Pachymeningitis and encephalitis in RP

K Nakamura et al.

Figure 1 Serial brain magnetic resonance images before (top) and after {bottom) treatment with methylprednisolone from a patient with relapsing
polychondritis complicated by both hypertrophic pachymeningitis and encephalitis. {a) Axial slice of fluid-attenuated inversion recovery imaging. (b,
e) Axial slices of Ty-weighted imaging with contrast enhancement. {¢.f} Coronal slices of Ty-weighted imaging with contrast enhancement. {d,g)

Axial slices of diffusion-weighted imaging.

deterioration. Because of severe dementia, neuropsychologi-
cal testing could not be carried out; however, she showed
increased spontaneous speech after treatment.

Discussion

The present patient was diagnosed with hypertrophic
pachymeningitis on the basis of dura mater enhancement
on Ti-weighted images and the steroid responsiveness of
this condition. Furthermore, a high signal intensity area
was observed in the right frontal dura mater on diffusion-
weighted images. Differential diagnoses include subdural
empyema or subdural hematoma; both could be excluded
in our patient because of the clinical course and steroid
responsiveness. Therefore, this high signal intensity might
have been associated with hypertrophic pachymeningitis.

Although the present patient was ANCA-negative, hyper-
trophic pachymeningitis is frequently associated with sys-
temic vasculitis, such as Wegener’s granulomatosis,
particnlarly in ANCA-positive patients, and immunoglobu-
lin G4-related disease.>* All the three previously reported
RP patients complicated by hypertrophic pachymeningitis
showed ANCA-positive vasculitis, with an implication that
ANCA-related vasculitis might be the cause of hypertrophic
pachymeningitis in these patients.* We also excluded recog-
nizable antoimmune diseases and paraneoplastic syndrome
according to the clinical presentation and laboratory exam-
inations. A post-mortem pathological study of RP reported
diffuse vasculitis of the brain, indicating that it extended to
the intracranial dura mater.®

In addition to hypertrophic pachymeningitis, the patient
presented with progressive cognitive impairment, involun-
tary movements, cerebrospinal fluid abnormality and non-
specific deep white matter changes on magnetic resonance
imaging. These findings have been previously reported in
RP complicated by encephalitis.>® We diagnosed the patient
with encephalitis associated with RP on the basis of the neg-
ative viral screen and the absence of malignancy.

The present patient also showed serum antighicosylcera-
niide antibody positivity. Previously, this antibody was only
detected in patients with RP and encephalitis, not in patients
with RP alone or other neurological disorders.” Therefore,
these antibodies might be associated with RP and associated
encephalitis.

In conclusion, we reported the first case, as per our
knowledge, of a RP patient who developed both hypertro-
phic pachymeningitis and encephalitis, thereby expanding
the RP-associated clinical spectrum.
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neurotrophic factor, neurotrophin-4/5 D% 24K) |
TrkC (neurotrophin-3 DEZ&EMAE) @ 3HEDOE
BINEZERPEET 5. TrkA TWEEER
FHOMERERF NGF (nerve growth factor)
DEBNESERBEF O 35 —ETHY,

Peripheral Nerve 2014; 25(1): 100-106

M LD Y 7 F VMEEOBRMO L LTEER R
HEHESIPE S 7+ (ipid rafts) WKBELT
VB3 (BUF R ICHT & 2% IR Y TrkA % Trk &
EHT 5). NCFOERIZE Y, Trkiz "Bk
L, #ZREFNOFOY Uy EFF—E AL VIC
HHrFUYYEFF—BHENEFOYVEBY
VEET AT EICE 5T, TrkABAET B E
F—Eh R — FATEHEAL L. AR o 516,
MR DA EREER A T o T d Y,
AT, HTrk PR = 2 — /85—
BEIIOWTZOBREEIRR L, Kiifkokk
BRI RANOBE LRI T 5EN L, K
=2 — 1S  — (T B Trk Tk 9% B
BREEET 5,

¥E&R - ik
(7]

FEF T (CEk 1 L E—ERD) C 86mk. Bk,
TSRRERIC. OV AN BB VoS EE Bl S
NBERICLIVEEER LT, YRZBD

* Significance of anti-Trk neurotrophin receptor antibody for the patients with subacute axonal neuropathy.
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BERIEE R RD 7, MERNICIE, EEA
BTIRER - R - IREIRO#MME ROz, H
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Significance of anti-Trk neurotrophin receptor antibody for the patients
with subacute axonal neuropathy.

Seiko HIROTAY, Akihiro UEDAY, Youko INAGUMA?, Sayuri SHIMAY,
Nobuhiko EMI?, and Tatsuro MUTOH"

Opepartment of Neurology, Fujita Health University School of Medicine, Aichi
DDepartment of Hematology, Fujita Health University School of Medicine, Aichi

Here, we report two patients with a previous history of non-Hodgkin lymphoma who pre-
sented subacute sensory dominant axonal neuropathy. The neuropathy responded to intravenous
immunoglobulin therapy. Anti-Trk high affinity nerve growth factor receptor antibody was de-
tected in sera of the above cases and its titers were correlated with disease activity. Rat pheochro-
mocytoma-derived PC12 cells and their stable transfectants of human trk complimentary DNA
(PCtrk cells) were cultured as described. The Trk protein was immunoprecipitated with commer-
cial anti-Trk antibody and subjected to immunoblot analysis. They were probed with patients’
sera. To test whether sera can immunoprecipitate Trk, they were used for immunoprecipitation
as the first antibody with a recovery by protein L-agarose. These immunopreciptiates were probed
with commercial anti-Trk antibody. All of these experiments strongly suggested the presence of
anti Trk antibody in their sera. The present antibody exhibits inhibitory action on the Trk-initi-
ated neurotrophic signal transduction pathway and NGF-induced morphological differentiation in
vitro.

We should check this autoantibody for further patients who exhibit subacute sensory dominant
axonopathy exhibiting the previous history of non-Hodgkin lymphoma.

Key Words: Trk, anti-Trk antibody, neuropathy, lymphoma, nerve growth factor
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Abstract

Deep neck inflammatory disorders such as retropharyngeal abscess and
pyogenic cervical spondylitis are potentially lifethreatening disorders and are
quite rare in healthy individuals. With abnormal findings on emergency cervical
magnetic resonance imaging (MRI), we succeeded in making prompt diagnoses
and initiate appropriate treatments. Both cases recovered almost fully without
any orthopedic intervention. Especially in the case of pyogenic cervical
spondylitis, we could detect the very early stage of the disease by cervical MR,
i.e., the inflammations were confined to the veriebra without affecting adjacent
tissues. Thus, emergency MRI of cervical spine would offer reliable metheds for
diagnosis and speedy treatments of deep neck inflammatory diseases.
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Introduction

Deep neck infectious disorders in healthy adults (without
vertebral surgical history) are very rare but may lead to potentially
life-threatening complications [1]. Here, we report two cases, i.e., a
case of fulminant retropharyngeal abscess and a case of acute pyogenic
cervical spondylitis, both of them showed favorable outcomes. The
present cases well illustrated the usefulness and diagnostic importance
of emergency MRI examination of the spine.

Case Presentation
Case 1

A 39-year-old man had fever and occipital pain. On the next day,
he visited a local practice and was prescribed a NSAID and antibiotics.
High fever continued following day and occipital pain got worse. He
could not turn his neck in any direction. Then, he visited another
hospital and was transferred to our hospital. On admission, he was
alert. He had a difficulty to open his mouth and had hoarseness.
Although other cranial nerves were not involved, nuchal rigidity
was observed. Other neurological findings were all normal. Blood
examination showed that white blood cell count was 11500 (4000
~ 9000/pm® and CRP was 30.3mg/dl (< 0.3 mg/dl). Cerebrospinal
fluid examination disclosed pleocytosis (106 leucocytes/mm3,
82% of lymphocytes) with exiremely elevated protein (392 mg/
dl; normal range, 10-40mg/dl) and IgG concentrations (69 mg/
dl; normal range, < 4 mg/dl). Blood culture was negative. PCR
examination for tuberculosis in cerebrospinal fluid was negative. The
cervical MRI revealed widening of the prevertebral space along C1
to C5 (Figare 1). Under the diagnosis of retropharyngeal abscess,
puncture of the abscess and drainage was performed immediately
by otolaryngologists. Culture of the abscess was negative, which may
be due to the prior administration of antibiotics at other hospital.
Previous study has shown that retropharyngeal abscess tends to occur

mostly in children and microbiological review of children indicated
that anaerobic organisms are predominantly isolated [2]. In adults,
aerobic organisms were also isolated [2]. Therefore, a broad spectram
antibiotic (MEMP) was administered intravenously. Eventually,
neck pain was alleviated. On 7 days after the diagnosis, however, the
patient complained sensory disturbances in his left hand and forearm.
Cervical MRI showed the extradural (epidural) abscess in C3 and C4.
Therefore, the antibiotic was changed to another broad spectrum
antibiotics (PAMP/BP). At 15days after hospitalization, MRI showed
prominent shrinkage of extradural abscess. He was discharged at 24
days after hospitalization without orthopedic surgery.

Case 2

A 47-year-old man gradually developed neck pain in the evening
without preceded respiratory tract infection. Moreover, he had no
history of vertebral surgery or injuries. Several hours later, he felt
severe pain in the neck and left shoulder followed by the difficulties
for extending his neck. Anterior chest pain was developed when
swallowing. Next morning, he had low grade fever (37.2°C) but had
no neck stiffness. Then, he visited our hospital. No muscle weakness
or sensory impairment was noted. Laboratory examination revealed
mild leukocytosis. CRP was abnormally high, 8.1mg/dl. Erythrocyte
sedimentation rate was 72mm/1hour. Although cervical spine X-ray
showed no radiographical abnormalities except comparatively
hyperintensity as shown in Pigure 2A, emergency cervical MRI was
performed immediately and it revealed prominent low intensity signal
on T1-weighted image and high intensity signal on T2-weighted
image in entire C4 (Figure 2B and 2C). The patient was hospitalized
and was treated with intravenous administration of antibiotics (CAZ)
under the diagnosis of acute pyogenic cervical spondylitis. Neck pain
disappeared within a few days. Endoscopic examination of larynx
and esophagus did not reveal any abnormalities including fish bones.
Blood culture was negative. QuantiFERON-TB test for tuberculosis
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Figure 1: Sagittal cervical MR! of case 1. (A) T2-weighted image on ¢
admission. Small arrows indicate the abscess in retropharyngeal space
extended from C1 {o C8 level. (B) Gadrinium-enhanced T1-weighted image 7

days after admission. Epidural abscess was observed in C3to CS level (large
arrow), (C) T2-weighted image 15days after admission. Epidural abscess -

was disappeared and retropharyngeal space was decreased.

was negative. Symptoms disappeared and laboratory data were
normalized within 10 days after diagnosis. He was discharged at 10
days after hospitalization. He has been followed in our department
for more than 3 years and no relapse occurred.

Diseussion

Despite the advancement of diagnostic procedures and
antibiotics, deep neck infections occasionally cause life-threatening
complications due to airway displacement, mediastinitis, spinal
cord abscess, jugular vein thrombosis, and carotid artery occlusion
[1]. Barly diagnosis and treatment are indispensable to prevent
complications for not only otolaryngologists but also neurologists.

Retropharyngeal lymph nodes usually disappear after age 4 or
5 years. Therefore, the incidence of non-traumatic retropharyngeal
abscess in healthy adults is extremely rare and most of the adult
cases are associated with immunocompromised condition or a
foreign body complication such as fish bone [3,4]. Due to the rarity
of retropharyngeal abscess in adults, the definitive diagnosis may
be delayed in some adult patients [5,6]. In our case, foreign body
was not identified. Though our first case showed fulminant clinical
course with meningeal involvement, swift interdisciplinary treatment
with otolaryngologists, i.e., transoral drainage and antibiotics
administration were successful.

Pyogenic spondylitis is one of the most severe infectious diseases
of the neurological system, and most of the previous cases are related
to spinal surgical procedures or tuberculosis infection. Spontaneous
pyogenic spondylitis in healthy individuals without any underlying
disease is also extremely rare. The cervical spine is a relatively
uncommon site for infection in comparison with lumbar and thoracic
spine, representing less than 10% of all cases [1]. Pain of shoulder and
fever occurred in most of the cases as well as our case 2. Some of them,
however, were misdiagnosed initially [7]. Common MRI findings in
infectious spondylitis are hypointensity of the involved tissue on T1-
weighted images, hyperintensity on T2-weighted images, destruction
of two or more adjacent vertebral bodies with involvement of the
intervening disc, and epidural and paraspinal extension and/or
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Figure 2: Cervical spine X-ray and sagittal cervical MRl of case 2.
Cervical spine X-ray (A), T2-weighted (B), and T1-weighted (C) images on
admission. Black arrow indicates mild hyperintensity in C4 (A). White arrows
indicate prominent T2 high and T1 low intensity signals in C4 without abscess
formation (B and C).

abscesses [8,9]. We were able to detect the very early stage of the
disease confined to C4 vertebral body without affecting adjacent
tissues. To our knowledge, no case of pyogenic cervical spondylotis as
mild as our case 2 has been reported in the literature.

It should be mentioned that although deep neck inflammatory
disorders are quite rare in healthy individuals, detailed and emergent
neuroradiological examinations such as MRI are necessary for early
diagnosis and treatment of the potentially life-threatening disorders.
Our cases highlight the importance of early diagnosis with cervical
MRI. With timely diagnosis by cervical MRI, we can initiate the
appropriate and intensive treatment of the disorders as seen in the
present cases. Fortunately, both present cases recovered almost fully
without any orthopedic intervention. These early diagnoses and
treatments can help to improve patients’ outcome.
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Activation of the high-affinity nerve growth factor (NGF) receptor Trk occurs through
multiple processes consisted of translocation and clustering within the plasma membrane
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/mlL) 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.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Nerve growth factor (NGF) stimulates swrvival 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, 1976), NGF initiates its biological
actions upon binding to the plasma membrane high-affinity
NGF receptor, Trk (Kaplan et al,, 1991a; 1991b), 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,
gseamless processes occurred on Trk molecules, which are
composed of formation of homodimers (Jing et al, 1992),
autophosphorylation of tyrosine residues (Kaplan et al, 1991g)
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 cholesterol 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 (Farooqui
et al, 1997) and autophosphorylation (Mutoh et al, 1995) of
Trk. In addition, GM1 depletion by inhibiting glucosylceramide
synthase abolished the NGF response in PC12 cells (Mutoh 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 neuretrophic factor (BDNF) expression was aug-
mented in human neuroblastoma SH-SY5Y 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 cowse of Trk autophosphorylation in
response to NGF. In PCtrk 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 (Hemnstead et al,, 1992). In order
to evaluate Trk-dependent cellular processes in a steady and
sensitive manner, we employed PC12 cells overexpressing
human Trk (PCurk 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 ¢). 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/mlL, 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 (500 nM; Fig. 2A and B). In addition, K252a pre-
vented phosphorylation of intracellular signaling molecules
ERK1/2 and Akt induced by NGF or Neurotropin (Fig. 2C).
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 Neurctropin 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 pm in length) (B) and (C). Effect by Neurotropin on neurite
length. PCurk 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 PCrk cells (1 x 10° cells, 26 h) were subjected to Western blotting against NF-M and p-actin (an internal control)
as described in Section 4 (upper panel, typical blotting images). Data represents the mean and SD of the intensity ratio 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 20 mNU/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 (a-Trk) and
phosphotyrosine (a-PY) for cell lysates (Fig. 3A), or by Western
blot analysis against phosphotyrosine (PY) in a-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/miL, 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. 3A, closed
symbols). Since basal levels of phosphorylated Trk without
NGF stimulation were equivalent between treatments (Fig. 3A
and B, time “0"), Neurotropin seemed not to enhance Trk
phosphorylation dlrectly, hut rather to improve the efficiency
of Trk-mediated NGF SIgnaImg

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 «-Trk from PCtrk cells incubated with NGF
(1min) and/or Neurotropin (1min or 3h) were subjected to
SDS-PAGE for Westem blot analysis against GM1. Multiple
bands were probed by anti-GM1 antibody («-GM1) as shown
in Fig. 4 (Panel C). NGF treatment gave a sirongly immunor-
eactive band app;rommately at 140kDa (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 (¢, d, 20 mNU/
mL) were treated with K252a (500 nM; b, d, 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 (t-test). (C) Involvement of ERK1/2 and Akt in Neurotropin action. PCtrk 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 Western 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 observations
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 (ing et dl, 1992), wé next tested the
effect of Neurotropin on the receptor homodimerization
(Fig. 5). Cell surface molecules in PCtrk cells treated with
NGF (50ng/mL, 5-min stimulation) ot Neurotropin (20 mNU/
ml, 3-h exposure) were crosslinked with a membrane
impermeable, bifunctional crosslinker BS3, followed by immu-
nopreapltatzon of the cell lysates with «-Trk antibody. Wes-
tern ‘blotting showed that Trk homodimer {approxirhately
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
{(Mutoh 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 sttmulated
endogenous GM1 assoc1at10n with Trk without affecting dimer-
ization and autophosphozylauon (Figs. 4 and 5), the association
of endogenous GM1 is confirmed to be an antécedent eVent
whichiis dissociable fom the subséguent dimérization and
phosphorylation processes. Oppésitely, a brief Neurotropin
treatment failed to induce apparent complex formation
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Fig. 3 - Facilitation of NGF signaling by Neurotropm Serum-
free culture of PGk cells (5 x 10° cells) was pretreated with
20 mNU/mL of Neuron'opm 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 lmmediate]y lysed at 4 °C, and the
lysate was subjected to ELISA assay (A) and Western blot
analysis (B) for determmauon of Trk autophosphorylauon
(8) The cell lysates conta;nmg equal amount of proteins

were directly assayed by ELISA assisted by o-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 contrel and
neurotropin-treated cultures (P <0.001 vs. 0 min; Dunneti-
type comparison). “**P<0.001, “P<0.01 vs. saline-treated
controls (ANOVA). (B) The lysates were immunoprecipitated
by o-Trk, and subjected to SDS-5-20% PAGE, followed by
Western 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 reported 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 GMi-rich environ-
ment like lipid rafts, leading an efficient NGF signaling (Limpert
et al;-2007): In agreement with this notion, PCirk cells with
prolonged Neurotropin treatment (3 h) showed a significantly
accelerated time frame of Trk autophosphorylation response
by NGF (Fig: 3). These observations siiggest 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 extensmn in the presence of suboptimal concen-

i ; Fig. 1). Neuritogenic actions by Neuro-
] Fo fhe first time by Morita et al. {1998),
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 dégeneration induced by anticancer agents such as
paclitaxel (Kawashiri et al, 2009) and oxaliplatin (Kawashiri
et al,, 2011). In addition, a cytoprotective action of Neurotropin
has been reported on oxidant-exposed lung AS549 cells by
inducing a redox-regulating molecule, thioredoxin-1 (Hoshino
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 humean neuroblastoma SH-SY5Y cells
revealed that Neurotropin activates the biosynthesis of brain-
derived neurotrophic 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 inidated by Trk receptors
(reviewed in Huang and Reichardt, 2003), these independent
observations may share the molecular mechanism as described
in this report. Consistently, effective concenirations of Neuro-
tropin needed for all these phenomena observed in vitro were
between 10 and 100 mNU/mL.

Association of abnormalites 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 recument episodes of unexplained fever, absence of
sweating, absence of response to noxious stimuli, self-
mutilating behavior and mental retardation (Indo et al., 1996).
In additon, we found o-Trk autoantibodies in patients with
subacute sensory neuropathy, which provoked a functional
disturbance of the Trk-mediated signaling in PCtrk cells
(Mutoh et al., 2005). Moreover, we recently documented that
clioquinol, 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—medlated signaling
in the maintenance of the autonomic, peripheral and central
nervous systems. Based on clinical experiences over a half
century in Japan, Neurou'opm had been noted to possess
therapeutic potential for various neurological disorders asso-
ciated with neurotrophin signaling dysfunction, such as
ischemic brain infarction (De Reuck et al, 1994), senile dementia
: MON-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-medlated
NGF szgnahng in clinical effectiveness of Neurotropin.
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Fig. 4 ~ NGF-independent association of Trk and GM1 in PCurk cells treated with Neurotropin. (A-C) Serum-free culture of PCirk
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., Westemn blot analyses of «-Trk immunoprecipitates against
phosphorylated ((A) P-Trk), total ((B) Trk) forms of Trk, or GM1 ganglioside (G) 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 o-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 o-Trk immunoprecipitates even in the absence of
NGF ((C), lane 5). The mean and 5D of activated Trk ((D) PY in panel A) and Trk-associated GM1 ((E) a 140-kDa band in panel )
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
properties, 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
(Longo 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 ificidents
of pain (Dyck et al, 1997; Eriksdotter Jonhagen ét 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 periphieral sensitization process establishing chronic pain
(see reviews by Bénriett, 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., 1995; Koltzenburg 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., Lid. (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 rhythim 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 PCtrk cells. (A) PCtrk cells (5 x 10° cells) were incubated at 37 °C 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 Western blot analysis. Each lane contained equal protein
amount of lysates. Representative data was shown. (B) Intensity of Western 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 confrols; ns, not significant (Student t-test).

4.2. Cell cultures

PC12 cells overexpressing Trk (PCtrk cells) were constructed
as described elsewhere (Mutoh et al, 2000). The cells were
grown in DMEM (Invitrogen, CA, USA) supplemented with
2 mM i-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 2.5S 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 B-actin were
determined by Image ] 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 1h. 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, 50 mM NaF, 1mM phenylmethylsulfonyl
fluoride, 1 mM Na3V04, 10 pg/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, a-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
5 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; «-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 1gG
(AP132P; Chemicon Intemational, 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 system was constructed, Briefly, a 96-well microplate
(Immulon" 4 HBX; Thermo Electron, MA, USA) coated with
100 pl/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 2 h 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 o~PY (1:1000 dilution,
100 L) and anti-mouse IgG conjugated with HRP (1:2000 dilu-
tion, 100 pL). 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, Gells (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 PBS, and cross-
linked in a buffer (25 mM HEPES, pH 8.5, 120 mM NaCl, 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 J 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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