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Abstract

Effects of yokukansan, a traditional Japanese medicine, on proliferation and differentiation of oli-
godendrocytes were examined using purified mouse cortical oligodendrocyte precursor cells
(OPCs). OPCs were cultured for four days, and proliferation was evaluated by counting A2B5 (a
specific antibody to OPC)-reactive cells on the second day of cell culture. Differentiation from OPC
to oligodendrocyte was evaluated by counting 04 (a specific antibody to detect differentiated cells
in various stages)-reactive cells on the fourth day of culture. The effects of yokukansan (final con-
centration: 100 or 200 pg/ml) on proliferation and differentiation were examined by adding it to
the medium for four days. Yokukansan increased not only the number of A2B5-positive cells on
the second day but also the number of 04-positive cells on the fourth day compared to those in the
corresponding controls. A WST-8 assay was used to identify active components from seven com-
ponents of Uncaria Hook (UH), one of the constituent galenicals of yokukansan. Geissoschizine
methyl ether (GM: 0.1 - 3.0 pM) was identified by this screening assay and increased the number of
A2B5-positive cells on the second day and 04-positive cells on the fourth day as yokukansan did.
These results suggest that yokukansan promotes the proliferation and differentiation of oli-
godendrocytes, and also that GM contained in UH is one of active components responsible for this
effect of yokukansan.
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1. Introduction

Oligodendrocytes constitute the myelin sheath along the course of an axon in the central nervous system (CNS).
The cytoplasm of the oligodendrocyte is characterized by rough endoplasmic reticulum, but its most prominent
characteristic is enclosure of the axon by concentric layers of its own surface membrane. These concentric layers
grow so closely together that the oligodendrocyte cytopwlasm is completely extruded and the original internal
surfaces of the membrane become fused, producing the ring-like appearance of the myelin sheath in cross sec-
tion. The myelin sheath wrapping axons in a concentric manner facilitates the rapid saltatory conduction of elec-
trical impulses along the axon [1] [2], which contributes to various neuronal functions including physiological
neuropsychiatric functions in the CNS. Therefore, any abnormality of the myelin sheath, such as demyelination,
induces neuronal dysfunction. In many cases, demyelination is followed by remyelination, a spontaneous repair
process in which new myelin sheaths are elaborated. Remyelination in the CNS is mediated by a multipotent
adult stem/precursor cell population traditionally referred to as oligodendrocyte precursor cells (OPCs) [3].
However, in patients with multiple sclerosis (MS), this recovery process ultimately fails, and persistent demye-
lination with the subsequent axonal loss results in the progression of irreversible functional deficits [1] [4]. A
similar demyelination is reported in the aged rat brain [5], hypoxia [6], and thiamine-deficient Wernicke’s en-
cephalopathy [7]. Restoration of the signaling pathways for oligodendrocyte differentiation and/or myelination
is emerging as a novel and potentially important therapeutic strategy for demyelinating diseases [4] [8] [9].

Yokukansan is one of the traditional Japanese medicines called “kampo” medicines in Japan. It is composed
of seven kinds of dried medical herbs. Yokukansan has been approved by the Ministry of Health, Labor, and
Welfare of Japan as a remedy for neurosis, insomnia, and irritability in children. Recently, yokukansan was re-
ported to improve behavioral and psychological symptoms of dementia (BPSD), such as hallucinations, agitation,
and aggressiveness in patients with Alzheimer’s disease, dementia with Lewy bodies, vascular dementia, and
other forms of senile dementia [10]-[14]. Recently, we examined the effects of yokukansan on memory and
BPSD-like behavior in thiamine-deficient (TD) rats, and demonstrated that it ameliorated not only the behav-
ioral and psychological symptoms [15] and degeneration of oligodendrocytes [16] but also removed the myelin
debris (or demyelination) observed in TD rats. These results suggested that the effectiveness of yokukansan may
be related to the function or repair of oligodendrocytes, which are responsible for the formation of myelin sheaths.

The first aim of the present study, therefore, was to clarify whether or not yokukansan affects the develop-
ment of oligodendrocytes. To clarify this issue, the effects of yokukansan on proliferation and differentiation
were examined using purified mouse cortical OPCs. The second aim was to clarify the active components in
yokukansan. Yokukansan is composed of seven dried medicinal herbs. Among them, Uncaria Hook (UH) has
been reported to be one of the active galenicals responsible for the psychotropic effects of yokukansan [17] [18].
In the present study, thus, we focused on UH to find active components that affect the proliferation and differen-
tiation of oligodendrocytes.

2. Materials and Methods
2.1. Test Substance

The yokukansan used in the present study was a dry powdered extract [19] from a mixture of Atractylodes
Lancea Rhizome (4.0 g, rhizome of Atractylodes Lancea De Candolle), Poria Sclerotium (4.0 g, sclerotium of
Poria cocos Wolf), Cnidium Rhizome (3.0 g, rhizome of Cnidium officinale Makino), Uncaria Hook (UH: 3.0 g,
hook of Uncaria rhynchophylla Miquel), Japanese Angelica Root (3.0 g, root of Angelica acutiloba Kitagawa),
Bupleurum Root (2.0 g, root of Bupleurum falcatum Linné), and Glycyrrhiza (1.5 g, root and stolon of Glycyr-
rhiza uralensis Fisher) supplied by Tsumura & Co. (Tokyo, Japan). Each plant material was authenticated by
identification of external morphology and marker compounds of plants specimens, according to the methods of
Japanese Pharmacopoeia and our company’s standard. Regarding components contained in yokukansan extract,
25 compounds including seven UH alkaloids have been identified by three-dimensional high-performance liquid
chromatographic analysis [12].

Seven UH alkaloids [20], i.e., three indole alkaloids (hirsutine: HIT, hirsuteine: HTE, geissoschizine methyl
ether: GM), and four oxindole alkaloids (rhynchophylline: RP, isorhynchophylline: IRP, corynoxeine: CX, and
isocorynoxeine: ICX), used in the present study were supplied by the Botanical Raw Materials Research De-

partment of Tsumura & Co. (Ibaraki, Japan).
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2.2. Reagents Used in Cell Culture Experiments

Dispase | and DNase | were purchased from Roche Molecular Biochemicals (Mannheim, Germany). Dulbecco’s
modified Eagle’s medium (DMEM), 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI), and phalloidin-
conjugated Alexa Fluor 488 were purchased from Life Technologies (Gaithersburg, MD, USA). Fetal bovine
serum (FBS), trypsin, sodium pentobarbital, glucose, kanamycin, insulin, transferrin, bovine serum albumin
(BSA), progesterone, putrescine, sodium selenite, thyroxine (T4), and tri-iodothyronine (T3) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Monoclonal antibodies against A2B5 (clone MAB312R) and myelin
basic protein (MBP, clone SKB3) were purchased from Merck Millipore (Billerica, MA, USA). A monoclonal
antibody against O4 (clone MAB1326) was purchased from R&D Systems (Minneapolis, MN, USA). Secon-
dary antibodies, goat anti-mouse IgM-conjugated Alexa Fluor 488 and goat anti-mouse 1gG1-conjugated Alexa
Fluor 594 were purchased from Life Technologies. Other chemicals were purchased from commercial sources.

2.3. Preparation of Oligodendrocyte Precursor Cells (OPCs)

OPCs were purified from primary mixed cell cultures of embryonic mouse cerebral hemispheres according to
the procedure described by Seiwa et al. [8]. In brief, a pregnant mouse (ICR, Japan SLC, Hamamatsu, Japan)
was killed on the 17th day of pregnancy under deep anesthesia by diethyl ether, and the embryos were removed.
Cerebral hemispheres from the embryos were washed with DMEM and enzymatically dissociated in a mixture
of 0.3% dispase | and 0.05% DNase | in DMEM. The dissociated cells were sieved through 70-um-pore-sized
nylon mesh (#2350) (Becton Dickinson, Franklin, NJ, USA) and then seeded on 10-cm diameter poly-L-lysine
(Sigma-Aldrich)-coated culture dishes (Becton Dickinson) at a density of 1.3 x 107/dish in DMEM containing
10% FBS. After 5 d culture, the cells were dissociated with 0.2% trypsin in phosphate-buffered saline and cen-
trifuged for 10 min at 1000 rpm and 4°C. The cells were re-suspended in a serum-free medium consisting of
DMEM supplemented with glucose (5.6 mg/ml), kanamycin (60 mg/ml), insulin (5 ug/ml), transferrin (0.5
pg/ml), BSA (100 pg/ml), progesterone (0.06 ng/ml), putrescine (16 pg/ml), sodium selenite (40 ng/ml), T4 (40
ng/ml), and T3 (30 ng/ml). The re-suspended cells (3.0 x 10° cells/ml) were incubated for 2 h at 37°C in 5%
CO2. Neurons and astrocytes have been demonstrated to be eliminated from the mixed cell culture by this pro-
cedure. The purity of OPCs in the culture was examined by an immunocytochemical stain using A2B5, which is
a specific marker of OPCs. We confirmed that 95% of cells were OPCs in preliminary examination. The purified
OPCs were used in the following experiments to evaluate the effects of yokukansan and UH components on
proliferation and differentiation of oligodendrocytes.

2.4. Examination of Effects of Yokukansan and GM on Proliferation and Differentiation of
Oligodendrocytes

Purified OPCs (5.5 x 10 cells/cm?) were cultured in a chamber slide (Thermo Fisher Scientific, Waltham, MA,
USA) for 2 d to evaluate proliferation or 4 d to evaluate differentiation in the serum-free medium (composition:
see previous section) with yokukansan (final concentration: 100 or 200 pg/ml), GM (final concentration: 1 or 3
M), or without either as a control. Yokukansan and GM were dissolved in 0.5% dimethyl sulfoxide (DMSO).
The effect of yokukansan or GM on proliferation of OPCs was evaluated on the second day of the culture by
counting A2B5-positive cells. The effect of yokukansan or GM on differentiation of oligodendrocyte was evalu-
ated on the fourth day by counting O4-positive cells. Namely, the density (number/10mm?) of A2B5-positive or
O4-positive cell was calculated by counting six areas (10 mm?/area) in each sample. The density in each group
was calculated as the mean + S.E.M. of six separate experiments, and the change of test substance was finally
represented as a percentage of the number of cells in control group.

2.5. Immunocytochemistry

To determine the cellular specificity of the OPCs and oligodendrocytes, the cells were fixed with 4% parafor-
maldehyde in 0.1 M phosphate buffer for 15 min. The fixed cells were further treated with 0.1% Triton X-100-
PBS for 15 min. Immunocytochemical stainings were performed according to the procedure previously reported
[21]; monoclonal antibodies against gangliosides (A2B5, IgM, 1:100), sulfatide (O4, IgM, 1:100), and MBP
(1gG1, 1:100) were used for oligodendrocyte lineage analysis. Goat anti-mouse IgM-conjugated Alexa Fluor 488
(1:200) and goat anti-mouse IgG1-conjugated Alexa Fluor 594 (1:200) were used as secondary antibodies. A



T. Ueki et al.

mixture of secondary antibodies and phalloidin (30 units/ml) was used for staining of F-actin. Fluorescence and
digital images were observed and recorded with a confocal laser scanning microscope FV-1000 (Olympus, To-
kyo, Japan) or fluorescent microscope BZ-8100 (Keyence, Osaka, Japan).

2.6. WST-8 Assay

The WST-8 assay was performed according to the method reported by Ishiyama et al. [22]. Purified OPCs (1.5 x
10 cells/100pl/well) were cultured in a non-coated 96-well plate (Becton Dickinson) for 48 h with or without
test substances, which were dissolved in 0.5% dimethyl sulfoxide (DMSO). Then, 10 pl of proliferation reagent
WST-8 (Dojin-do, Kumamoto, Japan) was added to each well and incubated at 37°C for 1 h. Absorbance of the
WST-8 formazan was measured at 450 nm using a Infinite M200 plate reader (Tecan, Grodig, Austria).

2.7. Statistical Analysis

Data are presented as the mean £ S.E.M. The statistical significance of differences between groups in cell cul-
ture experiments was assessed by Student’s t-test or one-way analysis of variance (ANOVA) followed by Dun-
nett’s post hoc test. The significance level in each statistical analysis was accepted at p < 0.05.

3. Results

3.1. Proliferation and Differentiation of Oligodendrocytes

The proliferation and differentiation of processes in high-purity mouse cortical OPCs during culture in normal me-
dium for four days were examined. As shown in Figure 1, proliferation of OPCs having no processes (Figure 1(a))
was observed mainly on the second day of culture. These OPCs were specifically identified by A2B5 antibody
(Figure 1(a)). On the fourth day of culture, cells in the differentiation stage mainly having various numbers of
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Figure 1. Proliferation of OPCs and differentiation to oligodendroctes. Prolif-
eration of OPCs was evaluated on the second day of culture, and differentiation
to oligodendrocytes was evaluated on the fourth day of culture. (a) shows OPC,
and (b)-(d) show differentiated cells having various numbers of processes. An
OPC was specifically identified as A2B5-positive (a). Cells in various stages of
differentiation observed during differentiation process were identified as O4-
positive cells (b)-(d). A mature cell was identified as an MBP-positive cell (e).
(e) shows a mature cell triple stained with DAPI (nucleus), phalloidin (F-actin),
and MBP(myelin basic protein). Scale bars = 10 pm.
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processes were observed. For example, immature differentiated cells in the early stage had several processes
(Figure 1(b)), and mature differentiated cells in the late stage had abundant processes (Figure 1(c) and Figure
1(d)). All stages of differentiated cells were specifically identified by using O4 antibody (Figures 1(b)-(d)).
When mature cells morphologically characterized by the appearance of abundant processes, as shown in Figure
1(c) or Figure 1(d), were triple stained with DAPI (nucleus), phalloidin (F-actin), and MBP, the mature cell was
identified as MBP-positive (Figure 1(e)), while A2B5-positive OPCs (Figure 1(a)) and early stage O4-positive
immature differentiated cells (Figure 1(b)) were observed as MBP-negative cells (data not shown here). Fur-
thermore, in a preliminary study to examine the experimental conditions, the death of mature cells was observed
on the fifth day of culture (data not shown here). Therefore, in the present study, the effects of yokukansan on
the proliferation and differentiation of oligodendrocytes were evaluated by counting the A2B5-positive cells on
the second day and the O4-positive cells on the fourth day.

3.2. Effects of Yokukansan on Proliferation and Differentiation of Oligodendrocytes

OPCs were cultured for four days in the culture medium without (control) or with yokukansan (final concentra-
tion: 100 or 200 pg/ml). The number of A2B5-positive cell in control, 100 pg/ml yokukansan, and 200 pg/ml
yokukansan groups on the second day of culture were 123.5 + 7.7 cells/L.0mm?, 158.3 + 7.9 cells/20mm? and
165.5 + 9.9 cells/10mm?, respectively. Figure 2 shows these values as a percentage of the number of cells in
control group. A2B5-positive cell was significantly increased by treatment with yokukansan (100 and 200 pg/ml)
compared to that of the control.

The number of O4-positive cell in control, 100 pg/ml yokukansan, and 200 pg/ml yokukansan groups on the
fourth day of culture were 8.3 + 1.2 cells/10mm?, 17.8 + 1.3 cells/10mm? and 17.2 + 0.75 cells/10mm?, respec-
tively. Figure 3 shows these values as a percentage of the number of cells in control group. Yokukansan (100
and 200 pg/ml) significantly increased the number of O4-positive cell compared to that of the control.

3.3. Screening Assay for Selection of Active Components in UH

A WST-8 assay as a concise method of counting cells or proliferation was performed at a fixed concentration of
10 uM to identify the active components of seven (HIT, HTE,GM, RP, IRP, CX, and ICX) of UH, which is one
of the constituent galenicals of yokukansan. A significant proliferative effect was found only for GM (Figure
4(a)) and was observed with a concentration dependency (0.1, 1.0, and 10.0 uM of GM) (Figure 4(b)).

3.4. Effects of GM on Proliferation and Differentiation of Oligodendrocytes

The proliferation and differentiation effects of GM, identified by the WST-8 screening assay, were evaluated by
using the same assay as the case of yokukansan. GM (1.0, and 3.0 uM) increased the number of A2B5-positive
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Figure 2. Effect of yokukansan on proliferation of OPC. OPCs were cultured for four days in
the culture medium without (control) or with yokukansan (final concentration: 100 or 200
pg/ml). The number of A2B5-positive cells was counted on the second day. Each value cal-
culated as a percentage of the control represents the mean + S.E.M. (n = 6). ‘p < 0.05 and “p
< 0.01 vs. control: one-way ANOVA + Dunnett’s test.
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Figure 3. Effect of yokukansan on differentiation of oligodendrocytes. OPCs were cultured
for four days in the culture medium without (control) or with yokukansan (final concentration:
100 or 200 pg/ml). The number of O4-positive differentiated cells was counted on the fourth
day. Each value calculated as a percentage of the control represents the mean + S.E.M. (n =
6). "p < 0.01 vs. control: one-way ANOVA + Dunnett’s test.
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Figure 4. Screening of active components from UH alkaloids. A WST-8 assay was performed
at a fixed concentration of 10 uM on the second day of OPC culture (a). Concentration-de-
pendency of GM identified by the screening assay was also evaluated by the same procedure.
Each value calculated as a percentage of the control represents the mean + S.E.M. (n = 3).
Effect of each test substance was compared to control using Student’s t-test. “p < 0.05 and p
< 0.01 vs. control. Concentration dependency was evaluated using one-way ANOVA + Dun-
nett’s test. 'p < 0.05 and "p < 0.01 vs. control. Abbreviations: yokukansan (YKS), hirsutine
(HIT), hirsuteine (HTE), geissoschizine methyl ether (GM), rhynchophylline (RP), isorhyn-
chophylline (IRP), corynoxeine (CX), isocorynoxeine (ICX), and Uncaria Hook (UH).

cells on the second day (Figure 5) and O4-positive cells on the fourth day (Figure 6) compared to those of the
corresponding controls.

4. Discussion

We previously demonstrated that yokukansan ameliorated not only the behavioral and psychological symptoms
of thiamine-deficient rats but also the demyelination and degeneration of their oligodendrocytes [15] [16]. These
findings led us to speculate that the effectiveness of yokukansan may be related to the function or repair of oli-
godendrocytes, which are responsible for formation of the myelin sheath. In the present study, therefore, to clar-
ify whether or not yokukansan affects oligodendrocytes, its effects on proliferation and differentiation of oli-
godendrocytes were examined using high-purity mouse cortical OPCs.

We demonstrated in this study that OPC became mature oligodendrocytes by proliferation and differentiation
in four days. The number of cells positive to A2B5, which is a marker of OPCs, was significantly increased by
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Figure 5. Effect of GM on proliferation of OPCs. OPCs were cultured for
four days in the culture medium without (control) or with GM (final concen-
tration: 1 or 3 uM). The number of A2B5-positive cells was counted on the
second day. Each value calculated as a percentage of the control represents
the mean + S.E.M. (n = 6). "p < 0.05 and ~p < 0.01 vs. control: one-way
ANOVA + Dunnett’s test.
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Figure 6. Effect of GM on differentiation of oligodendrocytes. OPCs were
cultured for four days in the culture medium without (control) or with GM
(final concentration: 1 or 3 uM). The number of O4-positive differentiated
cells was counted on the fourth day. Each value calculated as a percentage of
the control represents the mean = S.E.M. (n = 6). "p < 0.01 vs. control: one-
way ANOVA + Dunnett’s test.

yokukansan on the second day of culture, and the number of cells positive to O4, which is a marker of various
staged differential cells, was significantly increased by yokukansan on the fourth day of culture, suggesting that
yokukansan facilitates not only the proliferation of OPCs but also their differentiation to oligodendrocytes.

Oligodendrocyte development (proliferation and differentiation) and protection are controlled by a variety of
extracellular growth and differentiation factors including extracellular signal regulated kinase 1/2 (ERK 1/2) and
phosphatidylinositol 3-kinase (PI3K)/Akt [23]-[25] like those in neuronal cells [26]-[28]. More recently, Kubota
et al. demonstrated that yokukansan activated ERK 1/2 and PI3K/Akt in PC12 cells [29]. Yokukansan was also
demonstrated to possess neuroprotective and neurogenerative effects in vivo and in vitro [19] [30] [31]. In addi-
tion to these findings, UH, a constituent galenical of yokukansan, has been reported to possess neuroprotective
effects in vivo and in vitro [19] [30] [32]-[35]. UH was also reported as a candidate for the pharmacological ef-
fects of yokukansan such as amelioration of aggressiveness [18]. From these findings, we inferred a possibility
that UH might contain active components related to the development of oligodendrocytes.

A screening assay by WST-8 identified GM from seven kinds of alkaloid components of UH as a candidate
for the active component (Figure 4). Indeed, GM increased the number of A2B5-positive cells on the second
day (Figure 5) and O4-positive cells on the fourth day (Figure 6) as yokukansan did (Figure 2 and Figure 3).
These results suggest that GM promotes the proliferation and differentiation of oligodendrocytes. Recently, Mo-
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rita et al. examined the effect of GM on oligodendrocyte by double immunolabeling using BrdU-labeled NG2
and GSTpi for oligodendrocyte lineage in cuprizone (CPZ)-fed mice, an animal model of schizophrenia [36].
GM treatment significantly increased BrdU-positive GSTpi+ cells, but had no significant effect on BrdU-posi-
tive NG2+ cells. From these results, they suggested that GM had specific differentiation-promoting effect on
oligodendrocyte progenitor cells, and likely acts as a remyelination promoter in the medial prefrontal cortex of
CPZ mice. This in vivo evidence also partly supports our present result that GM is an active component respon-
sible for the proliferation and differentiation effects of yokukansan on oligodendrocytes. We previously demon-
strated that GM in yokukansan administered orally was absorbed into the blood and crosses the blood brain bar-
rier [37], suggesting that GM included in yokukansan reaches the brain. These results, taken together, further
suggest a possibility that GM may promote the OPC lineage progression and function as remyelination in the
brain. Unfortunately, the mechanism of the OPC lineage progression by GM has not been clarified so far. As
possible mechanism, we are inferring involvement of extracellular signal regulated kinase pathway or protein
kinase C (PKC), because yokukansan has been reported to activate ERK 1/2 and PI3K/Akt [29] as already de-
scribed, or to inhibit PKC activity [38]. OPC differentiation has been reported to be promoted by inhibition of
PKC [3] or to be inhibited by activation of PKC [39]. The detailed examination to clarify the molecular mecha-
nism will be necessary in the future.

5. Conclusion

In conclusion, our results suggest a possibility that yokukansan promotes the proliferation and differentiation of
oligodendrocytes, and further that the GM contained in UH is one of the active components responsible for the
effect of yokukansan.
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Abbreviation

OPC: oligodendrocyte precursor cell

UH: Uncaria hook

GM: geissoschizine methyl ether

CNS: central nervous system

BPSD: behavioral and psychological symptoms of dementia
TD: thiamine-deficient

HIT: hirsutine

HTE: hirsuteine

RP: rhynchophylline

IRP: isorhynchophylline

CX: corynoxeine

ICX: isocorynoxeine

DMEM: Dulbecco’s modified Eagle’s medium
DAPI: 4’,6-diamidino-2-phenylindole dihydrochloride
FBS: fetal bovine serum

BSA: bovine serum albumin

MBP: myelin basic protein

ERK: extracellular signal regulated kinase
PI3K: phosphatidylinositol 3-kinase

CPZ: cuprizone

BrdU: bromodeoxyuridine
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