classes. Classes [, II, and
IV are usually referred as classical HDACs and are categorized based
on their homology to yeast proteins, Rpd3 and Hda1l (Ververis and
Karagiannis, 2011). Class I, I, and IV HDACs are zinc-dependent
enzymes (Griff and Tsai, 2013). Class [ HDAC includes the
constitutively expressed HDACs 1, 2, 3 and 8 (Walkinshaw et al,
2008). Class Il is subdivided into classes lla (HDAC4, 5,7, and 9) and
b (HDAC6 and 10). Enzymes from class Ha are able to shuttle
between the cytosol and the nucleus, and show a weaker
deacetylase activity (Lahm et al., 2007). Class IIb is mostly found
in the cytosol with a preference for non-histone proteins (Boyault
et al,, 2007), and HDAC11 is the sole member of class IV. Class I,
called sirtuins, are NAD* (nicotinamide adenine dinucleotide)-
dependent enzymes with distinct structural features (Haberland
et al., 2009).

Therefore, HDAC inhibitors are capable of inducing widespread
alterations in cellular function and protein expression through
posttranslational modification of histones, transcriptional factors,
and heat shock shaperones (Lu et al., 2011; Fischer et al., 2010;
Minucci and Pelicci, 2006). In this study, we further confirm the
underlying mechanism of clioquinol neurotoxicity via histone
deacetylation. Intriguingly, HDAC inhibitor attenuates its neuro-
toxicity in a neuronal cell line.

2. Materials and methods
2.1. Cell culture

PC12 cells transformed with human Trk cDNA (PCtrk cells) were
cultured in Dulbecco's modified Eagle’s medium (DMEM) supple-
mented with 10% horse serum, 5% fetal bovine serum, 100 U/ml
penicillin, and 100mg/ml streptomycin (Mutoch et al, 2000).
Clioquinol was purchased from Sigma {(St. Louis, MO, USA) and was
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.dissolved in 100% DMSO at a final concentration of 10mM as a

stock solution. The stock solution was further diluted for various
experiments. To exclude the cellular toxicity of DMSO to PCtrk
cells, the vehicle containing equivalent amount of DMSO was
previously examined (Asakura et al., 2009). We confirmed that
cells were not affected by DMSO up to 0.2% concentration (Asakura
et al, 2009).

To examine the effect of clioquinol on differentiated neuronal
cells, PCtrk cells were treated with 50 ng/ml of NGF in serum-free
medium overnight, then the neurite-extended cells were cultured
with 50 ng/ml NGF and 1 p.M clioquinol for up to 15h. The cells
were observed under phase contrast microscope. NGF-stimulated
PCtrk cells were also cultured with 0.1 wM Trichostatin A {TSA)
(Sigma), which inhibits class I and Il histone deacetylase (HDAC),
2 h prior to the addition of 1 pM clioquinol.

2.2. Western blotting

Extracted proteins from PCtrk cells were separated by sodium
dodecyl sulfate-polyacrylamide electrophoresis (SDS-PAGE) under
reducing conditions, and then transferred to polyvinylidene
difluoride (PVDF) membranes by electroblotting. The membranes
were incubated with rabbit anti-histone H3 monoclonal antibody
(Cell Signaling Technology, Danvers, MA, USA) or rabbit anti-
acetyl-histone H3 (Lys9) monocional antibody (Cell Signaling
Technology) overnight at 4°C after blocking with Tris-buffered
saline containing 5% non-fat dry milk and 0.05% Tween 20 for 1 hat
room temperature. Bound antibody was then detected with
biotinylated anti-mouse or anti-rabbit IgG and horseradish
peroxidase-conjugated streptavidin (both from Jackson ImmunoR-
esearch Laboratories Inc., West Gove, PA, USA) using the enhanced
chemiluminescence (ECL) system (Amersham Pharmacia Biotech,
Piscataway, NJ, USA). We also examined the acetylated levels of
microtubule, «-tubulin using anti-o-tubulin (rabbit monoclonal,
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Fig. 1. Clioquinol reduces the level of acetylated histone, whereas the HDAC inhibitor TSA, increases the level of acetylated histone.
(A) The proteins extracted from the cells cultured with 1 M clioquinol for 0-4 h were separated by SDS-PAGE. Acetylated histone 3 and histone 3 were detected by western
blotting. The experiments at each time point were performed in triplicate. Bars and error bars represent means + SD. Statistical analysis by Mann-Whitney U test was

performed, *: p<0.01, **: p < 0.001

(B) NGF-stimulated cells were treated with 0.1 uM TSA 2 h prior incubation, then the cells were cultured with 1 uM clioquinol and 0.1 pM TSA. Acetylated histone 3 and
histone 3 were detected by western blotting. At each time point, the level of acetylated histone 3 was adjusted with histone 3, respectively, and was compared as a ratio.
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Cell Signaling Technology) and anti-acetyl-a-tubulin (rabbit
monoclonal, Cell Signaling Technology) antibodies.

2.3. Neurite retraction assay and cell survival assay

We examined the effect of clioquinol on NGF-stimulated PCtrk
cells. To investigate the morphological effects on differentiated cells,
the cells were seeded onto 6-well culture plates and the cells were
cultured with 50 ng/ml of NGF in serum-free medium overnight.
Overnight NGF stimulationinduced morphological differentiationin
95-98% of the cells. Phase contrast micrographs were taken from
typical areas of these cultures at0,1, 2, 3, and 4 h after the addition of
1 M clioquinol. To examine the effect of HDAC inhibitor 0.1 uM TSA
was added 2 h prior to the addition of clioquinol. Morphological
changes were also quantitated at0,1,2, 3,and 4 h after the addition of
1M clioquinol. The length of neurites of attached cells was
measured by image processing and analysis software, Image J (NIH).
Branched or unbranched neurites were traced and measured from
the cell body to the tips of neurites. Each 50 cells from three
independent wells were evaluated. Statistical analysis was per-
formed by Mann-Whitney U test.

Furthermore, PCtrk cells were seeded onto 24-well plates and
were stimulated with 50 ng/ml of NGF in serum-free medium
overnight, then the differentiated neurite-extended cells were
cultured with 50 ng/ml of NGF and 1M clioquinol overnight
(15 h). HDAC inhibitor, 0.1 ..M TSA, was also added 2 h prior to the
addition of clioquinol. To detect the cell survival, the cells were
incubated with trypan blue (Sigma). Under phase contrast
microscope, the number of viable (unstained) and dead (stained)
cells was counted. Each experiment was performed in triplicate,
and statistical analysis was performed by Mann-Whitney U test.
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2.4. Trk autophosphorylation

Cells were preincubated with serum-free medium for 1h at
37°C, and the cells were incubated in the presence of 1uM
clioquinol for 1h. To examine the effect of HDAC inhibitor, cells
were preincubated with serum-free medium for 1h at 37°C, and
the cells were incubated in the presence of 0.1 WM TSA for 2 h prior
to the addition of 1 uM clioquinol. Then, the cells were stimulated
with 50 ng/ml of NGF for 5 min to examine the effect of clioquinol
on NGF-induced Trk autophosphorylation. After stimulation, the
cells were collected with chilled phosphate-buffered saline and
lysed with lysis buffer (20 nM HEPES, pH7.2/1% Nonidet P-40/10%
(vol.jvol.) glycerol/50mM NaF/1mM phenylmethylsulfonyl
fluoride (PMSF)/1 mM Na3V04/10 p.g of leupeptin per ml). The
cell-free lysates were normalized for protein {1mg/ml) and
immunoprecipitated with anti-Trk antibody (a-Trk; Santa Cruz
Biotechnology Inc., Dallas, TX, USA). Trk-immunoprecipitates were
separated by SDS-PAGE under reducing conditions on 7-14%
gradient acrylamide gels, which was followed by blotting on PVDF
membranes, Tyrosine phosphorylation of the Trk protein was
detected with an anti-phosphotyrosine antibody (o-PY; Upstate
Biotechnology Inc., Waltham, MA, USA) and Trk was detected with
o-Trk. The positive bands were detected with horseradish
peroxidase-conjugated secondary antibodies using enhanced
chemiluminescence (Amersham Pharmacia Biotech, Piscataway,
NJ, USA) (Mutoh et al.,, 1995; Asakura et al., 2009). All experiments
were performed in triplicate and statistical analysis by
Mann-Whitney U test was done. Phosphorylated Trk at each
condition was adjusted with total Trk protein, respectively, and
was compared as a ratio. The ratio was calculated when compared
to without NGF stimulation.
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Fig. 2. Clioquinol increases acetylation of a-tubulin and TSA retained high levels of acetylated a-tubulin.
(A) The proteins extracted from the cells cultured with 1 WM clioquinol for 0-4 h were separated by SDS-PAGE. Acetylated a-tubulin and ai-tubulin were detected by western
blotting. The experiments at each time point were performed in triplicate. The bands were semi-quantitated by image analysis. Bars and error bars represent means + SD. *™:

p < 0.001. The values are given as a ratio of acetylated a-tubulin/a-tubulin.

(B) NGF-stimulated cells were treated with 0.1 WM TSA 2 h prior incubation, then the cells were cultured with 1M clioquinol and 0.1 LM TSA. Acetylated a-tubulin and
a-tubulin were detected by western blotting. At each time point, the values are given as a ratio of acetylated a-tubulinja-tubulin.
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3. Results

3.1. Clioquinol reduces the level of acetylated histone and HDAC
inhibitor, TSA, increases the level of acetylated histone

We previously examined the molecular mechanisms for the
cytotoxicity of clioquinol to NGF-stimulated PCtrk cells and
clioquinol induced cell death in a concentration dependent
manner (Asakura et al, 2009). 1pM of clioquinol drastically
increased cell death in NGF-stimulated cells at 24 h {Asakura et al.,
2009). We, therefore, employed a concentration of 1 .M clioquinol
in the following experiments.

The proteins extracted from the cells cultured with 1p.M of
clioguinol for 0-4 h were applied for SDS-PAGE. Acetylated histone
3 and histone 3 were detected by western blotting. As shown in
Fig. 1A, acetylated histone 3 was gradually decreased over time,
whereas the expression of histone 3 was not changed. Semi-
quantitative analysis showed that the ratio of acetylated histone
3/histone 3 was decreased down to 0.6-0.7 in 1 h when compared
with initial state and the ratio was gradually decreased further
with time (Fig. 1B).

PCtrk cells treated with NGF overnight were pre-treated with
0.1 .M of TSA for 1h. Then, the cells were cultured with 1 uM of
clioquinol and 0.1 p.M of TSA for O to 4 h. In the presence of TSA, the
amount of acetylated histone 3 expression was unchanged by
clioquinol (Fig. 1A) and semi-quantitative analysis showed that the
ratio of acetylated histone 3/histone 3 was not changed (Fig. 1B).

Besides histone 3, we also examined the levels of acetylated
a-tubulin. Clioquinol increased the level of acetylated o-tubulin
when compared to initial state. The ratio of acetylated a-tubulin/
a-tubulin was not changed from 1 to 4h (Fig. ZA). Pretreatment
with TSA prominently increased acetylation of a-tubulin (Fig. 2B).
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High levels of acetylated a-tubulin were retained and the ratio of
acetylated o-tubulin/a-tubulin was not changed from 0 to 4h
(Fig. 2B).

3.2. HDAC inhibitor reduces morphological changes (neurite
retraction) and neuronal cell death following clioguinol treatment

NGF-stimulated cells were cultured with 1 uM clioquinol and
were observed under phase contrast microscope for 0 to 4 h. NGF-
stimulated cells extended the neurite, whereas clioquinol induced
neurite retraction as previously reported (Asakura et al., 2009).
1 M of clioquinol induced neurite retraction and some of the cells
were rounded up and detached from the culture dishes (Fig. 3A).
After 4h incubation with clioquinol, 30-40% of total length of
neurites was retracted. When 0.1 wM TSA was added 2 h prior to
the clioquinol addition to the cells, the extended neurite were
significantly less retracted (Fig. 3B and Q).

NGF-stimulated cells were cultured either with 1 M clioquinol
or 1 uM clioquinol and 0.1 pM TSA. As shown in Fig. 4, 40-50% of
the cells were dead after overnight incubation with clioquinol. In
contrast, the presence of TSA in culture medium significantly
reduced clioquinol-induced cell death.

3.3. HDAC inhibitor blocks the inhibition of NGF-induced Trk receptor
autophosphorylation by clioquinol

A mature form of Trk and its precursor form were recognized as
140 kDa and 110kDa, respectively. The immunoblot analysis with
a-PY revealed a single band at 140kDa corresponding to
phosphorylated Trk (Fig. 5A). To examine the effects of clioquinol
on NGF-induced Trk autophosphorylation, PCtrk cells were
incubated in the presence of 1M clioquinol for 1h followed by

1}

4 h

BYSAL)
W YSA(}

*p<0,01

Fig. 3. Morphological effects of clioquinol and TSA on NGF-stimulated differentiated cells. .

(A) NGF-stimulated cells were cultured with 1 M of clioquino! and were observed under phase contrast microscope for 0-4 h. Arrows indicate prominent neurite-retracted
cells. (B) NGF-stimulated cells were cultured with 0.1 &M TSA for 2 h prior to the clioquinol addition. Then, the cells were cultured with 1 uwM clioquinol and 0.1 wMTSA.(C)
Quantitative analysis of neurite. Phase contrast micrographs were taken from typical areas of these cultures. The length of neurites of attached cells was measured by image
processing and analysis software, Image ] (NIH). Each 50 cells from three independent wells were evaluated. Bars and error bars represent means + SD. *: p < 0.01.
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Fig. 4. Cell viability assay by trypan blue staining. NGF-stimulated cells were cultured with 1 wM clioquinol or 1M clioquinol +0.1 uM TSA overnight. Live and dead cells
were counted by trypan blue staining. Each experiment was performed in triplicate. Bars and error bars represent means + SD. Note the TSA significantly blocks the toxicity of
clioquinol. *: p < 0.01. (For interpretation of the references to color in this Fig. legend, the reader is referred to the web version of this article.)
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Fig. 5. Trk autophosphorylation by NGF.
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(A) PCtrk cells were incubated with 1T wM clioquinol for 1 h, then, the cells were stimulated with 50 ng/ml of NGF for 5 min. Cell-free lysates were immunoprecipitated with
a-Trk. Trk immunoprecipitates were subjected to SDS-PAGE and were immunoblotted either with anti-phosphotyrosine antibody (o-PY) or «-Trk. All experiments were
performed in triplicate and Fig. 4A showed representative immunoblotting results. p-Trk indicates tyrosine phosphorylated Trk.

(B) Phosphorylated Trk at each condition was adjusted with total Trk protein, respectively, and was compared as a ratio. Bars and error bars represent means = SD. *: p < 0.01.

the stimulation with NGF for 5 min. The cells were lysed with lysis
buffer. To examine the effect of HDAC inhibitor, cells were
preincubated with 0.1 uM TSA for 2 h, and the cells were incubated
in the presence of 1 M clioquinol for another 1 h. Then, the cell-
free lysates were immunoprecipitated with «-Trk and the

immunoprecipitates were immunoblotted with «-PY. As shown
in the Fig. 5, the inhibition of NGF-induced Trk autophosphor-
ylation by clioguinol was clearly observed. Semi-quantitative
analysis showed that TSA significantly rescues the inhibition of
NGF-induced Trk autophosphorylation by clioquinol.
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