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Frequency of involuntary movement in each rats
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Organotin compounds, such as tributyltin (TBT), are well-known endocrine disruptors. TBT acts at the
nanomolar level through genomic pathways via the peroxisome proliferator activated receptor (PPAR)/
retinoid X receptor (RXR). We recently reported that TBT inhibits cell growth and the ATP content in the
human embryonic carcinoma cell line NT2/D1 via a non-genomic pathway involving NAD*-dependent
isocitrate dehydrogenase (NAD-IDH), which metabolizes isocitrate to a-ketoglutarate. However, the
molecular mechanisms by which NAD-IDH mediates TBT toxicity remain unclear. In the present study,
we evaluated the effects of TBT on mitochondrial NAD-IDH and energy production. Staining with
MitoTracker revealed that nanomolar TBT levels induced mitochondrial fragmentation. TBT also degraded
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the mitochondrial fusion proteins, mitofusins 1 and 2. Interestingly, apigenin, an inhibitor of NAD-IDH,
mimicked the effects of TBT. Incubation with an a-ketoglutarate analogue partially recovered TBT-induced
mitochondrial dysfunction, supporting the involvement of NAD-IDH. Our data suggest that nanomolar TBT
levels impair mitochondrial quality control via NAD-IDH in NT2/D1 cells. Thus, mitochondrial function in

DOI: 10.1039/c5mt00033e

Published on 14 April 2015. Downloaded by HIROSHIMA DAIGAKU on 27/04/2015 02:53:02.

www.rsc.org/metallomics

Introduction

Growing evidence suggests that environmental organometals
contribute to the observed increase in neurodevelopmental
disorders, such as learning disabilities, autism spectrum dis-
order, behavioral abnormalities and teratogenicity.'™ Since the
developing brain is more vulnerable to injury than the adult
brain, exposure to these organometals during early fetal develop-
ment can cause permanent or delayed neural disorders at much
lower doses than in adults.*” Therefore, it is necessary to
elucidate the cytotoxic effects of organometals at low levels
during development.

Organotin compounds, such as TBT, are well known to cause
various types of cytotoxicity via genomic and non-genomic
pathways. In the genomic pathway, nanomolar concentrations
of TBT activate the retinoid X receptor (RXR) and/or peroxisome
proliferator-activated receptor y (PPARy) and result in neuro-
developmental defects in mammals.®® Conversely, many reports
have shown that TBT at micromolar levels causes mitochondorial
toxicity in the non-genomic pathway. For example, micromolar
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embryonic cells could be used to assess cytotoxicity associated with metal exposure.

TBT and dibutyltin (DBT) levels have been shown to prevent
mitochondrial respiration by inhibiting the electron transfer
from complexes I and III, and Mg-ATPase activity."™"> The
non-genomic effect of TBT mediates cell death in rat neurons.
TBT induces neuronal death via AMPK activation and the
phosphorylation of the mammalian target of rapamycin (mTOR)
in rat cortical neurons.”'* TBT also induces neuronal degenera-
tion via mitochondria-mediated ROS generation in rat neurons.'®

We studied nanomolar TBT toxicity using neuronal precursor
NT2/D1 cells as a model of the neurodevelopmental stage'® and
found that nanomolar TBT levels inhibit intracellular energy
metabolism, including ATP production, via mitochondrial NAD"-
dependent isocitrate dehydrogenase (NAD-IDH), which catalyzes
the irreversible conversion of isocitrate to a-ketoglutarate in the
tricarboxylic acid (TCA) cycle.'”'® Based on these observations,
we hypothesized that nanomolar TBT levels affect mitochondrial
functions, thereby altering the energy metabolism of neuronal
precursor cells.*

Mitochondria continuously change their morphology through
fission and fusion. These mitochondrial dynamics are an impor-
tant quality control mechanism that maintains mitochondrial
function, such as ATP production.?® Mitochondrial fission and
fusion are regulated by several GTPases. In mitochondrial fusion,
mitofusins 1 and 2 (Mfn1, 2) and optic atrophy 1 (Opal) induce
the fusion of the outer and inner mitochondrial membranes,
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respectively.”>** The deletion of Mfn1 and Mfn2 in mice is
embryonically lethal, and cells from these embryos contain
fragmented and dysfunctional mitochondria.>® In contrast,
dynamin-related protein 1 (Drp1) is a cytoplasmic protein that
assembles into rings surrounding the outer mitochondrial
membrane, where it interacts with fission protein 1 (Fis1) to
promote fission.>*?*

In the present study, we have investigated the effect of TBT
on mitochondrial quality control in NT2/D1 cells. We found
that exposure to 100 nM TBT induced proteasomal degradation
of Mfn and mitochondrial fragmentation through an NAD-IDH-
dependent mechanism. Thus, impaired mitochondrial quality
control is a novel mechanism of nanomolar level TBT-induced
toxicity in human embryonic carcinoma cells.

Methods

Cell culture

NT2/D1 cells were obtained from the American Type Culture
Collection (Manassas, VA, USA). The cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich,
St Louis, MO, USA) supplemented with 10% fetal bovine serum
(FBS; Biological Industries, Ashrat, Israel) and 0.05 mg ml™"
of the penicillin-streptomycin mixture (Life Technologies,
Carlsbad, CA, USA) at 37 °C in 5% CO,.

Assessment of mitochondrial fusion

After treatment with TBT (100 nM, 24 h), the cells were fixed
with 4% paraformaldehyde and stained with 50 nM Mito-
Tracker Red CMXRos (Cell Signaling Technology, Danvers,
MA, USA) and 0.1 pg ml~" 4’,6-diamidino-2-phenylindole (DAPI;
Dojin, Kumamoto, Japan). Changes in the mitochondrial mor-
phology were observed using confocal laser microscopy (Nicon Al).
Images (n = 3-7) of random fields were obtained, and the number
of cells displaying mitochondrial fusion (<10% punctiform) was
counted in each image, as previously reported.”®

Real-time PCR

Total RNA was isolated from NT2/D1 cells using the TRIzol
reagent (Life Technologies), and quantitative real-time reverse
transcription (RT)-PCR using a QuantiTect SYBR Green RT-PCR
Kit (QIAGEN, Valencia, CA, USA) was performed using an ABI
PRISM 7900HT sequence detection system (Applied Biosystems,
Foster City, CA, USA), as previously reported.”” The relative change
in the amount of transcript was normalized to the mRNA levels
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The fol-
lowing primer sequences were used for real-time PCR analysis:
human Drp1: forward, 5-TGGGCGCCGACATCA-3, reverse, 5-GCT
CTGCGTTCCCACTACGA-3; human Fis1: forward, 5-TACGTCCG
CGGGTTGCT-3, reverse, 5-CCAGTTCCTTGGCCTGGTT-3; human
Mfni1: forward, 5-GGCATCTGTGGCCGAGTT-3, reverse, 5-ATTAT
GCTAAGTCTCCGCTCCAA-3; human Mfn2: forward, 5-GCTCG
GAGGCACATGAAAGT-3, reverse, 5~-ATCACGGTGCTCTTCCCATT-3;
human GAPDH: forward, 5-GTCTCCTCTGACTTCAACAGCG-3,
reverse, 5~-ACCACCCTGTTGCTGTAGCCAA-3.
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Western blot analysis

Western blot analysis was performed as previously reported.>®
Briefly, the cells were lysed with cell lysis buffer (Cell Signaling
Technology). The proteins were then separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and electrophoretically transferred to Immobilon-P (Millipore,
Billerica, MA, USA). The membranes were probed using the
following antibodies: an anti-Mfn1 polyclonal antibody (1 : 1000;
Cell Signaling Technology), an anti-Mfn2 monoclonal antibody
(1:1000; Cell Signaling Technology), an anti-cytochrome c
oxidase subunit IV (COX IV) monoclonal antibody (1:1000; Cell
Signaling Technology), and an anti-B-actin monoclonal antibody
(1:5000; Sigma-Aldrich). The membranes were then incubated
with secondary antibodies against rabbit or mouse IgG conju-
gated to horseradish peroxidase (Cell Signaling Technology). The
bands were visualized using the ECL western blotting analysis
system (GE Healthcare, Buckinghamshire, UK), and images were
acquired using a LAS-3000 imager (FUJIFILM UK Ltd., Systems,
Bedford, UK).

Chemicals and reagents

Tributyltin chloride was obtained from Tokyo Chemical Industry
(Tokyo, Japan). Tin acetate (TA), rosiglitazone (RGZ), CD3254,
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Fig. 1 Effect of TBT on the mitochondrial morphology in NT2/D1 cells.
Cells were exposed to 100 nM TBT for 3, 6, 12, or 24 h. (A) The cells were
stained with MitoTracker Red CMXRos and DAPI. Mitochondrial morphology
was observed by confocal laser microscopy. Bar = 10 um. (B) The number of
cells undergoing mitochondrial fusion (<10% punctiform) was counted in
each image. Data represent mean + s.d. (n = 5). *P < 0.05.

060 This journal is © The Royal Society of Chemistry 2015


http://dx.doi.org/10.1039/c5mt00033e

Published on 14 April 2015. Downloaded by HIROSHIMA DAIGAKU on 27/04/2015 02:53:02.

Metallomics

apigenin, cycloheximide (CHX), carbonylcyanide m-chlorophenyl-
hydrazone (CCCP), and MG132 were obtained from Sigma-
Aldrich.

Statistical analysis

All data were presented as means + S.D. ANOVA followed by a
post hoc Tukey’ test was used to analyze data in Fig. 1B, 2B, 3C,
4C, 5B, and 5C. Student’s t-test was used to analyze data in
Fig. 3A and 4B. P-values less than 0.05 were considered to be
statistically significant.

Results and discussion

Effects of TBT on mitochondrial morphology

We have previously examined the effect of TBT (30-300 nM) on
cell growth in NT2/D1 cells and found that TBT levels at the
concentrations of 100 nM or more induced growth arrest in
the cells."” Here we investigated whether 100 nM TBT affects
mitochondrial dynamics in the cells. After exposure to 100 nM
TBT for 12 h, we observed the increase in the number of cells
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Fig. 2 Non-genomic effect of TBT-induced mitochondrial fission. Cells
were exposed to 100 nM TA, 100 nM TBT, 100 nM TBT + 10 pg ml™*
cycloheximide (CHX), 1 uM CCCP or 100 nM rosiglitazone (RGZ) for 24 h.
(A) The cells were stained with MitoTracker Red CMXRos and DAPI.
Mitochondrial morphology was observed by confocal laser microscopy.
Bar = 10 um. (B) The number of cells undergoing mitochondrial fusion
(<10% punctiform) was counted in each image. Data represent mean +
s.d. (n =5). *P < 0.05.
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with fragmented mitochondria, as compared to untreated con-
trol cells (Fig. 1A, B). After 24 h, the proportion of cells with
mitochondrial fusion was nearly 80%. As a positive control, we
used CCCP, which induces mitochondrial uncoupling and
mitochondrial fission in other cells.>® As expected, fragmented
mitochondria were also observed following CCCP treatment for
24 h (Fig. 2A and B). In contrast, exposure to tin acetate (TA),
which is less toxic, did not affect the mitochondrial morphol-
ogy. To investigate whether TBT-induced mitochondrial fission
was caused by changes in transcription, we treated the cells
with the protein synthesis inhibitor cycloheximide. Treatment
with cycloheximide did not alter the effects of TBT on the mito-
chondrial morphology (Fig. 2A and B). Moreover, rosiglitazone,
an agonist of the TBT genomic target PPARY, did not induce
mitochondrial fragmentation. These results suggest that TBT
induces mitochondrial fission through a non-genomic pathway
in NT2/D1 cells.

TBT exposure induces proteasomal degradation of Mfn1 and 2

To examine the molecular mechanism by which TBT induces
mitochondrial fragmentation, we assessed the effect of TBT on
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Fig. 3 Effect of TBT on mitochondrial protein levels in NT2/D1 cells. (A) After
24 h TBT exposure, the expression of mitochondrial genes was analyzed by real
time PCR. The gene expression was not significantly altered by TBT exposure.
(B) After TBT exposure for 3, 6, 12, or 24 h, mitochondrial proteins were
analyzed by western blot using anti-Mfnl, Mfn2, Opal, COXIV, or B-actin
antibodies. (C) Cells were exposed to 100 nM TA, 100 nM TBT, or 100 nM
TBT + 3 uM MG132 for 6 h. Mitochondrial proteins were analyzed by western
blot using anti-Mfnl or Mfn2 antibodies. (D) After 6 h TBT exposure, other
mitochondrial proteins were analyzed by western blot using anti-Drp1, Fisl, or
B-actin antibodies. Data represent mean + s.d. (n = 3). *P < 0.05.
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mitochondrial fission (Fis1, Drp1) and fusion genes (Mfn1,
Mfn2, OPA1). Real-time PCR analysis showed that each gene
expression was not significantly altered by TBT exposure
(Fig. 3A). Fusion allows damaged mitochondria to incorporate
into intact mitochondria, thereby maintaining mitochondrial
function.*® Dysfunctional mitochondria may lose their fusion
capacity by the degradation of fusion proteins, resulting in the
accumulation of fragmented mitochondria. Thus, we assessed
the protein expression of Mfn1, Mfn2, and OPAL1 in the presence
or absence of TBT. Western blot analysis revealed that Mfn1 and
Mfn2 protein levels were significantly reduced after 6 h, whereas
OPAL1 protein expression was not changed after 24 h (Fig. 3B and C).
The other mitochondrial inner membrane protein, cytochrome ¢
oxidase subunit IV (COX IV), was also not changed after 24 h
(Fig. 3B). Moreover, MG132, a proteasome inhibitor, recovered
the TBT-induced reduction in Mfnl and Mfn2 (Fig. 3C). In
contrast, the fusion proteins Fis1 and Drpl were not affected
by TBT (Fig. 3D). These data suggest that TBT-induced mito-
chondrial fragmentation is caused by the proteasomal degrada-
tion of Mfn1 and Mfn2.

Consistent with our data, chemical stressors have been
reported to cause mitochondrial fission through the proteasomal
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Fig. 4 Effect of apigenin on mitochondrial function in NT2/D1 cells. Cells
were exposed to 10 puM apigenin. (A) Cells were stained with MitoTracker
Red CMXRos and DAPI. Mitochondrial morphology was observed by
confocal laser microscopy. Bar = 10 um. (B) The number of cells under-
going mitochondrial fusion (<10% punctiform) was counted in each
image. Data represent mean =+ s.d. (n = 5). (C) Mitochondrial proteins in
the cell lysate were analyzed by western blotting using anti-Mfnl or Mfn2
antibodies. Data represent mean + s.d. (n = 3). *P < 0.05.
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degradation of Mfn. For example, doxorubicin induces ubiquitin-
mediated proteasomal degradation of Mfn2, which facilitates
mitochondrial fragmentation and apoptosis in sarcoma U20S
cells.*" Another study has shown that CGP37157, an inhibitor of
mitochondrial calcium efflux, mediates mitochondrial fission
through Mfn1 degradation via ubiquitin ligase in prostate cancer
LNCaP cells.*” Since it remains unknown if ubiquitin ligases are
involved or not in these TBT actions, further studies should be
addressed to clarify the TBT-induced mechanism of proteasomal
degradation of Mfn1 and Mfn2.

TBT induces mitochondrial defects via NAD-IDH

To investigate whether Mfn degradation and mitochondrial
dysfunction are mediated through the non-genomic TBT target
NAD-IDH, we examined the effects of apigenin, an NAD-IDH
inhibitor,** on mitochondrial function. Apigenin (10 pM)
decreased the number of cells undergoing mitochondrial
fusion and induced mitochondrial fragmentation after 24 h
(Fig. 4A and B). Furthermore, apigenin significantly reduced
Mfn1 and Mfn2 protein expression, which was recovered by
MG132 treatment (Fig. 4C). Apigenin has been reported to
inhibit not only NAD-IDH but also hnRNPA2 and NF-kB.*’
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Fig. 5 Effect of DMKG on TBT-induced mitochondrial dysfunctions in
NT2/D1 cells. Cells were exposed to 100 nM TBT and 7 mM DMKG. (A) Cells
were stained with MitoTracker Red CMXRos and DAPI. Mitochondrial mor-
phology was observed by confocal laser microscopy. Bar = 10 um. (B) The
number of cells undergoing mitochondrial fusion (<10% punctiform) was
counted in each image. Data represent mean =+ s.d. (n = 5). (C) Mitochondrial
proteins were analyzed by western blotting using anti-Mfnl or Mfn2
antibodies. Data represent mean + s.d. (n = 3). *P < 0.05.
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We cannot rule out the possibility that apigenin-induced
mitochondrial dysfunction was induced by other targets. It
is necessary to confirm our data by shRNA against NAD-IDH.
To further confirm the involvement of NAD-IDH, we used
dimethyl o-ketoglutarate (DMKG), a cell-permeable analog
of a-ketoglutarate.’® Incubation with DMKG prevented TBT-
induced mitochondrial fragmentation in NT2/D1 cells (Fig. 5A)
and recovered the number of cells undergoing mitochondrial
fusion to the basal level (Fig. 5B). Furthermore, DMKG signifi-
cantly recovered the TBT-induced the proteasomal degradation
of Mfn1 and Mfn2 (Fig. 5C). Taken together, these data suggest
that NAD-IDH mediates TBT-induced mitochondrial dysfunction
via Mfn degradation in NT2/D1 cells. In addition to NAD-IDH,
citrate synthase and a-ketoglutarate dehydrogenase also work as
rate-limiting enzymes in the TCA cycle. Aluminium has been
shown to induce oxidative stress via the negative regulation of
citrate synthase and o-ketoglutarate dehydrogenase.>>”°® We
could not rule out the possibility that TBT affects these enzymes.
Several reports indicate that knockdown of Mfn1 and Mfn2 in
the cells induces mitochondrial fragmentation and shows severe
cellular defects, including decreased ATP content and poor cell
growth.>>®” Especially, Mfn2 has been reported to be necessary
for striatal axonal projections of midbrain dopamine neurons by
studies using dopamine neuron-specific Mfn2 knockout mice.*®
Taken together, Mfn1 and Mfn2 might be involved in several
TBT actions via NAD-IDH, such as the reduction of ATP content,
growth inhibition and enhancement of neuronal differentiation.
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Fig. 6 Proposed model of TBT toxicity through non-genomic pathways
in human embryonic carcinoma cells. Nanomolar TBT levels induce Mfn
degradation and mitochondrial fission through NAD-IDH inhibition. These
negative effects of TBT on mitochondrial quality control could mediate
cell growth inhibition.

This journal is © The Royal Society of Chemistry 2015 063

View Article Online

Paper

Conclusions

Based on our data, we have proposed a model of nanomolar
TBT-induced mitochondrial dysfunction in neuronal precursor
cells (Fig. 6). We demonstrated that TBT mediates the inhibi-
tion of NAD-IDH and the loss of mitochondrial quality control,
representing a novel non-genomic pathway of TBT-induced
toxicity. These negative effects of TBT on mitochondria could
inhibit ATP production and cell growth. Since TBT at micro-
molar levels is known to cause neuronal degeneration via
multiple mitochondrial defects, similar mitochondrial dysfunction
might be also observed in immature neuronal precursor cells. We
have previously revealed TBT-induced NAD-IDH inhibition in the
rat brain. It would be interesting to study whether TBT-induced
mitochondrial dysfunction via NAD-IDH might be also observed
in vivo. We are now conducting experiments to determine how
TBT degrades Mfn proteins both in vitro and in vivo. It remains to
be determined if micromolar concentrations of TBT induce other
mitochondrial dysfunctions in NT2/D1 cells and if the mechan-
isms pointed out here are selective for immature cells.

List of abbreviations

CCCP Carbonylcyanide m-chlorophenylhydrazone
CHX Cycloheximide

COX IV Cytochrome c¢ oxidase subunit IV

DAPI 4’ ,6-Diamidino-2-phenylindole

DMEM Dulbecco’s modified Eagle’s medium
DMKG Dimethyl o-ketoglutarate

Drp1 Dynamin-related protein 1

FBS Fetal bovine serum

Fis1 Fission protein 1

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
Mfn Mitofusin

NAD-IDH NAD"-dependent isocitrate dehydrogenase
Opa1l Optic atrophy 1

PPAR Peroxisome proliferator activated receptor
RGZ Rosiglitazone

RXR Retinoid X receptor

TA Tin acetate

TBT Tributyltin

TCA Tricarboxylic acid
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ABSTRACT — Organotin compounds, such as tributyltin (TBT), are well-known endocrine-disrupting
chemicals (EDCs). We have recently reported that TBT induces growth arrest in the human embryonic
carcinoma cell line NT2/D1 at nanomolar levels by inhibiting NAD -dependent isocitrate dehydrogenase
(NAD-IDH), which catalyzes the irreversible conversion of isocitrate to a-ketoglutarate. However. the
molecular mechanisms by which NAD-IDH mediates TBT toxicity remain unclear. In the present study,
we examined whether TBT at nanomolar levels affects cell cycle progression in NT2/D1 cells. Propidium
iodide staining revealed that TBT reduced the ratio of cells in the G 1 phase and increased the ratio of cells
in the G2/M phase. TBT also reduced cell division cycle 25C (cde25C) and cyclin B1, which are key reg-
ulators of G2/M progression. Furthermore, apigenin. an inhibitor of NAD-IDH. mimicked the effects of
TBT. The G2/M arrest induced by TBT was abolished by NAD-IDHa knockdown. Treatment with a cell-
permeable o-ketoglutarate analogue recovered the effect of TBT, suggesting the involvement of NAD-
IDH. Taken together, our data suggest that TBT at nanomolar levels induced G2/M cell cycle arrest via
NAD-IDH in NT2/D1 cells. Thus, cell eycle analysis in embryonic cells could be used to assess cytotox-
icity associated with nanomolar level exposure of EDCs,

Key words: Embryonic carcinoma cells, Tributyltin, Cell cycle, Isocitrate dehydrogenase

INTRODUCTION

Organotin compounds, such as tributyltin (TBT) are
typical environmental contaminants and are categorized
as endocrine-disrupting chemicals (EDCs), which
cause neurodevelopmental defects including behavioral
abnormality and teratogenicity (Dopp er al., 2004;
Gérdlund e af., 1991). Although the use of TBT has
already been restricted. butyltin compounds, including
BT, can still be found in human blood at concentrations
between 50 and 400 nM. There is still concern about TBT
toxicity for human health (Whalen er af., 1999).

Several studies have revealed that TBT activates retin-
oid X receptor (RXR) and/or peroxisome proliferator-ac-
tivated receptor y (PPARY) (Kanayama et ul., 2005). TBT
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at nanomolar levels has the ability to bind with higher
affinity than the intrinsic ligands and these genomic tran-
scriptional activations have been reported to mediate neu-
rodevelopmental defects in Xenopus (Yu ef al., 2011). In
contrast, TBT elicits non-genomic pathway in mature rat
neurons and brain tissues at nearly micromolar levels. For
instance. TB'T induces neuronal death by inhibiting mam-
malian target of rapamycin (mTOR) in rat cortical neu-
rons (Nakatsu ez af., 2010). TBT also induces neuronal
degeneration via the generation of reactive oxygen spe-
cies along with marked reduction of GSH/GSSG levels in
the rat brain (Mitra er al., 2013).

Cell stress is known to trigger a checkpoint that arrests
cells in the Gl or G2 phase (Gabrielli er /., 2012). The
cell cycle is tightly regulated by spatial and temporal
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expression of cell eycle proteins and divided into p53-
dependent and pS53-independent regulations (Shackelford
et al., 1999). In the p53-independent regulations, ¢de25C
phosphatase, a mitotic inducer, plays a central role in
G2/M phase regulation. Cde25C activates cyclin B l/cye-
lin-dependent kinase (Cdk) | complex. which triggers
mitosis (Donzelli and Draetta, 2003) and cyclin B accu-
mulates during the S and G2 phases, followed by nuclear
translocation and association with Cdkl1. Protein levels of
these cell eycle regulators are strictly regulated during cell
cycle progression. Ultraviolet irradiation or toxic drugs
are known to cause G2 arrest by the inactivation of cyclin
BI/Cdk1 via p53 induction followed by the upregulation
of p21, a Cdk inhibitor and/or ¢de25C downregulation by
degradation (Chaudhary et al.. 2013; Kawabe, 2004; Nam
et al.. 2010; Ouyang ef al., 2009).

We have previously reported that nanomolar levels of
TBT induce growth arrest of neuronal precursor NT2/D1
cells as a model of neurodevelopmental stage (Yamada et
al., 2013). We found that TBT causes growth arrest via
mitochondrial NAD -dependent isocitrate dehydrogenase
(NAD-IDH), which catalyzes the irreversible conversion
ol isocitrate to u-ketoglutarate in the tricarboxylic acid
(TCA) eycle (Yamada et af., 2014). Based on these obser-
vations, we hypothesized that nanomolar levels of TBT
could also affect cell cycle progression via NAD-IDH in
NT2/D1 cells.

In the present study, we investigated the effect of TBT
on cell cycle progression in NT2/D1 cells. We found that
exposure to 100 nM TBT reduced the protein levels of
cell cycle regulators and induced G2/M cell cycle arrest
through an NAD-IDH-dependent mechanism. Thus, cell
cycle regulation via NAD-IDH is a novel target of TBT-
induced toxicity in human embryonic carcinoma cells.

MATERIALS AND METHODS

Cell culture

NT2/D1 cells were obtained from the American Type
Culture Collection (Manassas. VA, USA). The cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM: Sigma-Aldrich, St. Louis, MO, USA) supple-
mented with 10% fetal bovine serum (FBS; Biological
Industries. Ashrat, Israel) and 0.05 mg/mlL penicillin-
streptomycin mixture (Life Technologies, Carlsbad, CA,
USA) at 37°C in 5% CO..

Cell cycle analysis

The cells were trypsinized and harvested in phosphate
buffered saline. Then the cells were resuspended in 70%
ethanol for 30 min at -20°C. The fixed cells were collected
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by centrifugation and resuspended in propidium iodide
(PI/RNase Staining Buffer (BD Biosciences, San Jose,
CA. USA) followed by incubation at room temperature for
30 min in the dark. Cell cycle distribution was determined
by flow cytometric analysis of the DNA content using
the BD FACS Aria Il system (BD Biosciences). Data
were analyzed by Modfit LT 4.0 (Verity Software House,
Topsham, ME, USA).

Real-time PCR

Total RNA was extracted from NT2/D1 cells using
TRizol reagent (Life Technologies), and quantitative
real-time reverse transcription (RT)-PCR was performed
with QuantiTect SYBR Green RT-PCR Kit (QIAGEN,
Valencia, CA, USA) using an ABI PRISM 7900HT
sequence detection system (Applied Biosystems, Foster
City, CA, USA) as previously reported (Hirata et al.. 2014).
The relative change in transcript amounts was normalized to
the expression levels of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). The following primer sequences were
used for real-time PCR analysis: human cde25C: forward,
5-AGGCAGCCTTGAGTTGCATAGAGA-3". reverse.
5-AGAGTTGGCTGGCTTGTGAGAAGA-3""humancyclin
Bl:forward.5-CGGGAAGTCACTGGAAACAT-3 reverse.
5'-“AAACATGGCAGTGACACCAA-3"; human GAPDH;
forward, -GTCTCCTCTGACTTCAACAGCG-3". reverse,
S"ACCACCCTGTTGCTGTAGCCAA-3.

Western blot analysis

Western blot analysis was performed as previous-
ly reported (Kanda er al., 2011). Briefly, cells were
lysed with Cell Lysis Buffer (Cell Signaling Technology,
Danvers, MA, USA). The proteins were then separat-
ed by sodium dodecyl sultate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and electrophoretically trans-
ferred to Immobilon-P membrane (Millipore, Billerica,
MA, USA). The membranes were probed with an anti-
cde25C monoclonal antibody (1:1.000; Cell Signaling
Technology), an anti-cyclin Bl monoclonal antibody
(1:1,000: Cell Signaling Technology). and an anti-GAP-
DH polyelonal antibody (1:2,500; Abcam, Cambridge,
UK) followed by incubation with horseradish peroxidase-
conjugated secondary antibodies against rabbit or mouse
[gG (Cel Signaling Technology). The bands were visual-
ized using the ECL Western Blotting Analysis System (GE
Healthcare. Buckinghamshire, UK). and images were
acquired using a LAS-3000 Imager (FUJIFILM UK Ltd.,
Systems, Bedford, UK).

NAD-IDH activity assay

NAD-IDH activity was determined using the
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Isocitrate Dehydrogenase Activity Colorimetric Assay Kit
(Biovision. Mountain View, CA, USA), according to the
manufacturer’s instructions. Briefly, NT2/D1 cells were
lysed in an assay buffer provided in the kit. The lysate
was centrifuged at 14,000 g for 15 min, and the cleared
supernatant was used for the assay.

NAD-IDHa knockdown

Knockdown studies were performed using NAD-IDHu
shRNA lentiviruses from Sigma-Aldrich (MISSION
shRNA) according to the manufacturer's protocol. A
scrambled hairpin sequence was used as a negative con-
trol. Briefly. the cells were infected with the viruses at
a multiplicity of infection of 10 in presence of § pg/mL
hexadimethrine bromide (Sigma-Aldrich) for 24 hr, and
were then subjected to selection with 0.5 pg/mL puromy-
cin for 72 hr for further functional analyses.

Chemicals and reagents

Tributyltin Chloride was obtained from Tokyo
Chemical Industry (Tokyo, Japan). Tin acetate (TA),
apigenin, and dimethyl o-ketoglutarate (DMKG) were
obtained from Sigma-Aldrich.

Statistical analysis

All data were presented as mean + S.D. Analysis of
variance (ANOVA) followed by post hoc Tukey's test was
used to analyze the data in Figs. 1C, 1D, 1E. 2A., 2B, 3C,
4E. 5A, 5B. 6A and 6B. Student's t test was used to analyze
the data in Figs. 3A, 3B, 4A, 4B and 4C. P-values less than
0.05 were considered to be statistically significant.

RESULTS

Effect of TBT on cell cycle progression

We have previously found that 100 nM TBT induced
growth arrest in NT2/D1 cells (Yamada er al., 2013).
Here we investigated whether TBT affects cell cycle
progression. Exposure to 100 nM TBT for 48 hr
decreased the proportion of cells in the G1 phase (51.9%
decrease) and increased of the proportion of cells in the
G2/M phase (79.6% increase), compared with untreated
control cells (Figs. 1A-E). In contrast, TBT did not affect
the proportion of cells in the S phase. Moreover, exposure
to tin acetate (TA), which is less toxic, did not affect cell
cycle progression. These data suggest that TBT induces
G2/M cell cycle arrest in the cells.

TBT exposure reduces G2/M cell cycle
regulators, cdc25C and cyclin B1
To examine the molecular mechanism by which TBT
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induces G2/M cell cycle arrest, we assessed the protein
levels of p53. a major cell cycle regulator. We found that
p33 protein level was reduced after 24 hr of TBT treat-
ment. whereas cisplatin, which is known to cause p53-
dependent G2/M cell cycle arrest (Pani er al.. 2007),
increased p53 levels (Supplementary Fig. 1). Since we
could not observe p53-dependency in TBT-induced G2/M
cell cycle arrest, we assessed cdc25C and its downstream
factor, cyclin BI, which are also involved in G2/M pro-
gression of cell cycle. Western blot analysis revealed that
cde25C and cyclin B protein levels were reduced after
24 hr of TBT treatment (Fig. 2A). In contrast, exposure
to TA did not affect cde25C and cyclin B1 protein levels,
Equal GAPDH protein expression levels were confirmed
as a loading control. Next, we assessed the gene expres-
sion of ¢dc25C and cyclin B1. However, real-lime PCR
analysis showed that gene expression was not significant-
ly altered by TBT exposure for both 24 and 48 hr (Fig.
2B). These data suggest that TBT-induced G2/M cell
cycle arrest is caused by reduction of cdc25C and cyclin
B1 proteins.

TBT induces G2/M cell cycle arrest via NAD-IDH
To investigate the molecular mechanisms by which
cdc25C is degraded and G2/M cell cycle arrest is induced,
we examined the effect of the PPARy agonist rosiglitazone
(RGZ), which is the genomic target of TBT. We found
that RGZ did not induce G1 phase reduction and G2/M
phase increase (Figs. 3A and B). RGZ at 100 nM induced
PPARYy gene expression at similar level to 100 nM TBT in
NT2/D1 cells (Fig. 3C). confirming the agonistic effect of
RGZ on PPARy expression described in previous report
(Benkirane ef af., 2006). These data suggest that TBT
induces G2/M cell cycle arrest in NT2/D1 cells through a
non-genomic pathway. We next examined the involvement
of the non-genomic target NAD-IDH. We used an NAD-
IDH inhibitor apigenin (Arango e/ a/., 2013) at 10 uM,
which reduced NAD-IDH activity to a level (22.4%)
(Fig. 4A). As previously reported, 100 nM TBT had a
similar inhibitory effect (24.4%: Yamada e/ /., 2014).
Treatment with apigenin (10 uM, 48 hr) decreased G
phase ratio (58.6% decrease) and increased G2/M phase
ratio (98.1% increase) (Figs. 4B and C). Similar to TBT,
apigenin reduced protein expression of ¢de25C and cyelin
B1 without affecting gene expression (Figs. 4D and F).
To further confirm the effect of apigenin, we performed
knockdown (KD) experiments of NAD-1DHu, the
catalytic subunit of NAD-IDH, using lentivirus-delivered
shRNAs. Real-time PCR analysis showed that KD
cfficiency was approximately 40% (Yamada er al.. 2014),
We could not obtain more highly KD cells because of cell
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Effect of TBT on cell eyvele progression in NT2/D1 cells, Cells were exposed to 100 nM TA or TBT for 24, 48 or 72 hr.

Cells were stained with propidium iodide (P1). Cell cycle distribution was determined by flow cytometric analyvsis of the
DNA content on BD FACS Aria 11. Representative cell eyele data in control (A) and TBT (B)-treated cells. The area ratio of

Gl (C), G2/M (D) and S (1) phases was determined by Modfit LT 4.0. Data represent mean = S.D. (n =

death. Due to partial KD of the NAD-IDHa gene, NAD-
IDH activity decreased by 22%. which is comparable to
its decreased levels by TBT. In our previous studies, we
observed that NAD-IDHo KD recovered the inhibitory
effect of TBT on ATP content (Yamada ef f., 2014). This
might be because the TBT target NAD-IDHa was already
inhibited by shRNA and further inhibition by TBT was not
observed in the knockdown cells. Similar to these data,
NAD-IDHuo KD abolished the TBT-induced G| phase
reduction and G2/M phase increase (Figs. 5A and B).
suggesting the involvement of NAD-IDH on TBT effects.

NAD-IDHa KD tended to decrease the proportion of

cells in the G1 phase (24.1% + 0.55 to 23.2% + 0.34) and
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increase the proportion of cells in the G2/M phase (17.5%
+ 1.6 t0 20.3% = 0.62). compared with control (Figs. 5A
and B). Moreover, NAD-IDHa KD also abolished the
(Fig. 5C). NAD-IDHa KD reduced the basal levels of
cde25C and cyclin Bl proteins, compared with control
(Fig. 5C). These data suggest that NAD-IDH mediates
TBT-induced G2/M cell cycle arrest in NT2/D1 cells,
To further confirm the involvement of NAD-IDH, we
treated the cells with dimethyl u-ketoglutarate (DMKG),
a cell-permeable analog of a-ketoglutarate (Willenborg
et al., 2009). Incubation with DMKG prevented TBT-
induced G2/M cell cycle arrest in NT2/D1 cells and
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recovered the ratio of Gl and G2/M phases to the basal
level (Figs. 6A and B). DMKG treatment also recovered
TBT-induced protein reduction of ¢cde25C and cyclin Bl
{Fig. 6C). Taken together, these data suggest that NAD-
IDH mediates TBT-induced G2/M cell cycle arrest via
¢de25C reduction in NT2/D1 cells.

DISCUSSION

Our data suggest that nanomolar TBT levels induce
G2/M cell cycle arrest through the protein reduction of
¢de25C and thereafter cyclin B1 (Figs. 1 and 2). Since
the protein expression of p53 is decreased after TBT
exposure, TBT-induced G2/M cell cycle arrest seems to
be p53 independent. Consistent with our data, recent study
has reported that nearly micromolar TBT levels induce
G2/M cell eycle arrest in human amniotic cells via protein
phosphatase (PP) 2A inhibition-mediated extracellular-
signal-regulated kinase (ERK) inactivation (Zhang et
al., 2014). Since we did not observe the reduction of
phospho-ERK in NT2/D1 cells after nanomolar levels
of TBT exposure (data not shown), the mechanism of
inducing G2 arrest may differ depending on the TBT
levels and cell type. Moreover, several chemical stressors
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have been reported to cause G2/M cell cycle arrest
through the protein reduction of cell cycle regulators
(Chaudhary er al., 2013; Nam et al., 2010; Ouyang ef al.,
2009). For instance. 4-Hydroxynonenal, an inducer of
oxidative stress, causes DNA damage and induces G2/M
cell cycle arrest in hepatocellular carcinoma HepG2
and Hep3B cells, following reduction of ¢de25C and
thereafter cyclin B1 proteins in a pS3-independent manner
(Chaudhary ef al.. 2013). Reduction of ¢dc25C protein
may be mediated by the ubiquitin-proteasome sys-
tem in NT2/D1 cells. Cde25C has been reported to be
degraded via ubiquitination by BRCA1 during G2/M
cell cycle arrest in breast cancer cell lines (Shabbeer e/
al.. 2013). During G2/M cell cycle arrest, another cell
cycle regulators. such as PIk1, cde25A and CDKI, are
also known to be degraded by ubiquitin ligases, such as
multi-subunit E3 ubiquitin ligases, Skp1-Cullinl-F-box
Complex (SCF) or Anaphase Promoting Complex (APC)
(Bassermann and Pagano., 2010). Further studies should
determine whether ubiquitin ligases are involved in TBT-
induced c¢dc25C reduction and subsequent G2/M cell
cycle arrest in embryonic cells.

Our data using apigenin showed that TBT-induced
G2/M cell cycle arrest is caused by NAD-IDH inhibition
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(Fig. 4) and the data were verified by NAD-IDH
knockdown and DMKG experiments (Figs. 5, 6). We used
apigenin as a NAD-IDH inhibitor. We also confirmed the
data by knockdown experiments. Since Apigenin has been
reported to inhibit not only NAD-1DH but also hnRNPA2
and NF-kB (Arango ef al.. 2013), we can not rule out
the possibility that apigenin-induced G2/M cell cycle
arrest was induced by other targets. Our previous report
indicates that TBT induces mitochondrial dysfunction,
such as impaired mitochondrial morphological dynamics
and reduced ATP production via NAD-IDH in embryonic
carcinoma cells (Yamada et al., 2015). Considering that
NAD-IDH is a mitochondrial enzyme, TBT-induced
G2/M cell cycele arrest is caused by mitochondrial
dysfunction through NAD-IDH inhibition. NAD-1DH
catalyzes the reduction of NAD to NADH, which is
oxidized by the electron transport chain and is required to
generate proton electrochemical gradients across the inner
mitochondrial membrane (Saraste, 1999). Thus, inhibition
of NAD-IDH by TBT may reduce the NADH supply,
thereby dissipating the proton electrochemical gradient.
Intracellular Ca?* may be also involved in mitochondrial
dysfunction. Previous reports have shown that several
anticancer drugs induce G2/M cell cycle arrest and
apoptosis by depolarizing mitochondrial membrane
potential and increasing intracellular Ca* (Fang ef al.,
2014: Guo et al., 2014). With respect to intracellular
Ca*. there has been also reported that TBT induces
mobilization of Ca2' from intracellular stores and results
in phosphorylation of MAPKs because ils suppression by
chelation of intracellular Ca?* in human T lymphoblastoid
cells (Yu et al., 2000). Thus, Ca’ release from depolarized
mitochondria may induce G2/M cell cycle arrest after
TBT exposure. Further studies should determine how the
downstream signaling of NAD-IDH induces reduction of
the ¢de25C protein and subsequent G2/M cell cycle arrest
after TBT exposure in embryonic cells.

In our previous studies, we have observed that TBT
degrades mitofusin proteins and induces mitochondrial
fission via the NAD-IDH inhibition. Moreover. we have
also shown that TBT results in growth arrest by targeting
the glycolytic systems (Yamada ef «/., 2014). Both mito-
chondrial fission and glycolysis have been reported 1o be
linked to cell eyele alterations (Yamamori ¢f al., 2015;
Zhai et al.. 2013). Thus, we are currently investigating
whether TBT-induced mitochondrial fission or glycolytic
inhibition are linked to G2/M cell cycle arrest or not.

In summary. we demonstrate that TBT mediates G2/M
cell eycle arrest through inhibition of NAD-IDH, repre-
senting a novel non-genomic pathway of TBT-induced
toxicity (Fig. 7). These negative effects of TBT on the
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Fig. 7. Proposed model of TBT toxicity through non-genomic
pathways in human embryonic carcinoma cells. Na-
nomolar TBT levels inhibit NAD-1DI activity. T3]
induces G2/M cell eyele arrest via the protein reduc-
tion of ede25C and its downstream target, cyclin Bl.
This TBT-induced G2/M cell eyele arrest may mediate
cell growth inhibition.

cell cycle could result in direct inhibition of cell growth.
Thus, TBT-induced G2/M cell cycle arrest via NAD-1DH
in embryonic cells may represent a novel mechanism of
cytotoxicity associated with nanomolar level exposure of
EDCs.
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Nicotine is considered to contribute to the health risks associated with cigarette smoking. Nicotine exerts
its cellular functions by acting on nicotinic acetylcholine receptors (nAChRs), and adversely affects
normal embryonic development. However, nicotine toxicity has not been elucidated in human embry-
onic stage. In the present study, we examined the cytotoxic effects of nicotine in human multipotent
embryonal carcinoma cell line NT2/D1. We found that exposure to 10 uM nicotine decreased intracellular
ATP levels and inhibited proliferation of NT2/D1 cells. Because nicotine suppressed energy production,
which is a critical mitochondrial function, we further assessed the effects of nicotine on mitochondrial
dynamics. Staining with MitoTracker revealed that 10 M nicotine induced mitochondrial fragmentation.

Keywords:
Embryonic cells
Cigarette smoking

Nicotine
Mitochondrial fission The levels of the mitochondrial fusion proteins, mitofusins 1 and 2, were also reduced in cells exposed to
Mitofusin nicotine. These nicotine effects were blocked by treatment with mecamylamine, a nonselective nAChR

antagonist. These data suggest that nicotine degrades mitofusin in NT2/D1 cells and thus induces
mitochondrial dysfunction and cell growth inhibition in a nAChR-dependent manner. Thus, mitochon-

drial function in embryonic cells could be used to assess the developmental toxicity of chemicals.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Growing evidence suggest that maternal smoking during preg-
nancy is related to adverse neurodevelopmental outcomes in the
offspring, including lower intelligence quotients and deficits in
learning and memory [1,2]. Nicotine is a naturally occurring alka-
loid that is present in tobacco leaves and is considered to contribute
to the negative effects of cigarette smoking on health [2,3]. Nicotine
exerts its cellular functions by activating nicotinic acetylcholine
receptors (nAChRs), which are heterodimers composed of combi-
nations of different types of o subunit (¢1—210) and f subunit
(B1—pB4) [4]. x8-nAChR has not been identified in human. Recent
studies have shown that nAChRs are present in a variety of cells,
such as cancer cells, vascular smooth muscle, and neural cells
[3—6]. Activation of nAChRs by nicotine promotes the release of
various neurotransmitters (including dopamine, norepinephrine,
acetylcholine, glutamate) [7]. Altered regulation of neurotrans-
mitter levels can adversely affect key events in normal brain

* Corresponding author. 1-18-1, Kamiyoga, Setagaya-ku, 158-8501, Japan.
E-mail address: kanda@nihs.go.jp (Y. Kanda).
! Equally contributed.

http://dx.doi.org/10.1016/j.bbrc.2016.01.063
0006-291X/© 2016 Elsevier Inc. All rights reserved.

development, such as the formation of neural circuits and neuro-
transmitter systems [7,8]. Therefore, it is necessary to elucidate the
cytotoxic effects of nicotine on embryonic development.

Nicotine toxicity has been reported to affect mitochondrial
function both in vitro and in vivo. For example, nicotine exposure
alters mitochondrial membrane potential (MMP), increases an
oxidative stress, and induces apoptosis in colon adenocarcinoma
HCT-116 cell [9]. Another study has shown that nicotine exposure
reduced the activity of an enzyme in the pancreatic mitochondrial
respiratory chain, and impaired glucose-stimulated insulin secre-
tion in neonatal rats [10]. However, the precise mechanisms un-
derlying the effects of nicotine on mitochondrial function remain
largely unknown.

Growing evidence suggest that mitochondria undergo contin-
uous morphological dynamics involving fusion and fission cycles.
These dynamics play a key role in maintenance of normal mito-
chondrial functions, such as ATP production [11]. Mitochondrial
fusion and fission are regulated by several GTPases. Mitofusin 1 and
2 (Mfn1, 2) and optic atrophy 1 (Opal) induce fusion of the outer
and inner mitochondrial membranes, respectively [12,13]. In
contrast, dynamin-related protein 1 (Drp1) is a cytoplasmic protein
that assembles into rings surrounding the outer mitochondrial
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membrane, where it interacts with fission protein 1 (Fis1) to pro-
mote fission [14,15]. For example, pigment epithelium-derived
factor is reported to improve mitochondrial function by stabiliz-
ing mitochondrial fusion in retinal pigment epithelial cells [16]. In
contrast, the anti-tumor agent, doxorubicin, facilitates mitochon-
drial fragmentation and apoptosis by promoting Mfn2 degradation
in sarcoma U20S cells [17].

In the present study, we hypothesized a possible link between
nicotine toxicity and mitochondrial function in human mulitpotent
NT2/D1 cells, which have neural differentiation capability. Our re-
sults showed that exposure to 10 uM nicotine decreased intracel-
lular ATP levels and inhibited cell growth. Moreover, nicotine
exposure induced Mfn degradation and mitochondrial fragmenta-
tion via nicotinic acetylcholine receptors (nAChRs). Thus, nicotine
induces toxicity through impairment of mitochondrial quality
control in human NT2/D1 cells.

2. Materials and methods
2.1. Cell culture

The human multipotent embryonal carcinoma NT2/D1 cells
were obtained from the American Type Culture Collection (Mana-
ssas, VA, USA). SH-SY5Y cells were obtained from European
Collection of Animal Cell Culture (Salisbury, Wiltshire, UK). The
cells were cultured in Dulbecco’s modified Eagle's medium (DMEM,;
Sigma—Aldrich, St. Louis, MO, USA) supplemented with 10% fetal
bovine serum (FBS; Biological Industries, Ashrat, Israel) and
0.05 mg/ml penicillin-streptomycin mixture (Life Technologies,
Carlsbad, CA, USA) at 37 °C in the presence of 5% CO-.

2.2. Cell proliferation assay

Cell viability was measured using the CellTiter 96 AQueous One
Solution Cell Proliferation Assay (Promega, Madison, WI, USA), as
previously described [18]. Briefly, NT2/D1 cells were seeded into
96-well plate and exposed to different concentrations of nicotine.
After exposure to nicotine, One Solution Reagent was added to each
well, and the plate was incubated at 37 °C for another 2 h. Absor-
bance was measured at 490 nm by iMark microplate reader (Bio-
Rad, Hercules, CA, USA).

2.3. Measurement of intracellular ATP levels

The intracellular ATP content was measured using the ATP
Determination Kit (Life Technologies), as previously described [19].
Briefly, the cells were washed and lysed with phosphate-buffered
saline containing 0.1% Triton X-100. The resulting cell lysates
were added to a reaction mixture containing 0.5 mM b-luciferin,
1 mM dithiothreitol, and 1.25 pg/ml luciferase and incubated for
30 min at room temperature. Luminescence was measured using a
Wallac1420ARVO fluoroscan (Perkin—Elmer, Waltham, MA, USA).
The luminescence intensities were normalized to the total protein
content.

2.4. Assessment of mitochondrial fusion

After treatment with nicotine (10 uM, 24 h), cells were fixed
with 4% paraformaldehyde and stained with 50 nM MitoTracker
Red CMXRos (Cell Signaling Technology, Danvers, MA, USA) and
0.1 pg/ml 4’,6-diamidino-2-phenylindole (DAPI; Dojin, Kumamoto,
Japan). Changes in mitochondrial morphology were observed using
a confocal laser microscope (Nikon A1). Images (n = 3-7) of
random fields were taken, and the number of cells displaying
mitochondrial fusion (<10% punctiform) was counted in each
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image, as previously described [20]. The number of cells showing
mitochondrial fission was calculated by subtracting the number of
cells with mitochondrial fusion from the total cell number.

2.5. Real-time PCR

Total RNA was isolated from NT2/D1 cells using TRIzol reagent
(Life Technologies), and quantitative real-time reverse transcrip-
tion (RT)-PCR with QuantiTect SYBR Green RT-PCR Kit (QIAGEN,
Valencia, CA, USA) was performed using an ABI PRISM 7900HT
sequence detection system (Applied Biosystems, Foster City, CA,
USA) as previously described [21]. The relative change in the
amount of transcript was normalized to the mRNA levels of glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH). The following
primer sequences were used for real-time PCR analysis: nAChR«!1,
forward, 5-CTGGACCTACGACGGCTCT-3’ and reverse, 5'-
CGCTGCATGACGAAGTGGT-3’; nAChRa2, forward, 5'-ACACTTCA-
GACGTGGTGATTG-3' and reverse, 5'-CCACTCCTGTTTTAGCCAGAC-

3’; nAChRa3, forward, 5'-ACCTGTGGCTCAAGCAAATCT-3’ and
reverse, 5-GCAGGGACACGCATGAACT-3'; nAChRe4, forward, 5'-
GGAGGGCGTCCAGTACATTG-3' and reverse, 5'-GAA-
GATGCGGTCGATGACCA-3’;  nAChRa5, forward, 5'-AGATG-
GAACCCTGATGACTATGGT-3/ and reverse, 5-
AAACGTCCATCTGCATTATCAAAC-3’;  nAChRa6, forward, 5'-
GGCAGGGATTCCTTCATGGG-3' and reverse, 5'-
GCCTCTCCTCAGTTGCACAG-3'; nAChRa7, forward, 5'-

CATGGCCTTCTCGGTCTTCA-3' and reverse, 5'-CACGGCCTCCAC-
GAAGTT-3’; nAChR«10, forward, 5'-CAGATGCCTACCTACGATGGG-3’
and reverse, 5'-GGGAAGGCTGCTACATCCA-3'; nAChR@1, forward, 5'-
TGAGACCTCACTATCAGTACCCA-3' and reverse, 5'-AGAACCACGA-
CACTAAGGATGA-3';  nAChRB2, forward, 5'-GGTGACAGTA-
CAGCTTATGGTG-3' and reverse, 5'-AGGCGATAATCTTCCCACTCC-3;
nAChR(3, forward, 5'-TGCTGGTTCTCATCGTCCTTG-3’ and reverse,
5'-GCATCTTCATTTTCGGCGATTGA-3’; nAChRG4, forward, 5'-
CAGCTTATCAGCGTGAATGAGC-3’ and reverse, 5-GTCAGGCGG-
TAATCAGTCCAT-3’; Drpl, forward, 5-TGGGCGCCGACATCA-3’ and
reverse, 5'-GCTCTGCGTTCCCACTACGA-3’; Fisl, forward, 5'-
TACGTCCGCGGGTTGCT-3’ and reverse, 5'-
CCAGTTCCTTGGCCTGGTT-3’; Mfnl, forward, 5-GGCATCTGTGGCC-
GAGTT-3' and reverse, 5'-ATTATGCTAAGTCTCCGCTCCAA-3’; Mfn2,

forward, 5'-GCTCGGAGGCACATGAAAGT-3’ and reverse, 5'-
ATCACGGTGCTCTTCCCATT-3’; Opal, forward, 5-
GTGCTGCCCGCCTAGAAA-3’ and reverse, 5'-TGA-
CAGGCACCCGTACTCAGT-3/; GAPDH, forward, 5-
GTCTCCTCTGACTTCAACAGCG-3’ and reverse, 5'-

ACCACCCTGTTGCTGTAGCCAA-3'.
2.6. Western blot analysis

Western blot analysis was performed as previously reported
[22]. Briefly, the cells were lysed with Cell Lysis Buffer (Cell
Signaling Technology). The proteins were then separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
electrophoretically transferred to Immobilon-P (Millipore, Billerica,
MA, USA). The membranes were probed with anti-Drp1 mono-
clonal antibodies (1:1000; Cell Signaling Technology), anti-Fis1
polyclonal antibodies (1:200; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti-Mfn1 polyclonal antibodies (1:1000; Cell
Signaling Technology), anti-Mfn2 monoclonal antibodies (1:1000;
Cell Signaling Technology), anti-Opal monoclonal antibodies
(1:1000; BD Biosciences), and anti-f-actin monoclonal antibodies
(1:5000; Sigma—Aldrich). The membranes were then incubated
with secondary antibodies against rabbit or mouse IgG conjugated
to horseradish peroxidase (Cell Signaling Technology). The bands
were visualized using the ECL Western Blotting Analysis System (GE
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Healthcare, Buckinghamshire, UK), and images were acquired using
a LAS-3000 Imager (FUJIFILM UK Ltd., Systems, Bedford, UK).

2.7. Chemicals and reagents

Nicotine was obtained from Wako Pure Chemicals (Osaka,
Japan). Mecamylamine hydrochloride (MCA) and m-chlor-
ophenylhydrazone (CCCP) were obtained from Sigma—Aldrich.

2.8. Statistical analysis

All data were presented as means + S.D. ANOVA followed by
post hoc Fisher test was used to analyze data in Fig. 1A and B and
Figs. 2—4C. Student's t-test was used to analyze data in Fig. 4A. P-
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Fig. 1. Nicotine inhibits cell proliferation via intracellular ATP decrease in NT2/D1 cells.
A. Cells were exposed to different concentrations of nicotine for 72 h. Cell viability was
examined using the CellTiter 96 AQueous One Solution Cell Proliferation Assay. B. After
treatment with different concentrations of nicotine for 24 h, intracellular ATP content
was determined in cell lysates. Data represent the mean + SD (n = 3). *P < 0.05.
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Fig. 2. Nicotine reduces intracellular ATP levels via nAChRs in NT2/D1 cells. A.
Expression of AChR subtypes was analyzed by real-time PCR in NT2/D1 cells. The
relative changes were determined by normalizing with GAPDH. B. After treatment with
10 uM nicotine and/or 30 uM MCA for 24 h, intracellular ATP content was determined
in cell lysates. Data represent the mean + SD (n = 3). *P < 0.05.

values less than 0.05 were considered to be statistically significant.

3. Results
3.1. Cytotoxic effects of nicotine in NT2/D1 cells

To examine the effects of nicotine on human multipotent em-
bryonic cells, we exposed the cells to different concentrations of
nicotine for 72 h and measured cell viability by MTT assay using
human multipotent embryonic carcinoma NT2/D1 cells, which
have an ability to differentiate into neuronal cells. We found that
treatment with 10 uM nicotine significantly inhibited cell prolif-
eration (Fig. 1A). Similarly, exposure to 10 pM nicotine significantly
reduced the ATP content of the cells (Fig. 1B). To further investigate
whether the nicotine effects are selective for undifferentiated cells,
we used human SH-SY5Y neuroblastoma cells. We found that
exposure to 10 uM nicotine had little effect on proliferation and ATP
content of SH-SY5Y cells (Fig. S1).

We next examined the nAChR mRNA levels by real-time PCR and
confirmed that nAChR subtypes except 9-nAChR were expressed
in NT2/D1 cells (Fig. 2A). To examine whether the inhibition of ATP
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Fig. 3. Nicotine induces mitochondrial fission via nAChRs in NT2/D1 cells. A. Cells were
exposed to 10 uM nicotine, in the presence or absence of 30 M MCA, for 24 h. The cells
were stained with MitoTracker Red CMXRos and DAPI and mitochondrial morphology
was observed by confocal laser microscopy. Bar = 20 um. B. The number of cells
showing mitochondrial fusion (<10% punctiform) was counted in three independent
captured images. The number of cells showing mitochondrial fission was calculated by
subtracting the number of cells with mitochondrial fusion from the total cell number.
*P <0.05.

production is mediated via the nAChRs, we tested the effect of
nAChR antagonist on the ATP content. As shown in Fig. 2B, a non-
selective nAChR antagonist mecamylamine (MCA) abolished the
nicotine-induced reduction of ATP content. MCA alone did not
affect the ATP level. These data suggest that nicotine decreases the
ATP content via its nAChR and inhibits cell proliferation in NT2/D1
cells.
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3.2. Effects of nicotine on mitochondrial morphology in NT2/D1
cells

Mitochondrial function, including ATP production, are main-
tained by mitochondrial fusion and fission [11]. Since nicotine
reduced intracellular ATP levels, we next focused on the mito-
chondrial dynamics in NT2/D1 cells. Nicotine exposure (10 pM,
24 h) significantly increased the number of fragmented mito-
chondria with punctate morphology, as compared to the level
observed in untreated control cells (Fig. 3). Moreover, MCA abol-
ished this nicotine-induced mitochondrial fragmentation (Fig. 3).
MCA alone did not affect mitochondrial dynamics. In contrast to
NT2/D1 cells, nicotine did not significantly affect the mitochondrial
dynamics in SH-SY5Y neuroblastoma cells (Fig. S1). These results
suggest that nicotine induces mitochondrial fission via nAChRs in
NT2/D1 cells.

3.3. Nicotine reduces Mfn1 and Mfn2 protein levels in NT2/D1 cells

To examine the molecular mechanism by which nicotine in-
duces mitochondrial fragmentation, we assessed its effects on
mitochondrial fission (Fis1, Drp1) and fusion genes (Mfn1, Mfn2,
Opal). Real-time PCR analysis showed that each gene expression
was not significantly altered by nicotine exposure (Fig. 4A). Inter-
estingly, western blot analysis revealed that nicotine did signifi-
cantly decrease the levels of Mfn1 and Mfn2 proteins (Fig. 4B and
C). In contrast, the levels of other proteins, including Fis1, Drp1, and
Opal, were not affected by nicotine. These data suggest that
nicotine-induced mitochondrial fragmentation is caused by the
degradation of Mfn1 and Mfn2 proteins.

4. Discussion

In the present study, we demonstrated that exposure to
micromolar levels of nicotine impairs mitochondrial quality control
in human multipotent embryonic carcinoma cells. Exposure to
nicotine induces nAChR-dependent degradation of Mfn1 and Mfn2,
thereby promoting mitochondrial fragmentation. These negative
nAChR-mediated effects of nicotine on mitochondrial quality con-
trol could inhibit ATP production and cell viability.

Undifferentiated embryonic cells may tend to be sensitive to the
growth inhibitory effects of nicotine, whereas proliferative and
protective effects of nicotine have been described in more devel-
oped somatic cells [23—27]. Our studies showed that treatment
with 10 uM nicotine reduces cell growth in human embryonic cells
(Fig. 1), whereas the growth of human neuroblastoma SH-SY5Y
cells is not affected (Fig. S1). Previous study has also shown that
exposure to more than 1.8 uM nicotine inhibits cell adhesion and
induces apoptosis in human embryonic stem cells [28]. The con-
centrations of nicotine tested in our study were relevant to the
circulating levels of nicotine in cigarette smokers, which have been
reported to range from 10 nM to 10 uM [29]; these have the po-
tential to inhibit the growth of embryonic cells. In contrast to these
growth inhibitory effects, nicotine is known to stimulate the pro-
liferation of hematopoietic and neuronal progenitors [23—25]. In
addition, nicotine is reported to protect rat basal forebrain neurons
or rat hippocampal neurons from the cytotoxicity of B-amyloid
protein [26,27]. Taken together, nicotine effects in undifferentiated
embryonic cells contains different mechanisms from developed
somatic cells. Therefore, further studies are required to elucidate
the mechanism of cell stage-specific effects using embryonic and
differentiated cells.

Our data suggest that nicotine induces mitochondrial fission
through the degradation of Mfn1 and Mfn2 (Figs. 3 and 4).
Consistent with this finding, chemical stressors have been reported



304

>

N. Hirata et al. / Biochemical and Biophysical Research Communications 470 (2016) 300—305

2 -
O control
=) W Nicotine
g 15 |
c
ke
&
o 1 A
S
X
o
o
& 05 “
(O]
O b= | T T T T
Mfn1 Mfn2 Opal Drp1 Fis1
B o C
T £ g
= 9]
S ‘Z—’- 8 2 O control
o % * @ Nicotine
Mfn1 | — s - 5 * @ CCCP
% 1.5
Mfn2 | — 5
5 1
Opal | T e =
@
9
Drpt [ . o] T 05
Fis1 |_ — — ‘
0 T T T T o |
B-actin | — — — ‘ Mfn1  Mfn2 Opal Drp1  Fist

Fig. 4. Nicotine reduces Mfn1 and Mfn2 protein levels in NT2/D1 cells. A. After exposure to 10 pM nicotine for 24 h, the expression of the indicated mitochondrial genes was
analyzed by real-time PCR. The relative changes were determined by normalizing with GAPDH. B. After exposure to 10 pM nicotine or 10 uM CCCP for 24 h, the expression of
mitochondrial proteins was analyzed by western blot using anti-Drp1, anti-Fis1, anti-Mfn1, anti-Mfn2, anti-Opa1, or anti-B-actin antibodies. C. The band densities were analyzed by
Image] software. Relative changes in expression were determined by normalization to B-actin. Data represent the mean + SD (n = 3). *P <0.05.

to cause mitochondrial fission via Mfn degradation. For example,
organotin compounds such as tributyltin induce proteasomal
degradation of Mfn1 and Mfn2, which facilitates mitochondrial
fragmentation and growth arrest in NT2/D1 cells [30,31]. Since
nicotine showed similar effects in NT2/D1 cells, nicotine exposure
may also degrade Mfn1 and Mfn2 via proteasome. Moreover, an
inhibitor of mitochondrial calcium efflux, CGP37157, is reported to
degrade Mfn1 via E3 ubiquitin ligase and induce mitochondrial
fission in prostate cancer LNCaP cells [32]. Further studies will be
necessary to determine whether ubiquitin ligases are involved in
nicotine-induced Mfn1 and Mfn2 degradation in embryonic cells.

Our data suggest that nicotine toxicity is mediated by dysfunc-
tional mitochondrial quality control, which occurs via a nAChR-
dependent mechanism (Figs. 2 and 3). Nicotine has been reported
to evoke extracellular calcium influx through plasma membrane
nAChRs [4]. Moreover, a transient increase in intracellular calcium
levels is known to cause mitochondrial calcium overload, which is
followed by the depolarization of the mitochondrial membrane,
resulting in a loss of MMP [33,34]. In other cell lines, MMP reduc-
tion is reported to induce the mitochondrial translocation of the E3
ubiquitin ligase, Parkin, which targets the Mfn protein for protea-
somal degradation [35]. Therefore, nicotine may increase intracel-
lular calcium entry via nAChRs, thus reducing the MMP and

inducing mitochondrial translocation of E3 ubiquitin ligases; this
increases the proteasomal degradation of Mfn1 and Mfn2. Several
reports indicate that knockdown of Mfn1 and Mfn2 in the cells
induces mitochondrial fragmentation and shows severe cellular
defects, including decreased ATP content and poor cell growth
[36,37]. Especially, Mfn2 has been reported to be necessary for
striatal axonal projections of midbrain dopamine neurons by the
studies using dopamine neuron-specific Mfn2 knockout mice [38].
Taken together, Mfn1 and Mfn2 might be involved in several
nAChR-mediated effects of nicotine, such as the reduction of ATP
content, growth inhibition, and modulation of synaptic trans-
mission. In future studies, it will be necessary to investigate the
precise mechanism involved in nicotine-induced Mfn degradation,
which results in mitochondrial fission and impaired function.
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ABSTRACT

The inhibition of neural crest cell (NCC) migration has been considered as a possible
pathogenic mechanism underlying chemical developmental toxicity. In this study, we
examined the effects of 13 developmentally toxic chemicals on the migration of rat
cephalic NCCs (cNCCs) by using a simple in vitro assay. cNCCs were cultured for 48 h
as-.emigrants from rhombencephalic neural tubes explanted from rat embryos at day 10.5
of gestation. The chemicals were added to the culture medium at 24h of culture.
Migration of cNCCs was measured as the change in the radius (radius ratio) calculated
from the circular spread of cNCCs between 24 and 48 h of culture. Of the chemicals
examined, 13-cis-retinoic acid, ethanol, ibuprofen, lead acetate, salicylic acid, and
selenate inhibited the migration of cNCCs at their embryotoxic concentrations; no effects
were observed for acetaminophen, caffeine, indium, phenytoin, selenite, tributyltin, and
valproic acid. In a cNCC proliferation assay, ethanol, ibuprofen, salicylic acid, selenate,
and tributyltin inhibited cell proliferation, suggesting the contribution of the reduced cell
number to the inhibited migration of cNCCs. It was determined that several
developmentally toxic chemicals inhibited the migration of cNCCs, the effects of which

were manifested as various craniofacial abnormalities.

Key words

Developmental toxicity; Embryo; Migration assay; Neural crest cell; Rat
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INTRODUCTION

In vertebrate embryos, neural crest cells (NCCs) migrate to various tissues throughout
the body and contribute to tissue organization; malfunction NCCs of can lead to
dysmorphologies, tumors and syndromes called neurocristopathies (Hall 2009; Le
Douarin & Kalcheim 1999). The inhibition of NCC migration has, therefore, been
considered as a possible pathogenic mechanism underlying chemical developmental
toxicity. It has been shown, for example, that all-trans-retinoic acid, a well-known
teratogen, inhibits the migration of cephalic NCCs (cNCCs), causing branchial
abnormalities in cultured mouse and rat embryos (Menegola et al. 2004).

The effects of chemicals on the migration of NCCs in mammals, however, have not
been fully investigated, probably because no convenient experimental methods are
available. The migration of NCCs has been examined by time-lapse video image analysis
of fluorescence-labeled cells (Fuller et al. 2002; Kawakami et al. 2011), or by human
neural crest stem cells with scratch assay (Zimmer et al. 2012). These methods are
complicated and therefore not ideal for testing of chemicals in a common toxicity
laboratory.

Recently, we established a simple in vitro assay that enabled examination of the effects
of chemicals on the migration of cNCCs and trunk NCCs (tNCCs) (Usami et al. 2014b).
In this method, NCCs are cultured as emigrants from isolated neural tubes of day 10.5 rat
embryos. The cultured NCCs are exposed to test chemicals and their migration is
determined as the radius ratio calculated from circular spread of the NCCs during the
exposure period. Using this method we examined the effects of 13 developmentally toxic
chemicals on the migration of cNCCs. We also examined the effects of chemicals on the

proliferation of cNCCs, because this migration assay depends on the spread of cells and
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can therefore be influenced by the cell number.

We selected developmentally toxic chemicals on the basis of our interest in our related
study such as proteomics of embryos (Usami et al. 2014a; Usami et al. 2009; Usami et al.
2008) and metabolomics of hepatocytes (Kim et al. 2014) since there was little
information about the effects of chemicals on the migration of cNCCs. However, we
considered that the chemicals include both ones might affect cNCC migration, e.g.,
ethanol, and selenate, and ones might not, e.g., indium, and tributyltin, which was

speculated from their potential to cause craniofacial abnormality.
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MATERIALS AND METHODS
Animals

Wistar rats (Crj: WI, Charles River Japan Inc., Kanagawa, Japan) were used. Pregnant
rats were obtained by mating female and male rats overnight, and the plug day was
designated as day 0.5 of gestation. All the animal experiments were performed according

to the guidelines for animal experiments of the National Institute of Health Sciences.

Chemicals

Acetaminophen (CAS 103-90-2), 13-cis-retinoic acid (CAS 4759-48-2), ibuprofen
(CAS 31121-93-4), salicylic acid (CAS 54-21-7), selenate (CAS 13410-01-0), and
selenite (CAS 10102-18-8) were purchased from Sigma-Aldrich Co. (St. Louis, MO).
Caffeine (CAS 58-08-2), ethanol (CAS 64-17-5), indium (CAS 22519-64-8), lead acetate
(CAS 6080-56-4), phenytoin (CAS 57-41-0), and tributyltin (CAS 1461-22-9) were
purchased from Wako Pure Chemical Industries (Osaka, Japan). Valproic acid (CAS

1069-66-5) was purchased from Merck Co. (Darmstadt, Germany).

Culture of NCCs

Rat NCCs were cultured as emigrated cells from neural tubes of rat embryos at day 10.5
of gestation as previously described (Usami et al. 2014b), according to the culture
schedule shown in Fig. 1. Neural tubes were excised from the rhombencephalic (for
cNCCs) or trunk (for tNCCs) region of the embryos in Hanks’ balanced salt solution with
sharpened tungsten needles. The excised neural tubes were cultured in 35-mm culture
dishes (BD Primaria; Becton, Dickinson and Company, Franklin Lakes, NJ) containing 2
ml of Dulbecco’s Modified Eagle Medium with high glucose (DMEM; GIBCO, Life
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Technologies Corp., Carlsbad, CA) and 10% (v/v) fetal bovine serum (GIBCO) at 37°C
with 5% CO,, for 48 h.

Phase-contrast images of cultured NCCs were recorded digitally at a magnification of
%10 with a microscope at 24 and 48 h of culture (BZ-9000; Keyence, Osaka, Japan). In
the proliferation assay, the neural tube was removed at 18 h of culture, and the cell nuclei
were stained with 4',6- diaminodino-2-phenylindole (DAPI, Invitrogen) and fluorescent
images were photographed with the microscope at 48 h of culture. Representative

photographs of the cNCCs are shown in Fig. 2.

Addition of chemicals

The chemicals were added at 24 h of culture by replacing the culture medium. For
addition to the culture medium, caffeine, ethanol, salicylic acid, selenate, selenite, and
valproic acid were directly dissolved in or diluted with the culture medium.
Acetaminophen, 13-cis-retinoic acid, phenytoin, and tributyltin were dissolved in or
diluted with dimethyl sulfoxide and 5 pl each of the solutions was added to 5 ml of the
culture medium. Ibuprofen, indium, and lead acetate were dissolved in pure water and
100 pl each of the solutions was added to 4.9 ml of the culture medium.

The concentrations of the following chemicals in the culture medium were their
embryotoxic concentrations obtained from the literature: acetaminophen (Weeks et al.
1990), caffeine (Robinson et al. 2010; Shreiner et al. 1986), 13-cis-retinoic acid (Lee et al.
1991), ethanol (Usami et al. 2014a), ibuprofen (Guest et al. 1994), indium (Usami et al.
2009), lead acetate (Zhao et al. 1997), phenytoin (Winn 2002), salicylic acid (Greenaway
et al. 1985), selenate (Usami et al. 2008), selenite (Usami et al. 2008), tributyltin (Cooke

et al. 2008; Adeeko et al. 2003), and valproic acid (Guest et al. 1994)

6/28
This article is protected by copyright. All rights reserved.

086



Migration assay of NCCs

The migration distance of NCCs was calculated as the increased radius of the circular
spread of NCCs that emigrated from the neural tubes between 24 and 48 h of culture
(Usami et al. 2014b). The outermost NCCs in each of the cultured neural tubes were
connected with the polygon tool as if a rubber band were put around the cells, and its
inner area was measured as a pixel count. Considering the polygon as a circle, its radius
ratio was calculated: radius ratio = (radius at 48 h - radius at 24 h)/radius at 24 h. This
ratio was then normalized as a percent of the simultaneous control to express the NCC

migration for comparisons among experiments.

Proliferation assay for NCCs

NCC proliferation was evaluated as a ratio of the cell count at 48 h to that at 24 h of
culture, and the effects of chemicals were examined. The cells were counted manually at
24 h on the phase-contrast image with the Cell Counter plugin of the ImageJ software
(http://rsb.info.nih.gov/ij/, 1997-2009; Rasband, W.S., ImageJ, U. S. National Institutes
of Health, Bethesda, MD, USA). The cell count at 48 h was estimated as the count of
stained cell nuclei from the fluorescence image with the Hybrid Cell Count function of
the BZ-X Analyzer software (Keyence). The average cell counts in an intact control
group were 170.6 at 24 h and 272.1 at 48 h (n = 10). Two proliferation indices, the cell
count ratio and the cell proliferation ratio, were calculated as follows: cell count ratio =
cell count at 48 h/cell count at 24 h, and cell proliferation ratio = (cell count at 48 h - cell
count at 24 h)/cell count at 24 h.

Although these indices are basically the same, the latter is more suitable for representing
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the proliferation rate and the former is more useful for comparison with the migration
index. These indices were normalized to the control to allow for comparisons among

experiments.

Statistical analysis
Statistical significance of the difference between the experimental groups was

examined by the Student t test at a probability level of 5%.
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RESULTS
Effects of chemicals on the migration of cNCCs

Of the 13 chemicals we tested, six chemicals, that is, 13-cis-retinoic acid, ethanol,
ibuprofen, lead acetate, salicylic acid, and selenate, significantly inhibited the migration
of ctNCC:s at their embryotoxic concentrations. 13-cis-Retinoic acid reduced the
migration of cNCCs by approximately 13% at concentrations of 3 and 10 uM (Fig. 3A).
Ethanol, ibuprofen, salicylic acid and selenate reduced the migration of cNCCs by 10.5%
at 195 mM, 15.9% at 2 mM, 8.5% at 3 mM and 16.2% at 150 UM, respectively (Figs. 3B
-E).

Lead acetate reduced the migration of cNCCs by 11.6% at 3 uM and by 30.0% at 10 uM
in an initial experiment (Fig. 3F). Because evaluation of the toxic effects of lead at low
exposure levels is important for human health, two lower concentrations were added
stepwise so that the no-observed-effect level could be estimated. Lead acetate reduced the
migration of cNCCs significantly by 8.7% at 1 uM; however, the decrease (6.4%) was not
significant at 0.1 puM (Fig. 3G).

The remaining seven chemicals, that is, acetaminophen, caffeine, indium, phenytoin,
selenite, tributyltin, and valproic acid, had no significant effects on the migration of
CNCCs even at high concentrations (Figs. 4A-G). Indium did not affect the migration of
cNCCs and tNCCs in the experiments (Fig. 4C). These experiments for indium were
performed at a single concentration for cNCCs and tNCCs because indium showed no
effects on the migration of cNCCs in a pilot study and because indium has been reported

to cause malformation in the caudal part of rat embryos (Nakajima et al. 2008).
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Effects of chemicals on the proliferation of cNCCs

Effects on the proliferation of cNCCs were examined in the case of six chemicals (i.e.,
13-cis-retinoic acid, ethanol, ibuprofen, lead acetate, salicylic acid, and selenate) that
showed inhibitory effects on the migration of cNCCs. The effects of tributyltin on cNCC
proliferation were also examined because of our interest in another research project. To
reduce the number of animals to be used, two chemicals with the same vehicle were
examined concomitantly when possible. In the control groups, the actual cell count
increased by approximately 50% during the 24-h exposure period.

13-cis-Retinoic acid did not significantly reduce the proliferation of cNCCs at
concentrations of 3 and 10 uM, the same concentrations at which it inhibited the
migration of cNCCs, although the cell count ratio and the cell proliferation ratio were
lowered by 2.5% and 9.7%, respectively, at 3 UM compared to the control group (Fig.
5A).

Ethanol, ibuprofen, salicylic acid, and selenate significantly reduced the cell count ratio
by 16.3%, 14.1%, 12.3%, and 20.6%, and the cell proliferation ratio by 59.0%, 43.0%,
33.1%, and 55.4%, respectively, at the same concentrations (195 mM, 2 mM, 3 mM, and
150 pM, respectively) at which they inhibited the migration of cNCCs (Fig. 5B - D).

Lead acetate increased the cell count ratio by 2.2% and the cell proliferation ratio by
6.6% at 1 M concentration, the lowest effective concentration for inhibiting the
migration of cNCCs, although these differences were not statistically significant (Fig.
5C).

Tributyltin reduced the cell count ratio by 9.2% and the cell proliferation ratio by 27.0%
at 100 nM concentration, although no reduction in the migration of cNCCs was observed
(Fig. 5E).
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There was no significant correlation between proliferation inhibition and migration
inhibition when the reduced migration was plotted against the reduced cell count ratio,

suggesting a varied contribution of the latter to the former (Fig. 6).
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DISCUSSION

Here, we observed inhibition of the migration of rat cNCCs by six developmentally
toxic chemicals including those not previously reported to have the inhibitory effects:
ibuprofen, salicylic acid, and selenate. It is speculated that inhibition of the migration of
cNCCs results in reduction of the number of cNCCs at their destination tissues. The
inhibited migration of cNCCs by itself, however, seems insufficient as a pathogenic
mechanism underlying teratogenicity because these chemicals do not necessarily cause
similar malformations. It is probable that the inhibited migration of cNCCs that is not
accompanied by an excessive cell shortage is compensated by accelerated cell
proliferation at their destination tissues. Alternatively, these inhibitory effects may occur
differently in the body of embryos.

From the results of the proliferation assay, it is considered that the reduced cell number
may contribute to the inhibited migration of cNCCs to varying extents depending on the
test chemicals. It is suggested that the migration-inhibitory effects of ethanol, ibuprofen,
and selenate are due in part to the reduced number of cNCCs. In contrast, in the case of
tributyltin, the reduced cell number did not affect the migration of cNCCs. Chemicals that
did not inhibit cell proliferation, for example, 13-cis-retinoic acid, and lead acetate,
appeared to inhibit the migration of cNCCs independent of the cell number.

13-cis-Retinoic acid appeared to more potently inhibit the migration of cNCCs than
all-trans-retinoic acid, because the inhibitory concentration of the former (3 uM) was
found to be lower than that of the latter (10 uM) in our previous study (Usami et al.
2014b). This is inconsistent with the teratogenic potential of the retinoic acids in rats,
where 13-cis-retinoic acid is less teratogenic because of its faster elimination from the

body (Collins et al. 1994). Isolated cNCCs themselves may be more susceptible to
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13-cis-retinoic acid than all-trans-retinoic acid, as suggested by the lower affinity of
13-cis-retinoic acid for cytoplasmic retinoid binding proteins, which may enable easy
access to the cell nucleus (Rihl et al. 2001).

Ethanol is a well-known teratogen causing craniofacial malformations (Schardein &
Macina 2006) and its toxic effects on NCCs have often been investigated. It was
previously shown that ethanol caused apoptotic cell death (Yan et al. 2010) and inhibited
migration (Shi et al. 2014) of NCCs. In the present study, both reduced cell number and
inhibited migration of cNCCs were observed as the effects of ethanol, although the
effective concentration of ethanol was relatively higher than those reported in previous
studies, probably because of species and strain differences in the susceptibility to ethanol
(Wentzel & Eriksson 2008).

Inhibitory effects of ibuprofen and salicylic acid, which are non-steroidal
anti-inflammatory drugs (NSAIDs), on the migration of NCCs have not been reported to
date. Although these NSAIDs are considered non-teratogenic in humans, their
embryotoxic effects, including craniofacial malformations, observed in animal
experiments (Joschko et al. 1993; Kosar 1993) may be related to their
migration-inhibitory effects on cNCCs.

The migration-inhibitory effects of lead acetate in the present study are consistent with
previously reported results for human NCCs derived from embryonic stem cells (Zimmer
etal. 2012). In both studies, lead acetate at 1 uM (20 pg/dl) or higher concentrations
inhibited the migration of NCCs without reduced cell proliferation. It is noted that this
inhibitory concentration is comparable to blood lead levels (40.0 £ 16.5 pg/dl,
mean £ SD) in a certain proportion of pregnant women (Ugwuja et al. 2012). Although

lead caused craniofacial malformations only in cultured rat embryos (Zhao et al. 1997)
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and does not cause major malformations in humans, its migration-inhibitory effects on
cNCCs, as a neuronal progenitor, may be related to functional deficiencies such as
neurological alterations (Flora et al. 2011).

The effects of the two selenium compounds on the migration of cNCCs were different
in the present study; i.e., selenate inhibited the migration of cNCCs while selenite did not.
This difference may be related to the difference in malformed optic vesicles and the
protein expression changes caused by the selenium compounds in cultured rat embryos;
selenate caused enlargement of the optic vesicle (Usami et al. 2008), a destination of
migrating cNCCs (Le Douarin & Kalcheim 1999), and increased the phosphorylated
form (inactive form) of cofilin 1 (Usami et al. 2008), an actin-binding protein essential for
the migration of NCCs (Gurniak et al. 2005), while selenite did not cause either (Usami et
al. 2008). It is thus speculated that selenate inhibits the migration of cNCCs through
inactivation of cofilin 1, which results in malformation of the optic vesicle.

In this context, it is intriguing that ethanol and indium also increased phosphorylated
cofiline 1 in cultured rat embryos (Usami et al. 2014a; Usami et al. 2009). However,
indium did not have inhibitory effects on the migration of cNCCs or tNCCs in the present
study. This may indicate that the increase in phosphorylated cofilin 1 alone is not a
sufficient condition for inhibition of the migration of NCCs, or that it could occur in
different embryonic cells.

The proliferation-inhibitory effects of tributyltin on cNCCs without reduced migration
may be related to its developmental toxicity; treatment of pregnant rats with tributyltin
that caused blood concentrations comparable to those in the present study, reduced the
body weights of pups without causing external malformations (Adeeko et al. 2003; Cooke

et al. 2008).
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It is unknown at present why the proliferation-inhibitory effects of tributyltin were not
accompanied by the inhibited migration of cNCCs. It is unlikely that tributyltin increased
the migration of cNCCs, compensating its proliferation-inhibitory effects. This is because
tributyltin did not have any effects on the migration of ¢cNCCs over the concentration
tested even when the neural tube was removed at 18 h of culture and the cNCCs could
move more freely during the exposure period (data not shown). Rather, the relatively
selective toxicity and accumulation of tributyltin in the mitochondria (Doherty & Irwin
2011) might have no effects on the migration of cNCCs. In any case, no correlation
between proliferation inhibition and migration inhibition means that the NCC migration
assay can not be replaced by usual cytotoxicity assays based on the cell number and is
valuable to investigate the effects of chemicals on the function of NCCs.

While valproic acid did not inhibit the migration of cNCCs in the present study, the
effects of valproic acid on the migration of NCCs are controversial. Valproic acid
inhibited the migration of human NCCs in a scratch assay (Zimmer et al. 2012), but did
not inhibit the migration of chick NCCs in cultured neural tubes (Fuller et al. 2002).
Currently available data indicate that the effects of valproic acid on the migration of
NCCs seem to depend on the assay method and the species used in which it is used.

For other chemicals (acetaminophen, caffeine, and phenytoin) that did not inhibit the
migration of cNCCs, no particular information concerning the involvement of NCCs’
malfunction in their developmental toxicity was found, except that acetaminophen did
not inhibit the migration of human NCCs either (Zimmer et al. 2012).

In conclusion, it was established that several developmentally toxic chemicals inhibit
the migration of cNCCs, which appears differently as craniofacial abnormalities.

Mechanistic investigation is needed to understand the variability in the outcomes of the
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inhibited migration of cNCCs. Our migration assay method will be useful for this purpose

because of its simplicity.
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Legends to the figures

Fig. 1. Culture schedule of for the migration and proliferation assays of cephalic neural
crest cells (cNCCs)

Neural tubes were excised from the rhombencephalic region of day 10.5 rat embryos and
cultured for 48 h to allow the emigration of cNCCs. Chemicals were added to the culture
medium at 24 h. In the proliferation assay, the neural tubes were removed from the culture
dishes at 18h leaving the cNCCs behind, and the cell nuclei were fluorescently stained

before the photography at 48 h.

Fig. 2. Photographs of cephalic neural crest cells (cNCCs) cultured in the migration and
proliferation assays

(A) ctNCCs cultured in the migration assay are shown with blue polygons connecting the
outermost cells for the calculation of the cell migration. (B) cNCCs cultured in the
proliferation assay are shown with blue dots (24 h) or stained cell nuclei (48 h) for the

determination of the cell count.

Fig. 3. Migration of cephalic neural crest cells (c(NCCs) cultured in the presence of
developmentally toxic chemicals with migration-inhibitory effects

Migration indices were calculated as the radius ratio from the circular spread of cNCCs at
24 and 48 h of culture. The mean + standard error of the mean (SEM) values of 6-27
neural tubes are shown. Asterisks indicate statistically significant differences from the

corresponding control (*, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001).

Fig. 4. Migration of cephalic neural crest cells (c(NCCs) cultured in the presence of
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developmentally toxic chemicals without migration-inhibitory effects

Migration indices were calculated as the radius ratio from the circular spread of cNCCs at
24 and 48 h of culture. The mean * standard error of the mean (SEM) values of 8-16
neural tubes are shown. Effects of indium were examined also in trunk neural crest cells

as shown in (C).

Fig. 5. Proliferation of cephalic neural crest cells (cNCCs) cultured in the presence of
developmentally toxic chemicals

The cNCCs were counted at 24 and 48h of culture, and the proliferation indices were
calculated. The mean + standard error of the mean (SEM) values of 7-10 neural tubes are
shown. Asterisks indicate statistically significant differences from the corresponding

control (*, p <0.05; **, p < 0.01; *** p < 0.001).

Fig. 6. Plot of the reduced migration versus the reduced cell count ratio of neural crest
cells cultured in the presence of developmentally toxic chemicals

The reduced migration and reduced cell count ratio were calculated by subtracting the
corresponding data in Figs. 1-3 from 100%. The linear regression line and correlation

coefficient (r) for all the plotted data are shown.

22/28
This article is protected by copyright. All rights reserved.

102



Removal

Attachment Photography
of ( of ) and addition Pholtograi)l'?y
neural tube neural tube/ of chemical (nuclear stain)
I I Exposure to chemical
0 (18) 24 48

Fig. 1

This article is protected by copyright.

Time of culture (h)

CGA_12121 F1

23/28
All rights reserved.

103



Migration
assay

24 h of culture

48 h of culture

Proliferation
assay

24 h of culture 1 mm

48 h of culture

Fig.2

CGA 12121 F2

24/28
This article is protected by copyright. All rights reserved.

104



(A)

1004
504
0-

0 (control) 3 10
13-cis-Retinoic acid (uM)

Control 130 195
Ethanol (mM)

1004 1004 *
50 50

C

.0

©

—

D~

€0 J J

= g 0 (control) 1 2 0 0 (control) 1 3

2 8 Ibuprofen (mM) Salicylic acid (mM)

e

)

ox (E)

(—“ N

—

5

(0]

Z

] ]]

*kk
0 (control) 75 150
Selenate (M)

G)

1004
504

0O(c:ontrol) 0.1 0 (control) 1
Lead acetate (uM)

Fig.3

"0 (control) 3
Lead acetate (UM)

CGA_12121 F3

25/28

This article is protected by copyright. All rights reserved.

105



(A) (B)]
100 1004
50- 50-
970 (control) 0.1 0.3 970 (control) 0.3
Acetaminophen (mM) Caffeine (mM)
(C) {cepnaticnce | Trunk nee (D)j

100+ 100+

50+ : 50
c ]
.0
5
(0]
—
D~ :
g QO 0- : 0-
5 = 0 (control) 50 0O (control) 50 0 (control) 40
© 8 Indium (D) Phenytoin (M)
o)
(0]
sz (E) (F) ]
w© 1
—
S 1004 1004
() ]
Z

50 50

0- 0-

0 (control) 20 0 (control) 30
Selenite (UM) Tributyltin (nM)
1004
50

0.6 1.2
Valproic acid (mM)

) (control)

Fig.4

This article is protected by copyright. All rights reserved.

106




CGA_12121 F4

(A) (B)

1004 100+

070 (control) 3 10 “=70 (control) 195

13-cis-Retinoic acid (uM) Ethanol (mM)

*%
Kk

Cell proliferation index
(% of control)

Ibuprofeﬁ Lead aceta“te 0- Control  Salicylic acid Seleﬁaté'
(2 mM) (1 uM) (3 mM) (150 pM)

Control

Il Cell count ratio
Cell proliferation ratio

"0 (control) 30
Tributyltin (NM)

Fig.5

CGA_12121 F5

27128
This article is protected by copyright. All rights reserved.

107



20+

— r=0.101
Y [ ]
15+ |buprofen Selenate
§ o 13-cis-Retinoic
% 1(;%
o [ ® Ethanol
R Lea(r/ Salicylic acid
E acetate
° 5
3
=]
el . .
K Tributyltin
I T .l T 1 1
5 5 10 15 20 25
.5_

Reduced cell count ratio (%)

Fig.6

CGA 12121 F6

28/28
This article is protected by copyright. All rights reserved.

108



Neuropharmacology 95 (2015) 479—491

Contents lists available at ScienceDirect

Neuropharmacology

journal homepage: www.elsevier.com/locate/neuropharm

MAM-2201, a synthetic cannabinoid drug of abuse, suppresses the @CmssMark
synaptic input to cerebellar Purkinje cells via activation of presynaptic
CB1 receptors

Tomohiko Irie ", Ruri Kikura-Hanajiri b Makoto Usami ¢, Nahoko Uchiyama ,
Yukihiro Goda €, Yuko Sekino "

k%

2 Division of Pharmacology, National Institute of Health Sciences, Tokyo, Japan
b Division of Pharmacognosy, Phytochemistry, and Narcotics, National Institute of Health Sciences, Tokyo, Japan
¢ Division of Drugs, National Institute of Health Sciences, Tokyo, Japan

ARTICLE INFO ABSTRACT

Article history: Herbal products containing synthetic cannabinoids—initially sold as legal alternatives to mar-
ReCE}VEd 26 June 2014 jjuana—have become major drugs of abuse. Among the synthetic cannabinoids, [1-(5-fluoropentyl)-1H-
Received in revised form indol-3-yl](4-methyl-1-naphthalenyl)-methanone (MAM-2201) has been recently detected in herbal

18 December 2014
Accepted 20 February 2015
Available online 5 March 2015

products and has psychoactive and intoxicating effects in humans, suggesting that MAM-2201 alters
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1. Introduction

Marijuana (Cannabis sativa) has been widely abused for recre-
ational purposes and contains the psychoactive compound A°-
tetrahydrocannabinol (A%-THC) (Taura et al., 2007). A°>-THC binds to
cannabinoid receptors type 1 and 2 (CB1R and CB2R), which are G
protein-coupled receptors. CB1Rs are abundantly expressed in the
mammalian brain, whereas CB2Rs are expressed mainly in the
immune system (Showalter et al., 1996; Mackie, 2008; Kano et al.,
2009). The psychoactive effects of A%>-THC are mediated by CB1Rs
(Huestis et al., 2001; Monory et al., 2007). Starting in the late 2000s,
herbal products containing synthetic cannabinoids, which are
chemical compounds produced for the purpose of mimicking the
effects of A°>-THC, became a major class of drugs of abuse, and are
sold as alternatives to marijuana around the world (Auwarter et al.,
2009; Vardakou et al., 2010; Seely et al., 2012; Kikura-Hanajiri et al.,
2013). Among the synthetic cannabinoids, [1-(5-fluoropentyl)-1H-
indol-3-yl](4-methyl-1-naphthalenyl)-methanone (MAM-2201,
Fig. 1A) was recently identified in these herbal products
(Moosmann et al., 2012; Derungs et al., 2013; Kikura-Hanajiri et al.,
2013; Saito et al., 2013; Uchiyama et al., 2013; Lonati et al., 2014). In
humans, abuse of products containing MAM-2201 causes a psy-
chotic state with agitation, aggression, and anxiety, and can cause
serious harm to the user including death. These reports imply that
MAM-2201 exerts potent pharmacological actions on brain func-
tions and causes psychoactive and intoxicating effects. Neverthe-
less, it remains unknown whether MAM-2201 activates CB1Rs and
how MAM-2201 affects neuronal functions such as synaptic
transmission.

Endocannabinoids (eCBs) mediate various types of synaptic
plasticity throughout the mammalian brain. eCBs are released from
postsynaptic neurons in response to synaptic activity and act in a
retrograde manner on presynaptic terminals, to suppress neuro-
transmitter release (Wilson and Nicoll, 2002; Kano et al., 2009;
Regehr et al., 2009). The synaptic effects of eCBs are mediated by
presynaptic CB1Rs. In presynaptic terminals, activation of CB1Rs
mainly inhibits voltage-gated Ca®* channels coupled to exocytosis,
leading to a reduction of neurotransmitter release (Brown et al.,
2004; Kushmerick et al., 2004).

Numerous neurophysiological and neuropharmacological
studies of CB1Rs have been performed on the cerebellum of ro-
dents, which have well-characterized neuronal circuits and play
crucial roles in motor coordination and motor learning (Llinas et al.,
2004; Kano et al., 2009). In the cerebellum, Purkinje cells (PCs) are
the principal GABAergic neurons and provide the sole output from
the cerebellar cortex. PCs receive two types of glutamatergic
excitatory inputs, climbing fibers (CFs) and parallel fibers (PFs). CFs
arise from the inferior olivary complex. Activation of CF-PC syn-
apses induces strong postsynaptic depolarization, which evokes a

A
9

F
MAM-2201

JWH-018

Fig. 1. The chemical structures of [1-(5-fluoropentyl)-1H-indol-3-yl](4-methyl-1-
naphthalenyl)-methanone (MAM-2201, A) and naphthalen-1-yl-(1-pentylindol-3-yl)
methanone (JWH-018, B).

dendritic Ca?* transient and complex spikes consisting of a burst of
several action potentials (spikelets). PFs are the axons of the
granule cells located in the deep layers of the cerebellum and form
numerous en passant synapses on the spines of distal dendrites of
PCs (Llinas et al., 2004). PCs also receive feed-forward inhibition
from GABAergic interneurons in the molecular layer of the cere-
bellar cortex (Mittmann et al., 2005). Neurotransmitter release at
CF-PC, PF-PC, and interneuron-PC synapses is suppressed via acti-
vation of presynaptic CB1Rs (Kreitzer and Regehr, 2001; Diana et al.,
2002; Szabo et al., 2004; Kawamura et al., 2006; Safo et al., 2006).
In vivo administration of synthetic CB1R agonists in mice impairs
cerebellum-dependent motor coordination (DeSanty and Dar,
2001; Patel and Hillard, 2001). Thus, the effects of CB1R agonists
on cerebellar functions are well understood. Therefore, the cere-
bellum is the ideal neuronal circuit to examine the potency of
synthetic cannabinoids, whose actions on neuronal functions have
not been determined.

Here, using whole-cell patch-clamp recordings, we investigated
activity of MAM-2201 in human CB1R (hCB1R)-expressing AtT-20
cells, and then the effects of MAM-2201 on synaptic transmission
in slice preparations of the mouse cerebellum. We found that
MAM-2201 acted as an agonist of hCB1Rs and inhibited excitatory
transmitter release at PF-PC synapses via activation of presynaptic
CB1Rs. MAM-2201 decreased the synaptic transmission more
strongly than A°-THC within the range of 0.1-30 uM and naph-
thalen-1-yl-(1-pentylindol-3-yl)methanone [JWH-018, Fig. 1B, one
of the most popular and potent synthetic cannabinoids detected in
the herbal products (Atwood et al., 2010)], within the range of
0.03—3 pM. Furthermore, MAM-2201 induced presynaptic sup-
pression of CF-PC synapses, leading to a reduction in the number of
spikelets in complex spikes and to attenuated dendritic Ca®*
transients in PCs.

2. Materials and methods
2.1. Cannabinoid-related compounds

MAM-2201 (Fig. 1A) and JWH-018 (Fig. 1B) were purchased from Cayman
Chemical (Ann Arbor, MI, USA). (R)-(+)-[2,3-Dihydro-5-methyl-3-(4-
morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-
naphthalenylmethanone mesylate [WIN55,212-2 (WIN), a CB1R and CB2R agonist]
and N-(Piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyr-
azole-3-carboxamide (AM251, a CB1R antagonist) were purchased from Wako Pure
Chemical Industries (Osaka, Japan) and Tocris Bioscience (Bristol, UK), respectively.
A®-THC was purchased from Cerilliant (Round Rock, TX, USA). These compounds
were dissolved in dimethylsulfoxide as stock solutions. In electrophysiological re-
cordings from AtT-20 cells and from cerebellar PCs, the final concentrations of
dimethylsulfoxide in extracellular solutions were maintained at 0.1 and 0.3% (v/v),
respectively. WIN was used as a positive control, because WIN has been used in
many studies to suppress neurotransmitter release at PF-, CF-, and interneuron-PC
synapses via activation of presynaptic CB1Rs (Kreitzer and Regehr, 2001; Diana
et al., 2002; Safo and Regehr, 2005; Kawamura et al., 2006).

2.2. Heterologous expression of CBIR in AtT-20 cells

AtT-20 cells were obtained from JCRB Cell Bank (Osaka, Japan) and were
maintained in Ham's F-10 medium (GIBCO, Grand Island, NY) supplemented with
10% horse serum (GIBCO), 2.5% fetal bovine serum (GIBCO), and a mixture of peni-
cillin and streptomycin solution (100 unit/mL and 100 mg/mL, respectively; GIBCO)
in a 5% CO; incubator at 37 °C. The cells were plated onto grass coverslips coated
with poly-p-lysine (Sigma—Aldrich, St Louis, MO) for gene transfection. hCB1R
(SC111611; Origene, Rockville, MD; NCBI Reference Sequence: NM_016083.3) (Bruno
et al,, 2014) or mouse CB1R (mCB1R, MC206086; Origene; GenBank: BC079564.1)
cDNAs, and green fluorescent protein (GFP) vector were cotransfected into the cells
ina 9:1 M ratio using Lipofectamine LTX (Invitrogen, Carlsbad, CA) according to the
manufacturer's instructions. Fluorescence of GFP was regarded as an indicator of
transfected cells. Whole-cell patch-clamp recordings were made from the GFP-
positive cells 20—48 h after transfection. The expression of CBIR proteins was
confirmed by immunostaining with the combination of rabbit polyclonal anti-CB1R
antibody (1:2000 dilution, CB1-Rb-Af380, Frontier Institute, Hokkaido, Japan) and
AlexaFluor 568-conjugated goat anti-rabbit IgG secondary antibody (5 pg/mL, A-
11011; Invitrogen) according to the methods described previously (Irie et al., 2014).
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The immunofluorescence signal was observed under a confocal microscope (A1R;
Nikon, Tokyo, Japan; Fig. 2A).

2.3. Electrophysiological recordings from AtT-20 cells

AtT-20 cells were transferred to a recording chamber and continuously perfused
at 2 mL/min with high-K* extracellular solution containing (in mM): 87 NaCl, 60 KCl,
2 CaCl, 1 MgCl,, 10 np-glucose, and 10 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) (pH adjusted to 7.4 with NaOH). The con-
centration of KCl was raised compared to normal extracellular solution to increase
amplitudes of inwardly rectifier potassium currents (Mackie et al., 1995). All ex-
periments were performed at 25 + 1 °C. The cells were visualized by Nomarski optics
and a near infrared-CCD camera (C3077-79; Hamamatsu Photonics, Hamamatsu,
Japan) with a 40 x 0.8 NA numerical aperture water-immersion objective lens
(Olympus, Tokyo, Japan) on an upright microscope (BX51WI; Olympus). GFP-
positive cells were visualized and selected using epifluorescence optics (Olympus).

Patch pipettes were made from borosilicate glass capillaries (GC150F-100; Harvard
Apparatus, Holliston, MA) and had a resistance of 3—5 MQ when filled with a potassium
gluconate-based internal solution containing (in mM): 125 K-gluconate, 10 KCl, 3 MgCl,,
0.1 ethylene glycol tetraacetic acid (EGTA), 5 Na,-ATP, 5 Na,-phosphocreatine, 0.3 Nay-
GTP, and 10 HEPES (pH adjusted to 7.3 with KOH). Whole-cell patch-clamp recordings
were performed from GFP-positive cells, and inward currents were evoked by applying
voltage steps from a holding potential of —25 mV to —110 mV for 200 ms in voltage-
clamp conditions. Membrane capacitance was calculated from the transient current
evoked by applying a small voltage step (—5 mV, 20 ms duration) from a holding po-
tential of —25 mV (Irie et al., 2006). Series resistance was compensated electronically by
70—90%, and the liquid junction potential (—5 mV) was corrected off-line.

Data were collected with Molecular Devices (Sunnyvale, CA) hardware and
software (Multiclamp 700B, Digidata 1440A, Clampex 10.3) as described previously
(Irie et al., 2014), and analyzed using Clampfit 10.3 software (Molecular Devices) and
Igor Pro 6 software (Wavemetrics, Lake Oswego, OR) with the added import func-
tionality provided by ReadPclamp XOP of the NeuroMatic software package (http://
www.neuromatic.thinkrandom.com/). Representative current traces are shown af-
ter averaging four consecutive traces. To obtain inward current densities induced by
MAM-2201 or WIN, the amplitudes of the current were normalized to membrane
capacitances (picoamperes per picofarad, Fig. 2C). The densities were plotted as a
function of the concentration and fit with the sigmoidal function,
Y = Bottom + (Top — Bottom)/(1 + [10] [(LogEC50 — X)*Hillslope]), using
GraphPad Prism 5 (GraphPad Software, San Diego, CA).

2.4. Cerebellar slice preparation and electrophysiological recordings from PCs

ICR mice of either sex [postnatal day (P) 20—57 for Figs. 3—5 and Table 1; P14—20
for Figs. 6 and 7, and Table 2] were used according to the guidelines for animal use of
the National Institute of Health Sciences. Cerebellar slices were prepared as
described previously with some modifications (Shuvaev et al., 2011). Briefly, mice
were anesthetized with halothane and decapitated. Parasagittal slices of the cere-
bellum (200-pum thick) were prepared using a microslicer (PRO7, Dosaka, Kyoto,
Japan) in ice-cold, cutting solution containing (in mM): 234 sucrose, 2.5 KCl, 1.25
NaH;P04, 10 MgSO0y4, 0.5 CaCly, 26 NaHCO3, 11 glucose, and bubbled with 5% C02/95%
0,. The slices were then allowed to recover for 1 h at room temperature in artificial
cerebrospinal fluid (ACSF) solution containing (in mM): 120 Nacl, 2.5 KCl, 2 CaCl, 1
MgCly, 1.25 NaH;PO4, 26 NaHCOs3, 17 glucose, 0.4 ascorbic acid, 3 myo-inositol, 2
sodium pyruvate, and bubbled with 5% C0,/95% O,. In electrophysiological re-
cordings, ascorbic acid, myo-inositol, and sodium pyruvate were omitted.

Cerebellar slices were transferred to a recording chamber, and continuously
perfused at2 mL/min with ACSFat 25 + 1 °C(Figs. 3—6 and Table 1) or near physiological
temperature (34 + 1 °C; Fig. 7 and Table 2). Electrophysiological recordings were done
using the same equipment described above. Excitatory and inhibitory postsynaptic
currents (EPSCs and IPSCs) were recorded in the presence of 100 uM picrotoxin (a GABAa
receptor antagonist, Tocris Bioscience) and 40 uM 6,7-dinitroquinoxaline-2,3-dione
(DNQX, an AMPA/kainate receptor antagonist, Tocris Bioscience), respectively. Patch
pipettes had a resistance of 2—3 MQ when filled with pipette solutions. A CsCl-based and
the K-gluconate-based internal solutions were used for voltage- (Figs. 3—6 and Table 1)
and current-clamp recordings (Fig. 7 and Table 2), respectively. The CsCl-based solution
contained (in mM): 120 CsCl, 20 K-gluconate, 15 tetraethylammonium-Cl, 3 MgCl,, 5
EGTA, 5 Nay-ATP, 5 Nay-phosphocreatine, 0.3 Na,-GTP, 5 QX-314, and 10 HEPES (pH
adjusted to 7.3 with CsOH). The liquid junction potentials (CsCl-based, —4 mV; K-glu-
conate-based, —10 mV) were corrected off-line.

Somatic whole-cell patch-clamp recordings were performed from PCs in lobules [V
to VIII. PF-PC EPSCs and IPSCs were evoked by electrical stimulation of the molecular
layer and recorded at the holding potential of —80 mV. CF-PCEPSCs and complex spikes
were evoked by the stimulation of the granule cell layer. CF-PC EPSCs were recorded at
a holding potential of —10 mV to decrease the driving force for cations through ion-
otropic glutamate receptors. The stimuli (100- to 200-us pulses, 20—80 V amplitude)
were performed with an ACSF-filled patch pipette (tip diameter, 10—15 pm for mo-
lecular layer stimulation and 2—3 pm for the granule cell layer) and applied at 0.1 Hz. In
some experiments, paired-pulse stimulation (50 ms inter-stimulus intervals) was done
to calculate the paired-pulse ratio (PPR), which is an index of the change of neuro-
transmitter release from presynaptic terminals (Zucker and Regehr, 2002; Irie and
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Ohmori, 2008). When postsynaptic currents were recorded, series resistance was
monitored by applying small voltage steps (—10 mV, 20-ms duration), and the records
were discarded if the resistance varied more than 25%. Quantal EPSCs (QEPSCs) from
PFs and CFs were elicited by electrical stimulation (0.1 Hz) with PCs held at —80 mV and
with CaCl; in ACSF replaced with equimolar SrCl, (Xu-Friedman and Regehr, 1999).
Miniature IPSCs (mIPSCs) were recorded at a holding potential of —80 mV in the
presence of 40 uM DNQX and 1 uM tetrodotoxin (TTX; Wako Pure Chemical Industries).
In the start of current-clamp recordings, resting membrane potentials of PCs were
adjusted at —60 to —70 mV by current injection to prevent spontaneous firing, and
series resistance was compensated for using bridge balance and capacitance neutral-
ization. Intrinsic membrane properties were examined by square-wave current in-
jection (500-ms duration, Table 2). Input resistance was measured from averaged
voltage responses evoked by small hyperpolarizing currents (—20 pA). Threshold
current and threshold potential were measured by depolarizing current injections
(from O pA to 200 pA, 20 pA increment). The maximum rate of rise and maximum rate
of fall of action potentials and spike height were calculated from the first action po-
tential waveform evoked at the threshold current. Firing frequency was obtained from
the number of spikes observed during the current injection.

qEPSCs and mIPSCs were detected off-line using the template search function in
the Clampfit 10.3 software. To analyze qEPSCs, data from 200 to 1600 ms after the
stimulus artifact were used. Average cumulative probability histograms were ob-
tained as follows: first, gEPSCs or mIPSCs were recorded more than 300 events from
each cell in the presence or absence of MAM-2201. Then, for each cell, the ampli-
tudes and inter-event intervals were binned, and individual cumulative probability
histograms were plotted. Finally, these histograms were averaged. Representative
EPSC and IPSC traces are shown after averaging four to six consecutive traces, and
stimulus artifacts are truncated. EPSC and IPSC amplitudes were obtained by aver-
aging six consecutive records. The coefficient of variation (CV), which is another
index of the change of neurotransmitter release from presynaptic terminals, was
calculated from 18 consecutive EPSC or IPSC traces (Korn and Faber, 1991). The
inhibitory concentration 50% (IC50) values of the cannabinoid-related compounds
against neurotransmitter release at PF-PC synapses were calculated as follows:
control PF-PC EPSC amplitude was obtained from the averaged EPSCs recorded for
3 min before application of the synthetic cannabinoids. PF-PC EPSC amplitude in the
presence of the cannabinoids was done from the EPCSs recorded for 8 to 10 min after
the application, normalized to the control values, and plotted as a function of the
concentration. The data were fit with the sigmoidal function,
Y =100/(1+ [10] [(LogIC50 — X)*Hillslope]) (Table 1). The reasons for using PF-
PC synapses for measurement of IC50s were as follows: PF-PC synapses exhibit
more stable synaptic transmission than interneuron-PC synapses (Vincent and
Marty, 1996), they are more sensitive to CB1R agonists, and they express CB1R
proteins more abundantly than CF-PC synapses (Kawamura et al., 2006).

2.5. Simultaneous recordings of Ca®* transients and complex spikes

Current-clamp recordings were done from PCs using the K-gluconate-based
intracellular solution in which EGTA was replaced with 100 uM Oregon Green 488
BAPTA-1 hexapotassium salt (OGB-1; Invitrogen, Carlsbad, CA) in the presence of
picrotoxin. PC somata and dendrites were dialyzed with the pipette solution for
30 min to obtain a stable intracellular concentration of OGB-1. Confocal imaging was
then performed with a Nipkow disk confocal scanner unit (CSU-10; Yokogawa
Electric, Tokyo, Japan) attached to the Olympus BX51WI microscope with the 40x
objective lens. A 488 nm beam from a diode laser (Yokogawa Electric) for excitation
was coupled to the scanner unit through an optical fiber. Fluorescence was detected
via a 520 nm long-path filter using an EMCCD camera (iXon3 DU897; Andor Tech-
nology, Belfast, Northern Ireland). The pixels were binned 2 x 2 on the chip, and
images were acquired at 25.8 Hz. Complex spikes were evoked at 0.1 Hz, and the
electrophysiological recordings were synchronized with the acquisition of time-
lapse fluorescent images. The number of spikelets in complex spikes was obtained
from average value of five to seven consecutive traces. The imaging experiments
were controlled and analyzed using Andor iQ2 software (Andor Technology). Three
to five consecutive time-lapse images were averaged and used for analysis. The
regions of interests were set on primary dendrites (approximately between 20 and
100 pm from the center of the cell body, Fig. 7Ca). Fluorescence changes were
background-corrected and expressed as AF/Fy, where Fy is the fluorescence intensity
when the cells were at rest, and AF is the absolute values of fluorescence changes
during activity. Integration of Ca>* transients was performed over 2 s from the onset.

All data other than EC50s or IC50s are provided as the means + standard de-
viation. EC50s and IC50s are expressed as the best-fit values with 95% confidence
interval (CI; Table 1). n indicates the number of experiments. Statistical significance
was tested using paired t-tests test unless otherwise stated (significance, p < 0.05).

3. Results
3.1. MAM-2201 acts as an agonist of hCB1Rs and mCB1Rs

To examine whether MAM-2201 activates CB1Rs, we expressed
hCB1R or mCB1R ¢cDNAs in murine tumor line AtT-20. Because
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Fig. 2. Heterologous expression of cannabinoid receptor type 1 (CB1R) cDNAs in AtT-20 cells. A, Inmunofluorescence images of AtT-20 cells transfected with human CB1R (hCB1R)
and green fluorescent protein (GFP) cDNAs. Cell nuclei were stained with Hoechst 33342 (1 pg/mL, Dojindo, Kumamoto, Japan; Aa). Arrowheads indicate GFP and hCB1R double
positive cells. Proteins of hCB1Rs were visualized by immunolabelling with rabbit anti-CB1R antibody and AlexaFluor 568-conjugated anti-rabbit secondary antibody (Ac). B,
Representative data recorded from hCB1R-expressing cell. Ba, Inward currents were evoked by applying voltage steps from a holding potential of —25 mV to —110 mV for 200 ms. In
trace (a) and (b), averages of four consecutive responses are shown. These traces correspond to the responses at time points marked (a) or (b) in Bb. The holding current level is
shown by a dotted line. Bb, Time course of mean inward currents. Each point represents an averaged value obtained from four consecutive records. C, Concentration-dependent
increases of inward current densities induced by MAM-2201 or (R)-(+)-[2,3-Dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-
naphthalenylmethanone mesylate [WIN55,212-2 (WIN)]. To obtain current densities, amplitudes of inward current induced by MAM-2201 or WIN were normalized to mem-
brane capacitances (picoamperes per picofarad). The densities were plotted as a function of the concentration and fit with the sigmoidal function,
Y = Bottom + (Top — Bottom)/(1+ [10] [ZLOgECSO — X)*Hillslope]), where EC50 is effective concentration 50%. Here and in the following figures, error bars and the numbers in
parentheses indicate standard deviation and the number of experiments, respectively.

application of CB1 agonists on AtT-20 cells expressing CB1Rs acti-
vates inward rectifier potassium currents, activities of compounds
against CB1Rs can be determined using this heterologous expres-
sion system (Mackie et al., 1995; Felder et al., 1998). Whole-cell
patch clamp recordings were done from hCB1R or mCB1R-
expressing cells, and inward currents were evoked by applying
hyperpolarizing voltage pulses (Fig. 2B). Bath application of MAM-
2201(1 uM) increased the amplitude of inward current within
5 min (Fig. 2Bb). Subsequent application of low concentration of
Ba** (200 pM BaCly), which blocks inward rectifier potassium

currents (Hagiwara et al., 1976), markedly reduced the inward
currents. This indicates that, in addition to MAM-2201-induced
currents, MAM-2201-independent inward rectifier potassium cur-
rents were simultaneously blocked (Dousmanis and Pennefather,
1992). The time course of the induced current, obtained by sub-
tracting the currents before from those after the application of
MAM-2201, showed slow activation at the beginning of voltage
pulse (Fig. 2Ba, Difference). This property is characteristic of acti-
vation of G-protein coupled potassium channels (Kubo et al., 1993).
Fig. 2C shows the concentration-dependent increase of current
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Fig. 3. MAM-2201 inhibits synaptic transmission at parallel fiber (PF)-Purkinje cell (PC) synapses presynaptically via activation of presynaptic CB1Rs. A, Experimental configuration
for Fig. 3B—G and 4. B, PF-induced excitatory postsynaptic currents (EPSCs) were evoked with pairs of stimuli (50 ms interval) under control conditions (Control) or in the presence
of 10 uM MAM-2201 (MAM-2201). The holding potential was —80 mV. Picrotoxin (100 M) was added to the extracellular artificial cerebrospinal fluid (ACSF) to block GABAA
receptor-mediated inhibitory postsynaptic currents (IPSCs). The first EPSC peak in MAM-2201 was reduced to 21.9% of control. In each trace, averages of six trials are shown. In the
right panel, the EPSC evoked by the first stimulus in MAM-2201 is scaled to the amplitude of the first EPSC in Control. MAM-2201 increased paired-pulse facilitation (Bb). Stimulus
artifacts are truncated. C, Same as in A, but in the presence of 10 uM WIN. In Ca, the first peak in WIN was reduced to 24.1% of control. In the right panel, the EPSC evoked by the first
stimulus in WIN is scaled to the amplitude of the first EPSC in Control. D and E, Summary of paired-pulse ratio (PPR, D) and coefficient of variation (CV, E) of PF-PC EPSCs before and
after application of MAM-2201, WIN, or JWH-018 (10 uM in all groups). Here and in the following figures, the statistical significance was tested using paired t-tests unless otherwise
stated (significance, p < 0.05). **p < 0.01 and ***p < 0.001. F, To isolate quantal EPSCs (qEPSCs) from PFs, asynchronous neurotransmitter release from PF terminals was evoked by
stimulating PFs in the presence of Sr>* (2 mM, see Materials and Methods). Fa, Five superimposed traces before (Control) and after application of MAM-2201. Asynchronously
released quanta are seen as downward current deflections. Synchronous PF-PC EPSCs are truncated. Fb and Fc, Average cumulative probability histograms of inter-event interval (IEI,
Eb, bin width: 40 ms) and peak amplitude (Ec, bin width: 2 pA) of PF-PC qEPSCs. Ga, Time course of peak PF-PC EPSC amplitudes in the presence of N-(Piperidin-1-yl)-5-(4-
iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251, 5 uM). Each point represents an averaged value obtained from six consecutive records.
MAM-2201 (10 uM) had no detectable effect on the amplitude. Additional application of 6,7-dinitroquinoxaline-2,3-dione (DNQX, 40 uM) abolished PF-PC EPSCs completely. Gb,
Traces show normalized PF-PC EPSC responses at time points marked (a) and (b) in Ga.

densities induced by MAM-2201 or WIN in CB1R-expressing cells. 3.2. MAM-2201 inhibits synaptic transmission presynaptically via
Interestingly, in hCB1R-expressing cells, MAM-2201 increased activation of presynaptic CB1Rs at PF-PC synapses in mouse

current densities in a concentration-dependent manner (Fig. 2C, cerebellum
red circles) with an EC50 of 0.230 uM (95% CI, 0.0384—1.37 uM).
Similar responses were obtained by application of WIN (Fig. 2C, We tested the effects of MAM-2201 on neurotransmitter release

black circles; EC50 = 0.234 pM; 95% CI, 0.410 x 1073-140 uM), which at PF-PC synapses and the involvement of CB1Rs (Fig. 3), and
was consistent with previous report (Mackie et al., 1995). In the compared the potency of MAM-2201 with that of WIN, JWH-018,
presence of AM251 (5 uM, a CB1R antagonist), MAM-2201 (1 pM) and AS-THC (Fig. 4 and Table 1). Whole-cell patch-clamp re-
did not induce the inward currents (—2.38 + 7.23 pA/pF, n = 6). In cordings were performed from somata of PCs in mouse cerebellar
cells transfected with GFP alone, MAM-2201 (1 pM) did not elicit slices under voltage-clamp conditions, and PF-PC EPSCs were

any changes (1.55 + 6.78 pA/pF, n = 5). In mCB1R-expressing cells, evoked by electrical stimulation of PFs in the molecular layer in the
MAM-2201 induced concentration-dependent increase in the cur- presence of picrotoxin. The recording configuration is illustrated in
rent density (Fig. 2C, gray triangles). These results demonstrate that Fig. 3A. As shown in Fig. 3B, bath application of MAM-2201 (10 puM,
MAM-2201 activates hCB1Rs and mCB1Rs. 8 min) significantly decreased the first EPSC amplitude
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Fig. 4. MAM-2201 is a more potent inhibitor than A°-tetrahydrocannabinol (A°-THC) and JWH-018 at PF-PC synapses. Aa, Representative PF-PC EPSC traces recorded in control
conditions, or in 0.1 or 1 tM MAM-2201. These traces show normalized PF-PC EPSC responses at time points marked (a), (b), or (c) in Ab. Ab, Time course of peak amplitudes of PF-PC
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compounds were recorded for 8—10 min after application, normalized to the control values, and plotted as a function of concentration (Fig. 4C). Each plot was fit with a sigmoidal

Concentration of compounds (uM)

function, Y = 100/(1 + [10] [(LogIC50 — X)*Hillslope]), where IC50 is inhibitory concentration 50%. *p < 0.05, **p < 0.01, and ***p < 0.001 by unpaired t-tests test.

(39.0 + 10.8% of control value, n = 7, p < 0.001). To investigate
whether the effects of MAM-2201 on PF-PC EPSC amplitude were
mediated by presynaptic mechanisms, PPR and CV analyses were
(10 pM) significantly increased PPR

performed. MAM-2201
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(Fig. 3Bb and D) and CV (Fig. 3E), indicating a decrease in presyn-
aptic neurotransmitter release. WIN (10 pM, 8-min application)
induced a similar decrease in PF-PC EPSC amplitude and a parallel
increase in the PPR and CV (Fig. 3C—E). MAM-2201 (10 uM) also
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Fig. 5. MAM-2201 reduces GABAergic synaptic transmission at interneuron-PC synapses via presynaptic mechanisms. A, Experimental configuration for Fig. 5B—E. Ba, Averaged
current traces of IPSCs in control conditions (Control) and 10 pM MAM-2201. These traces show normalized IPSC responses at time points marked (a) and (b) in Bb. IPSCs were
evoked with pairs of stimuli (50 ms interval) in the presence of 40 M DNQX and were recorded as inward currents because of the use of the CsCl-based internal solution. The
holding potential was —80 mV, and stimulus artifacts were blanked for clarity. The first peak in MAM-2201 was reduced to 28.0% of control. In the right panel, the first IPSC in MAM-
2201 is scaled to the amplitude of the first IPSC in Control (Scaled), showing a clear increase of PPR. Bb, Time course of peak amplitudes of the first IPSC. Each point represents an
averaged value obtained from six consecutive records. C, Concentration-dependent decreases of peak amplitude of IPSC by MAM-2201 and WIN. IPSC amplitudes were normalized
to the control value (=baseline responses) and expressed as a percentage of control. *p < 0.05 and ***p < 0.001. D and E, Summary of PPR (D) and CV (E) of IPSCs before and after
application of MAM-2201 and WIN (10 uM in both groups). **p < 0.01. F, Miniature IPSCs (mIPSCs) recorded in the presence of tetrodotoxin (TTX, 1 uM) and DNQX. Fa, Five
superimposed traces before (Control) and after application of MAM-2201. mIPSCs appear as downward current deflections. Fb and Fc, Average cumulative probability histograms of
[EI (Fb, bin width: 100 ms) and peak amplitude (Fc, bin width: 20 pA) of mIPSCs.

decreased PF-PC qEPSC frequency [Inter-event interval (IEI), Con- p = 0.860, n = 6, Fig. 3Fa and Fc). In the absence of MAM-2201,
trol: 194.0 + 24.1 ms, MAM-2201: 288.7 + 30.2 ms, p < 0.001,n =6, amplitudes of PF-PC EPSCs did not show significant changes dur-
Fig. 3Fa and Fb] without affecting PF-PC qEPSC amplitude (peak ing 45-min recording under condition in which series resistance
amplitude, Control: 18.9 + 2.1 pA, MAM-2201: 18.6 + 4.3 pA, was stable (105.2 + 10.5% of control, n = 7, p = 0.271).
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Table 1
IC50s of synthetic cannabinoids against PF-PC EPSCs.

WIN MAM-2201 JWH-018

0.890 [0.296-2.679] 0.363 [0.193-0.681] 1.121 [0.551-2.282]

IC50 (uM)
[95% CI (uM)]*
Relative IC50

2 Data are provided as the best-fit values with 95% confidence intervals (CI).

1.00 0.41 1.25

To examine whether MAM-2201 altered postsynaptic responses
by activating presynaptic CB1Rs, MAM-2201 was bath-applied to
the cerebellar slices in the presence of AM251 (5 uM). MAM-2201
did not induce any change of PF-PC EPSC amplitude in the pres-
ence of AM251 (Fig. 3G, 102.2 + 6.0% of control, n = 5, p = 0.443).
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Subsequent application of DNQX (40 uM) abolished PF-PC EPSCs,
demonstrating that glutamatergic synaptic transmission was
indeed evoked, and bath application of these chemicals was suc-
cessful (Fig. 3Ga). Taken together, these results indicate that the
MAM-2201-induced changes are mediated by a decrease in pre-
synaptic neurotransmitter release from PF terminals via activation
of presynaptic CB1Rs.

3.3. MAM-2201 is a more potent inhibitor of PF-PC synapses than
A°-THC and JWH-018

Fig. 4A—C show representative traces of PF-PC EPSCs in the
presence of MAM-2201 (Fig. 4A), JWH-018 (Fig. 4B), or A9-THC
(Fig. 4C), respectively. The inhibitory effect of MAM-2201 on PF-PC
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EPSC of control (Scaled). Bb, Time course of peak amplitudes of first CF-PC EPSC. Each point represents an averaged value obtained from six consecutive records. C, Concentration-
dependent decreases of the peak amplitudes of CF-PC EPSCs by MAM-2201. CF-PC EPSC amplitudes were expressed as a percentage of control. *p < 0.05 and **p < 0.001. D and E,
Summary of PPR (D) and CV (E) of CF-PC EPSCs before and after application of MAM-2201 (10 uM). F, CF-PC qEPSCs in the presence of picrotoxin and Sr** (2 mM SrCl,). The gEPSCs
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EPSC amplitude was first detectable at 0.03 puM (Fig. 4D, 90.1 + 6.1%
of control, n = 5, p < 0.05), and became more apparent at higher
concentrations. Application of 0.1 pM MAM-2201 was sufficient to
induce a clear reduction [trace (b) in Fig. 4Aa, 71.9% of control], and
subsequent administration of 1 uM MAM-2201 induced further
decrease [trace (c) in Fig. 4Aa, 51.0% of control]. On the other hand,
0.1 uM JWH-018 did not have detectable effects on PF-PC EPSCs
[trace (b) in Fig. 4Ba, 99.0% of control; 0.1 uM JWH-018 in Fig. 4D,
n =7, p = 0.096]. Higher concentrations of JWH-018 were required
to reduce PF-PC EPSC amplitude [trace (c) in Fig. 4Ba, 1 pM, 81.0% of
control; trace (d) in Fig. 4Ba, 30 M, 44.2% of control]. Application of
A9-THC, which acts as a partial agonist of CB1Rs (Shen and Thayer,
1999; Luk et al., 2004), decreased amplitude of PF-EPSCs obviously
at 3 uM [trace (b) in Fig. 4C, 68.6% of control], but subsequent
administration of 30 uM A®-THC did not induce a clear reduction
[trace (c) in Fig. 4C, 57.0% of control]. A°>-THC (30 pM) significantly
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increased PPR and CV (n = 6, data not shown), indicating a decrease
in presynaptic neurotransmitter release. Fig. 4D shows the
concentration-dependent decreases of PF-PC EPSC amplitude
induced by cannabinoid-related compounds. MAM-2201 decreased
PF-PC EPSCs more potently than JWH-018 within the range of
0.03—3 pM (Fig. 4D, blue triangles (in the web version), p < 0.05 and
p < 0.01 by unpaired t-tests test) and A°-THC within the range of
0.1-30 uM (Fig. 4D, gray squares, p < 0.001 by unpaired t-tests test).
Application of WIN decreased PF-PC EPSC amplitude to 64.5 + 0.16%
(n = 7) of the control value at a concentration of 1 uM and to
46.8 + 0.13% (n = 12) at 10 uM (Fig. 4D, WIN). These results are
comparable to the previous reports using cerebellar slice prepara-
tions from rodents (see Discussion) (Levenes et al., 1998; Takahashi
and Linden, 2000; Kawamura et al., 2006). The IC50s of the syn-
thetic cannabinoids against PF-PC EPSCs are summarized in Table 1,
and indicate that the rank order of potency for inhibition is MAM-
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Table 2
MAM-2201 did not affect intrinsic membrane properties of PCs.

Control 10 pM MAM-2201 p value

(n=10) (n=10)
Resting membrane potential (mV) -65.3 +3.2 —66.0 +3.5 0.43
input resistance (MQ) 113 £ 51 101 = 34 0.29
Threshold current (pA) 71.0+£395 778 +74 0.24
Threshold potential (mV) —454+56 —-449+64 0.50
Spike height (mV) 449 + 64 45.4 + 47.6 0.71
Maximum rate of rise (V/s) 114 + 40 131 + 37 0.20
Maximum rate of fall (V/s) -93.0+17 —-89.2+158 0.14
Firing frequency at 200 pA (Hz) 33.0+184 344 +205 0.77
Firing frequency at 500 pA (Hz) 726 £29.8 77.8 +42.1 0.68

Young mice (P14—20) and the K-gluconate-based internal solution were used for
the experiments. Current-clamp recordings were performed at near physiological
temperature (34 + 1 °C).

Data are provided as the means + standard deviation, and n = number of
experiments.

2201 > WIN > JWH-018. These findings are consistent with our
unpublished data on the IC50s for these synthetic cannabinoids,
measured by a binding assay for human recombinant CB1Rs (see
Discussion). IC50 of A’-THC was not able to be calculated due to
ambiguous fitting. These results demonstrate that MAM-2201 is a
more potent inhibitor of PF-PC synaptic transmission than JWH-018
and AS-THC.

3.4. MAM-2201 inhibits GABAergic synaptic transmission at
inhibitory interneuron-PC synapses via presynaptic mechanisms

PCs receive feed-forward inhibition from GABAergic inhibitory
interneurons lying in the molecular layer of the cerebellar cortex
(Llinas et al., 2004), and this inhibition shapes the spike output of
PCs (Mittmann et al., 2005). To explore how MAM-2201 modulates
this inhibitory synaptic input, we recorded GABAergic synaptic
transmission at inhibitory interneuron-PC synapses and examined
the effects of MAM-2201 on inhibitory transmission. As shown in
Fig. 5B, 10 uM MAM-2201 decreased the first IPSC amplitude
(MAM-2201 in Fig. 5Ba and Bb; Fig. 5C, n = 6, p < 0.001), and a
similar reduction was observed by 1 uM MAM-2201, indicating the
MAM-2201-induced decrease was concentration-dependent
(Fig. 5C, MAM-2201). MAM-2201 (10 uM) significantly increased
PPR and CV (Scaled in Fig. 5Ba, D and E, MAM-2201), and these
increases were comparable to those obtained by WIN (10 uM,
Fig. 5D and E, WIN). Moreover, MAM-2201 (10 pM) decreased
mIPSC frequency (IEI, Control: 451.2 + 464.1 ms, MAM-2201:
7188 + 5429 ms, p < 0.05, n = 5, Fig. 5Fa and Fb) without
affecting  mIPSC amplitude (peak amplitude, Control:
453 +22.3 pA, MAM-2201: 48.3 + 24.1 pA, p = 0.53, n = 5, Fig. 5Fa
and Fc). These results demonstrate that MAM-2201 inhibits
GABAergic synaptic transmission at interneuron-PC synapses via
presynaptic mechanisms.

3.5. MAM-2201-mediated presynaptic inhibition at CF-PC synapses
reduces the number of spikelets in complex spikes and dendritic
Ca®* transients in PCs

Activation of CFs produces AMPA receptor-mediated strong
postsynaptic depolarization and evokes an all-or-none spike with
multiple peaks (spikelets), called “complex spikes” in the soma
(Llinas et al., 2004). Complex spikes are accompanied by a large,
dendritic Ca®* transient, which plays a crucial role in producing
long-term depression (LTD) at PF-PC synapses (Konnerth et al.,
1992). At CF terminals, activation of presynaptic CB1Rs by WIN
reduces glutamate release (Maejima et al., 2001). To examine how
presynaptic modulation by MAM-2201 at CF-PC synapses affects

the waveforms of complex spikes and CF-induced dendritic Ca®*
transients, we first confirmed presynaptic inhibition by MAM-
2201 at CF-PC synapses (Fig. 6), and then performed simulta-
neous recordings of complex spikes and intracellular Ca®* tran-
sients (Fig. 7).

First, CF-PC EPSCs were recorded at the holding potential
of —10 mV in the presence of picrotoxin (Fig. 6B—E). To improve the
space clamp in dendrites, young mice (P14—20) were used for the
following experiments. This was because CF innervation of PCs is
almost matured at this age (Hashimoto and Kano, 2013), and their
dendrites are compact compared with those of adult (~P57) mice
(McKay and Turner, 2005). As shown in Fig. 6B and C, bath appli-
cation of MAM-2201 (1 or 10 uM) reduced CF-PC EPSC amplitude in
a concentration-dependent manner. This reduction was accompa-
nied by significant increases in PPR and CV (10 uM MAM-2201;
Scaled in Fig. 6Ba, C and D). Moreover, MAM-2201 (10 pM)
decreased CF-PC qEPSC frequency (IEl, Control: 176.5 + 40.3 ms,
MAM-2201: 234.5 + 51.1 ms, p < 0.01, n = 5, Fig. 6Fa and Fb)
without affecting CF-PC qEPSC amplitude (peak amplitude, Control:
22.5 + 2.7 pA, MAM-2201: 22.0 + 4.0 pA, p = 0.75, n = 5, Fig. 6Fa
and Fc). These results indicate that MAM-2201 presynaptically in-
hibits neurotransmitter release from CF terminals.

We then simultaneously recorded complex spikes in the somata
and Ca®* transients in the dendrites of PCs using the K-gluconate-
based internal solution containing OGB-1 at near physiological
temperature. Complex spikes were elicited under current-clamp
conditions. As presented in Fig. 7A, electrical stimulation of CFs
evoked all-or-none complex spikes consisting of spikelets (Control
in Fig. 7A). MAM-2201 (10 uM, 10 min) significantly reduced the
number of spikelets to 78% of the control (Fig. 7B, n = 11, p < 0.001).
Because MAM-2201 modulated synaptic properties via activation
of presynaptic CB1Rs (Fig. 3), and because PCs do not express CB1Rs
(Kano et al., 2009), we would not expect MAM-2201 to affect the
intrinsic membrane properties of PCs. As expected, we were able to
confirm that MAM-2201 did not affect the resting membrane po-
tential, input resistance, or action potential properties of PCs
(Table 2). Accordingly, MAM-2201-induced changes in complex
spike waveforms can be interpreted based on depression of CF-PC
EPSCs. The complex spikes evoked by CF stimulation were accom-
panied by large Ca®* transients in the dendrites (Fig. 7Ch, Control).
MAM-2201 substantially decreased the peak amplitude of the Ca®*
transient (Fig. 7Cb, MAM-2201). Both the peak and the integral of
the Ca?* transients were significantly attenuated by 10 pM MAM-
2201 (peak: n = 10, p < 0.01, Fig. 7Da; integration: n = 10,
p < 0.01, Fig. 7Db). Taken together, these results indicate that MAM-
2201 alters PC responses to CF activation by reducing the number of
spikelets and the dendritic Ca®* transients. This implies that MAM-
2201 would decrease complex spike-mediated information prop-
agation from PCs to the next nuclei and might affect induction of
intracellular Ca?*-dependent LTD at PF-PC synapses (see
Discussion).

4. Discussion

This is the first study of the effects of MAM-2201 on neuronal
functions. We found that MAM-2201 acted as an agonist of CB1Rs
(Fig. 2). We also found that MAM-2201 inhibited glutamatergic
synaptic transmission presynaptically via activation of presynaptic
CB1Rs (Fig. 3). At the same concentrations, MAM-2201 decreased
PF-PC EPSCs more potently than JWH-018 and A°-THC (Fig. 4).
Moreover, MAM-2201 also presynaptically suppressed GABAergic
synaptic transmission at interneuron-PC synapses (Fig. 5) and
glutamatergic synaptic transmission at CF-PC synapses (Fig. 6). In
the case of smaller CF-PC EPSCs, MAM-2201 led to reduction of the
number of action potentials in complex spikes and to reduced
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dendritic intracellular Ca®* transients (Fig. 7). Thus, it is likely that,
in humans, the psychoactive effects caused by MAM-2201 are
mainly due to inhibition of neurotransmitter release via activation
of presynaptic CB1Rs.

4.1. The validity of our data on presynaptic inhibition at PF-PC
synapses induced by synthetic cannabinoids

In our experiments, WIN reduced PF-PC EPSC amplitude to
64.5% (1 uM) and 46.8% (10 uM) of the control value using P20—57
mice (Fig. 4D). These reductions are comparable to previously
published values obtained from acute cerebellar slice preparations:
55.6% of control in 1 uM WIN (P15—21 rats) (Levenes et al., 1998),
29.1 and 12.3% in 1 and 5 pM WIN, respectively (P15—19 rats)
(Takahashi and Linden, 2000), and 23.5% in 5 uM WIN (P9—14 mice)
(Kawamura et al., 2006). The latter two reports show somewhat
smaller percentages compared with our data, but this can be
attributed to the differences in the ages of the animals used: an
immunohistochemical study revealed that the distribution patterns
of CB1Rs in the molecular layer show developmental changes
(Kawamura et al., 2006).

Atwood et al. reported that the IC50 of JWH-018 against synaptic
transmission is 14.9 nM using autaptic hippocampal neuronal
cultures (Atwood et al., 2010), whereas our IC50 value for JWH-018
was approximately 100 times larger than that of their report
(Table 1). This discrepancy might be explained by the different
neuronal preparations used: Atwood et al. utilized dissociated
neuronal cultures, whose synapses would not be wrapped by cell
structures such as glial membranes. These synapses would be more
easily exposed to CB1R agonists compared with those in cerebellar
slice preparations, and therefore synaptic transmission in the
autaptic hippocampal cultures might be suppressed by a lower
concentration of JWH-018.

Using a binding assay for human recombinant CB1Rs, we
recently found that relative IC50s for WIN, MAM-2201, and JWH-
018 against CB1Rs were 1.00, 0.70, and 5.30, respectively (Kikura-
Hanajiri et al.,, manuscript in preparation). These data agree well
with our observation of the relative IC50s against excitatory
neurotransmitter release from PF terminals to PCs using cerebellar
slice preparations (Table 1). Therefore, we consider our observa-
tions of IC50s in cerebellar preparations to be reasonable.

4.2. Adverse effects of MAM-2201 on targets of the cerebellar cortex
and on cerebellum-dependent motor functions

PCs are the sole output GABAergic neurons from the cerebellar
cortex and make direct synaptic contacts onto the deep cerebellar
nuclear neurons and vestibular nuclear neurons (Voogd and
Glickstein, 1998; Zheng and Raman, 2010). PCs receive two types
of excitatory input from CFs and PFs. CFs arise from the inferior
olivary complex located in the brainstem. CFs are activated during
motor learning and induce complex spikes in PCs (Ito, 2001; Llinas
et al., 2004). Spikelets in complex spike can propagate to the syn-
aptic terminals of PCs (Khaliq and Raman, 2005). PFs are the axons
of granule cells, which are excited by glutamatergic mossy fiber
inputs. Mossy fibers originate from nuclei in the spinal cord and
brain stem. The mossy fiber-PF pathway is the main operational
input to the cerebellum and PCs, and carries afferent information
both from the periphery and from other brain centers. PFs produce
a brief excitatory postsynaptic potential in PCs that generates a
single action potential called a “simple spike.” In addition, PCs
receive feed-forward synaptic inhibition from GABAergic in-
terneurons, and this inhibition increases the precision of PC spike
outputs (Mittmann et al., 2005). Thus, all of these synaptic inputs to
PCs can control the output of the cerebellar cortex. The absence of
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PC activity or genetic manipulation of synaptic transmission from
PCs severely affects cerebellum-dependent motor functions: both
in mutant mice and in spinocerebellar ataxia type 6 patients, se-
lective degeneration of PCs induce motor dysfunction (Frontali,
2001; Porras-Garcia et al., 2013), and PC-specific vesicular GABA
transporter knockout mice exhibit motor impairment (Kayakabe
et al., 2013).

We demonstrate that MAM-2201 inhibits neurotransmitter
release at PF-PC, interneuron-PC, and CF-PC synapses in a
concentration-dependent manner (Figs. 3—6), and reduces the
number of spikelets in CF-evoked complex spikes (Fig. 7A and B).
Assuming that, in humans, MAM-2201 inhibits neurotransmitter
release at these synapses, the inhibition at PF-PC synapses could
cause failure of simple spike generation in PCs. The inhibition of
interneuron-PC synapses may weaken the feed-forward inhibition,
leading to decreased precision of PC spike outputs. MAM-2201-
induced reduction of spikelets in complex spikes (Fig. 7A and B)
could cause a decrease in the number of action potentials that
propagate to the synaptic terminals of PCs. Consequently, MAM-
2201 may interrupt normal GABAergic inhibition onto the deep
cerebellar nuclear neurons and vestibular nuclear neurons, and
thus could affect cerebellum-dependent motor coordination. This
speculation could be supported by the report that consumption of
drugs of abuse containing analogs of MAM-2201 can cause cere-
bellar dysfunction such as disturbance of finger-to-finger test
(Musshoff et al., 2014).

4.3. Possible effects of MAM-2201 on cerebellar LTD initiated by
dendritic Ca®* transients and on motor learning functions

PF-PC LTD is thought to underlie cerebellar motor learning in
mammals (Yuzaki, 2012). This learning is impaired in transgenic
mice that exhibit a deficit in the expression of LTD in vitro
(Kakegawa et al., 2008). Induction of LTD requires association of PF
and CF activation both in vivo and in vitro (Ito, 2001). At the cellular
level, CF synaptic inputs to PCs evoke dendritic Ca** transients,
which play crucial roles in the expression of LTD (Konnerth et al.,
1992). Interestingly, Carey and Regehr reported that presynaptic
inhibition of CF-PC synapses by noradrenaline alters the complex
spike waveform and decreases CF-evoked dendritic Ca®* transients,
leading to interference with the induction of LTD (Carey and Regehr,
2009). This noradrenergic modulation shares many features with
our observations of MAM-2201-induced changes of CF-evoked re-
sponses in PCs (Figs. 6 and 7): depression of CF-PC EPSCs via pre-
synaptic mechanisms, reduction of the number of spikelets in
complex spikes, and attenuation of CF-induced Ca** transients in
PC dendrites. Taken together, MAM-2201 may interfere with the
induction of LTD in vitro and might result in an impairment of
cerebellar motor learning in vivo. Further work will be needed to
clarify whether MAM-2201 indeed blocks the induction of LTD.

4.4. Implications for adverse effects of MAM-2201 on other brain
functions

In the brain, CB1Rs are widely and abundantly expressed, and
numerous in vitro studies have revealed that activation of CB1Rs by
agonists suppresses synaptic transmission in several regions such
as the hippocampus, nucleus accumbens, striatum, and cerebellar
cortex (Kano et al.,, 2009). Moreover, in rat hippocampal slice
preparations, pharmacological activation of CB1Rs modulates long-
term potentiation in the CA1 region (Navakkode and Korte, 2014),
and in vivo administration of WIN impairs hippocampal-dependent
short-term memory (Hampson and Deadwyler, 2000). WIN also
activates the “reward circuitry” in the brain, including the ventral
tegmental area-nucleus accumbens pathway, and alters reward-
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related behaviors in a similar manner to other reward-enhancing
addictive drugs (Gardner, 2005). In this study, we demonstrated
that MAM-2201 suppresses synaptic transmission in the cere-
bellum and that this action parallels that induced by WIN
(Figs. 3—5). Taken together, in humans, MAM-2201 could cause
psychoactive effects that are similar to those observed in the lab-
oratory animal experiments using WIN or other synthetic
cannabinoids.

Acknowledgments

This work was supported by Health Labour Sciences Research
Grants. We thank Dr. Nobutake Hosoi (Gunma University) for
technical advice on intracellular Ca®* imaging.

References

Atwood, B.K., Huffman, J., Straiker, A., Mackie, K., 2010. JWHO018, a common con-
stituent of 'Spice' herbal blends, is a potent and efficacious cannabinoid CB
receptor agonist. Br. J. Pharmacol. 160, 585—593.

Auwarter, V., Dresen, S., Weinmann, W., Muller, M., Putz, M., Ferreiros, N., 2009.
‘Spice’ and other herbal blends: harmless incense or cannabinoid designer
drugs? J. Mass Spectrom. 44, 832—837.

Brown, S.P., Safo, PK., Regehr, W.G., 2004. Endocannabinoids inhibit transmission at
granule cell to Purkinje cell synapses by modulating three types of presynaptic
calcium channels. J. Neurosci. 24, 5623—5631.

Bruno, A., Lembo, F., Novellino, E., Stornaiuolo, M., Marinelli, L., 2014. Beyond radio-
displacement techniques for identification of CB1 ligands: the first application
of a fluorescence-quenching assay. Sci. Rep. 4, 3757.

Carey, M.R.,, Regehr, W.G., 2009. Noradrenergic control of associative synaptic
plasticity by selective modulation of instructive signals. Neuron 62, 112—122.

Derungs, A., Schwaninger, A.E., Mansella, G., Bingisser, R., Kraemer, T., Liechti, M.E.,
2013. Symptoms, toxicities, and analytical results for a patient after smoking
herbs containing the novel synthetic cannabinoid MAM-2201. Forensic Toxicol.
31, 164—-171.

DeSanty, K.P.,, Dar, M.S., 2001. Cannabinoid-induced motor incoordination through
the cerebellar CB(1) receptor in mice. Pharmacol. Biochem. Behav. 69, 251—-259.

Diana, M.A., Levenes, C., Mackie, K., Marty, A., 2002. Short-term retrograde inhibi-
tion of GABAergic synaptic currents in rat Purkinje cells is mediated by
endogenous cannabinoids. J. Neurosci. 22, 200—208.

Dousmanis, A.G., Pennefather, P.S., 1992. Inwardly rectifying potassium conduc-
tances in AtT-20 clonal pituitary cells. Pflugers Arch. 422, 98—104.

Felder, C.C., Joyce, K.E., Briley, E.M., Glass, M., Mackie, K.P., Fahey, KJ., Cullinan, G.J.,
Hunden, D.C,, Johnson, D.W., Chaney, M.O., Koppel, G.A., Brownstein, M., 1998.
LY320135, a novel cannabinoid CB1 receptor antagonist, unmasks coupling of
the CB1 receptor to stimulation of cAMP accumulation. J. Pharmacol. Exp. Ther.
284, 291-297.

Frontali, M., 2001. Spinocerebellar ataxia type 6: channelopathy or glutamine repeat
disorder? Brain Res. Bull. 56, 227—231.

Gardner, E.L., 2005. Endocannabinoid signaling system and brain reward: emphasis
on dopamine. Pharmacol. Biochem. Behav. 81, 263—284.

Hagiwara, S., Miyazaki, S., Rosenthal, N.P.,, 1976. Potassium current and the effect of
cesium on this current during anomalous rectification of the egg cell membrane
of a starfish. J. Gen. Physiol. 67, 621—638.

Hampson, RE., Deadwyler, S.A., 2000. Cannabinoids reveal the necessity of hip-
pocampal neural encoding for short-term memory in rats. J. Neurosci. 20,
8932—-8942.

Hashimoto, K., Kano, M., 2013. Synapse elimination in the developing cerebellum.
Cell. Mol. Life Sci. 70, 4667—4680.

Huestis, M.A., Gorelick, D.A., Heishman, SJ., Preston, KL., Nelson, RA.,
Moolchan, E.T.,, Frank, R.A., 2001. Blockade of effects of smoked marijuana by
the CB1-selective cannabinoid receptor antagonist SR141716. Arch. Gen. Psy-
chiatry 58, 322—-328.

Irie, T., Fukui, I., Ohmori, H., 2006. Activation of GIRK channels by muscarinic re-
ceptors and group Il metabotropic glutamate receptors suppresses Golgi cell
activity in the cochlear nucleus of mice. J. Neurophysiol. 96, 2633—2644.

Irie, T., Matsuzaki, Y., Sekino, Y., Hirai, H., 2014. Kv3.3 channels harbouring a mu-
tation of spinocerebellar ataxia type 13 alter excitability and induce cell death
in cultured cerebellar Purkinje cells. J. Physiol. 592, 229—247.

Irie, T., Ohmori, H., 2008. Presynaptic GABA(B) receptors modulate synaptic facili-
tation and depression at distinct synapses in fusiform cells of mouse dorsal
cochlear nucleus. Biochem. Biophys. Res. Commun. 367, 503—508.

Ito, M., 2001. Cerebellar long-term depression: characterization, signal trans-
duction, and functional roles. Physiol. Rev. 81, 1143—1195.

Kakegawa, W., Miyazaki, T., Emi, K., Matsuda, K., Kohda, K. Motohashi, ].,
Mishina, M., Kawahara, S., Watanabe, M., Yuzaki, M., 2008. Differential regu-
lation of synaptic plasticity and cerebellar motor learning by the C-terminal
PDZ-binding motif of GluRdelta2. J. Neurosci. 28, 1460—1468.

Kano, M., Ohno-Shosaku, T., Hashimotodani, Y., Uchigashima, M., Watanabe, M.,
2009. Endocannabinoid-mediated control of synaptic transmission. Physiol.
Rev. 89, 309—-380.

Kawamura, Y., Fukaya, M., Maejima, T., Yoshida, T., Miura, E., Watanabe, M., Ohno-
Shosaku, T., Kano, M., 2006. The CB1 cannabinoid receptor is the major
cannabinoid receptor at excitatory presynaptic sites in the hippocampus and
cerebellum. J. Neurosci. 26, 2991—-3001.

Kayakabe, M., Kakizaki, T. Kaneko, R., Sasaki, A., Nakazato, Y., Shibasaki, K.,
Ishizaki, Y., Saito, H., Suzuki, N., Furuya, N. Yanagawa, Y., 2013. Motor
dysfunction in cerebellar Purkinje cell-specific vesicular GABA transporter
knockout mice. Front. Cell. Neurosci. 7, 286.

Khaliq, Z.M., Raman, L.M., 2005. Axonal propagation of simple and complex spikes
in cerebellar Purkinje neurons. J. Neurosci. 25, 454—463.

Kikura-Hanajiri, R., Uchiyama, N., Kawamura, M., Goda, Y., 2013. Changes in the
prevalence of new psychoactive substances before and after the introduction of
the generic scheduling of synthetic cannabinoids in Japan. Drug Test. Anal..

Konnerth, A., Dreessen, J., Augustine, GJ., 1992. Brief dendritic calcium signals
initiate long-lasting synaptic depression in cerebellar Purkinje cells. Proc. Natl.
Acad. Sci. U. S. A. 89, 7051-7055.

Korn, H., Faber, D.S., 1991. Quantal analysis and synaptic efficacy in the CNS. Trends
Neurosci. 14, 439—445.

Kreitzer, A.C., Regehr, W.G., 2001. Retrograde inhibition of presynaptic calcium
influx by endogenous cannabinoids at excitatory synapses onto Purkinje cells.
Neuron 29, 717-727.

Kubo, Y., Reuveny, E., Slesinger, P.A., Jan, Y.N,, Jan, LY., 1993. Primary structure and
functional expression of a rat G-protein-coupled muscarinic potassium channel.
Nature 364, 802—806.

Kushmerick, C., Price, G.D., Taschenberger, H., Puente, N., Renden, R., Wadiche, ].I,,
Duvoisin, R.M., Grandes, P., von Gersdorff, H., 2004. Retroinhibition of presyn-
aptic Ca** currents by endocannabinoids released via postsynaptic mGluR
activation at a calyx synapse. J. Neurosci. 24, 5955—5965.

Levenes, C., Daniel, H., Soubrie, P,, Crepel, F., 1998. Cannabinoids decrease excitatory
synaptic transmission and impair long-term depression in rat cerebellar Pur-
kinje cells. J. Physiol. 510 (Pt 3), 867—879.

Llinas, R., Walton, K.D., Lang, E.J., 2004. Cerebellum. In: Shepard, G.M. (Ed.), The
Synaptic Organization of the Brain, fifth ed. Oxford University Press, New York,
NY, US, pp. 271-309.

Lonati, D., Buscaglia, E., Papa, P, Valli, A., Coccini, T., Giampreti, A., Petrolini, V.M.,
Vecchio, S., Serpelloni, G., Locatelli CA. 2014. MAM-2201 (analytically
confirmed) intoxication after “synthacaine” consumption. Ann. Emerg. Med..

Luk, T, Jin, W.,, Zvonok, A., Lu, D., Lin, X.Z., Chavkin, C., Makriyannis, A., Mackie, K.,
2004. Identification of a potent and highly efficacious, yet slowly desensitizing
CB1 cannabinoid receptor agonist. Br. ]. Pharmacol. 142, 495—500.

Mackie, K., 2008. Signaling via CNS cannabinoid receptors. Mol. Cell. Endocrinol.
286, S60—S65.

Mackie, K., Lai, Y., Westenbroek, R., Mitchell, R., 1995. Cannabinoids activate an inwardly
rectifying potassium conductance and inhibit Q-type calcium currents in AtT20 cells
transfected with rat brain cannabinoid receptor. J. Neurosci. 15, 6552—6561.

Maejima, T., Hashimoto, K., Yoshida, T., Aiba, A., Kano, M., 2001. Presynaptic inhi-
bition caused by retrograde signal from metabotropic glutamate to cannabinoid
receptors. Neuron 31, 463—475.

McKay, B.E., Turner, RW., 2005. Physiological and morphological development of
the rat cerebellar Purkinje cell. J. Physiol. 567, 829—850.

Mittmann, W., Koch, U., Hausser, M., 2005. Feed-forward inhibition shapes the spike
output of cerebellar Purkinje cells. J. Physiol. 563, 369—378.

Monory, K., Blaudzun, H., Massa, F,, Kaiser, N., Lemberger, T., Schutz, G., Wotjak, C.T.,
Lutz, B., Marsicano, G., 2007. Genetic dissection of behavioural and autonomic
effects of Delta(9)-tetrahydrocannabinol in mice. PLoS Biol. 5, e269.

Moosmann, B., Kneisel, S., Girreser, U., Brecht, V., Westphal, F,, Auwarter, V., 2012.
Separation and structural characterization of the synthetic cannabinoids JWH-
412 and 1-[(5-fluoropentyl)-1H-indol-3yl]-(4-methylnaphthalen-1-yl)meth-
anone using GC-MS, NMR analysis and a flash chromatography system. Forensic
Sci. Int. 220, e17—-22.

Musshoff, F.,, Madea, B., Kernbach-Wighton, G., Bicker, W., Kneisel, S., Hutter, M.,
Auwarter, V., 2014. Driving under the influence of synthetic cannabinoids
(“Spice”): a case series. Int. J. Legal Med. 128, 59—64.

Navakkode, S., Korte, M., 2014. Pharmacological activation of CB1 receptor modu-
lates long term potentiation by interfering with protein synthesis. Neurophar-
macology 79, 525—533.

Patel, S., Hillard, CJ., 2001. Cannabinoid CB(1) receptor agonists produce cerebellar
dysfunction in mice. J. Pharmacol. Exp. Ther. 297, 629—637.

Porras-Garcia, M.E., Ruiz, R., Perez-Villegas, E.M., Armengol, J.A., 2013. Motor
learning of mice lacking cerebellar Purkinje cells. Front. Neuroanat. 7, 4.

Regehr, W.G., Carey, M.R,, Best, A.R., 2009. Activity-dependent regulation of syn-
apses by retrograde messengers. Neuron 63, 154—170.

Safo, P.K., Cravatt, B.F,, Regehr, W.G., 2006. Retrograde endocannabinoid signaling in
the cerebellar cortex. Cerebellum 5, 134—145.

Safo, PK., Regehr, W.G., 2005. Endocannabinoids control the induction of cerebellar
LTD. Neuron 48, 647—659.

Saito, T., Namera, A., Miura, N., Ohta, S., Miyazaki, S., Osawa, M., Inokuchi, S., 2013.
A fatal case of MAM-2201 poisoning. Forensic Toxicol. 31, 333—337.

Seely, KA., Lapoint, ], Moran, J.H., Fattore, L., 2012. Spice drugs are more than
harmless herbal blends: a review of the pharmacology and toxicology of syn-
thetic cannabinoids. Prog. Neuro Psychopharmacol. Biol. Psychiatry 39,
234-243.

120


http://refhub.elsevier.com/S0028-3908(15)00081-7/sref1
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref1
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref1
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref1
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref2
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref2
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref2
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref2
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref3
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref3
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref3
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref3
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref4
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref4
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref4
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref5
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref5
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref5
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref6
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref6
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref6
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref6
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref6
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref7
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref7
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref7
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref8
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref8
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref8
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref8
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref9
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref9
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref9
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref10
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref10
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref10
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref10
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref10
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref10
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref11
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref11
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref11
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref12
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref12
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref12
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref13
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref13
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref13
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref13
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref14
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref14
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref14
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref14
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref15
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref15
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref15
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref16
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref16
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref16
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref16
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref16
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref17
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref17
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref17
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref17
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref18
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref18
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref18
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref18
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref19
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref19
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref19
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref19
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref20
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref20
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref20
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref21
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref21
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref21
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref21
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref21
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref22
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref22
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref22
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref22
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref23
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref23
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref23
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref23
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref23
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref24
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref24
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref24
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref24
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref25
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref25
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref25
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref26
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref26
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref26
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref27
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref27
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref27
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref27
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref28
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref28
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref28
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref29
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref29
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref29
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref29
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref30
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref30
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref30
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref30
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref31
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref31
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref31
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref31
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref31
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref31
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref32
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref32
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref32
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref32
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref33
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref33
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref33
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref33
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref34
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref34
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref34
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref35
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref35
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref35
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref35
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref36
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref36
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref36
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref37
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref37
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref37
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref37
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref38
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref38
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref38
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref38
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref39
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref39
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref39
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref40
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref40
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref40
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref41
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref41
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref41
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref42
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref42
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref42
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref42
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref42
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref42
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref43
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref43
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref43
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref43
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref44
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref44
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref44
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref44
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref45
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref45
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref45
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref46
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref46
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref47
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref47
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref47
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref48
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref48
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref48
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref49
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref49
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref49
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref50
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref50
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref50
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref51
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref51
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref51
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref51
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref51

T. Irie et al. / Neuropharmacology 95 (2015) 479—491 491

Shen, M., Thayer, S.A., 1999. Delta9-tetrahydrocannabinol acts as a partial agonist to
modulate glutamatergic synaptic transmission between rat hippocampal neu-
rons in culture. Mol. Pharmacol. 55, 8—13.

Showalter, V.M., Compton, D.R., Martin, B.R., Abood, M.E., 1996. Evaluation of
binding in a transfected cell line expressing a peripheral cannabinoid receptor
(CB2): identification of cannabinoid receptor subtype selective ligands.
J. Pharmacol. Exp. Ther. 278, 989—999.

Shuvaev, A.N., Horiuchi, H., Seki, T., Goenawan, H., Irie, T., lizuka, A., Sakai, N.,
Hirai, H., 2011. Mutant PKC{gamma} in spinocerebellar ataxia type 14 disrupts
synapse elimination and long-term depression in Purkinje cells in vivo.
J. Neurosci. 31, 14324—14334.

Szabo, B., Than, M., Thorn, D., Wallmichrath, I., 2004. Analysis of the effects of
cannabinoids on synaptic transmission between basket and Purkinje cells in the
cerebellar cortex of the rat. J. Pharmacol. Exp. Ther. 310, 915—925.

Takahashi, K.A., Linden, D.J., 2000. Cannabinoid receptor modulation of synapses
received by cerebellar Purkinje cells. ]. Neurophysiol. 83, 1167—1180.

Taura, F, Sirikantaramas, S., Shoyama, Y., Shoyama, Y., Morimoto, S., 2007. Phyto-
cannabinoids in Cannabis sativa: recent studies on biosynthetic enzymes.
Chem. Biodivers. 4, 1649—1663.

121

Uchiyama, N., Kawamura, M., Kikura-Hanajiri, R., Goda, Y., 2013. URB-754: a new
class of designer drug and 12 synthetic cannabinoids detected in illegal prod-
ucts. Forensic Sci. Int. 227, 21-32.

Vardakou, L., Pistos, C., Spiliopoulou, C., 2010. Spice drugs as a new trend: mode of
action, identification and legislation. Toxicol. Lett. 197, 157—162.

Vincent, P, Marty, A., 1996. Fluctuations of inhibitory postsynaptic currents in
Purkinje cells from rat cerebellar slices. J. Physiol. 494 (Pt 1), 183—199.

Voogd, J., Glickstein, M., 1998. The anatomy of the cerebellum. Trends Cogn. Sci. 2,
307-313.

Wilson, R.L, Nicoll, R.A., 2002. Endocannabinoid signaling in the brain. Science 296,
678—682.

Xu-Friedman, M.A., Regehr, W.G., 1999. Presynaptic strontium dynamics and syn-
aptic transmission. Biophys. J. 76, 2029—2042.

Yuzaki, M., 2012. Cerebellar LTD vs. motor learning-lessons learned from studying
GluD2. Neural Netw..

Zheng, N., Raman, .M., 2010. Synaptic inhibition, excitation, and plasticity in neu-
rons of the cerebellar nuclei. Cerebellum 9, 56—66.

Zucker, R.S., Regehr, W.G., 2002. Short-term synaptic plasticity. Annu Rev. Physiol.
64, 355—405.


http://refhub.elsevier.com/S0028-3908(15)00081-7/sref52
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref52
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref52
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref52
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref53
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref53
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref53
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref53
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref53
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref54
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref54
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref54
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref54
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref54
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref55
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref55
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref55
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref55
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref56
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref56
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref56
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref57
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref57
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref57
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref57
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref58
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref58
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref58
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref58
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref59
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref59
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref59
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref60
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref60
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref60
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref61
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref61
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref61
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref62
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref62
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref62
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref63
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref63
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref63
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref64
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref64
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref65
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref65
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref65
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref66
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref66
http://refhub.elsevier.com/S0028-3908(15)00081-7/sref66

IEEHRE
20 F70REERD

/077 DREEFBIE

Mo fERE i Sfila e L CROCAISNTER I 71
70 7RG D 5% % 5 & %, Macrophage 1 antigen
(Macl), major histocompatibility complex (MHC) class
I, CD68, F4/80 % fragment, crystallizable (Fc)32%&44,
low density lipoprotein (LDL) Z%54& & \» o 7= il el £ i $i
JRzesB L Tws L, AR, A AL THE v
TR E T LR LE, B/ PP u 7=V
HLE D% 1z, NZEL ~ L oREids LTRS
CRIEZE ) IREEWIZEDONR E > TER, 270 7Y 7
EE)YAL IR rn7 = LPREMIZIXANTE 2 tiiE
FHPURDBE L RO o Tuhwnid, ZoIFEIZOWT
BE/ VA boevru7 7 —YLETHLLERELSEZ
LNTEXR, LU 2010~12FICHITT, S 7u7Y 7
SR EMEO R BRIt 7 7 7 =Y Lo T
WL ZEBHSICIN, 2 7u ) PIkEAE 7.5 Hilg
BT R 2> & (b UG 2E 8.5~9.5 HEITIZ 9 TIc
PIC#fT LT\ 32 Ginhoux & 1, E&IMEHIME (€ /
YA v ru7 7 —Y0b LIk 5L O SERATT
H B4 7 Hilmiz, 7w 7)) 7HiEHIELS9 CIlc gy e
THRALTED, B4E9 HilwE Tl 2hs offiladigic
fiLcsrzuarZ7yrtihsl L2 FEBRNICHEAL LY,
NZHREMETH 2 7TV PN ET 2
(H7E10.5 HER) kW vy A v 7OHEFETH 5.
ZoruyY) PHiEHIIEIE Csfl B W% FB L 72 Myb
(=), PULKFINTH 5 Z £ H?, Myb(+) Zi il
L3R BRTH D, ), BRI ISR D Y
7 REREAR T IS & O IMMBRZMAE O ERE DS 2 253, T4
SOMENI 7u 7Y 7iItiEnsRknw EbRINTW
5, B/ YA bo~vra7 7y —YDHAD green fluores-
cent protein (GFP) i#k X L 7= = 7 2 12 BRI IG5 1l 48
(experimental allergic encephalomyelitis : EAE) % F8HE X

-
-

L) kD ENZEER MR =R (P
AiEESRER)
1338

1t

122

e &

¥ 2% &, EAESEIROEEEICHEL TE /34 F23HHiIC
BT 20, RAEKERIC GFP BRI IZ M L 729, M
oz Ehs, MNTEBENZERZF>I 707 ) 70D
IZEAEDMRE 7.5 HEHCINICRATL 722 70 7)) THI
Al D PR b Th s LEZNS, LIAD, Tk
HIIBEDEMEF L 236 2 7 2 P h AR D
F5E, BEREbE L bic, STV v, ISR, MM,
A oMt~ ) v 7 A, MREEDE, L\vworl
JAPERE L OMEBEEMIC X 5T, 2O, Z ORIk
BT, PURFBLY —>, Wiy — v, A HkkRE
BRI Y, Z5ICEZIR, —fHRbhoI s u Y 74
M D Hz Gy MBI U CTIEF I I RO T 2 £ &
ZHITOHRVENBEENTWEIEHHDHY, 270y
V7 & e R PHEREE & DM AR > T3 EHEX
5N5,

a7V 7iE, EENTLSCAGNS KD R, MlHL<
FiE L 7-% { O 2RO I | & i S0 S D2
WL T b 7 X KA FIROMTEMLE] & D2 38D
ZALIIB U TITERT 2filaTh 2. Lo LEEDIFAT,
FHIETLS 70 7)) 7l 2 DFGE L 722881 X b RIFABRE %2
FITREMINCIER L TV B I EDRH S 2o T w39,
L7ehdo TIERERL, TISPAERLE S I3RS I8 D ISR A
ENHmkoTws, BlE, 707 7OiEEIRER
MO, M1, M2 A7 =Y EWw) AT 3 —TREI NS,
ZoW&zZz bz b7 s —UHELSEAIN
7D e rm 7y =PRI T B KIS ko T
M1, M2a, M2b, M2c £\ A7 3V =23 5559,
SourI T ERL LA, SBICER L 35 MEORM
PURDH S DI > TWBETH S, ML 2702 7k
SIEFEARE, M2 2 702 7oREREEZ RO, &
BONDD, ZOELELICHDASRLM) I /7urY 7L
WHEMBFERIN TV EY, ML, M2OHE bR 2
a7 THEET S, ARl A0 su YT
13 M1 8151 (INOS, TNFa) & M2 8151 (Arginase-1) D

MEZEHRHEL T3, M0, Ml, M2 25— Dflic
0289-0585/20/ ¥ 90/ /JCOPY



HoxBS L WIH) R AAR Y ZJAF VNI EHDOFKBHIZL->T
27u ) 7ESELTVS 7 L—7H w5 HoxBS8
(+)MlE2IE CD1b(+) 2 7 m 2) 7D 15% % Lo, B
"ok s3I0 7 LB 2MlEEMTH 5 &
WESIN TS, HoxBS #RIEL 72+ 7 A5 E M EE
ARY b T L) BEBAE & JEIC X UZRER DBl 2
720, JEEMIHANDISHAPIEFI N TN S,

METHI/OJ)7ICRTEmE0HR

fixi =47 (ventricular zone : VZ) & = T4 (subventricu-
lar zone : SVZ) I3—4 % U TR 42 7V 7HEIE
R TH D EDBHShE RS TAL Y, TEER RS
MEREIRAESIC, TR P uY A M4 S AR
T, AV ITT v RadA MIRERY O BRI T
T, NEMRRGIRERIDE SN0, —), ko
N7c k) IThhA 8.5~9.5 Hillc iz 7 X XA FRlD I 71
707 BMNICT TIAFAELTw 2, S 7u 7)) 7k
LB RIS 2 231, FEDHET Ic O T X
A PO 707 ) 73 LSFICE W TZ LA £
27512 UL, BEMoMEsiEcs sn )7
DED XIS TVE I DW T 2013 41 Cun-
ningham 6 ETZET, FEA DL TS

7219, U RAAE IO KM PR A D e
BT, 27070 7 EREIC X o B

7=V OMIEEEHFEH L TR EEHSIC L, 2D
LE, SRV TBEBLME T R =2 A%
LT 2o g BIUR R R i g 15 fR (] 3 07 i el i
(subgranular zone : SGZ) TOMRH LEDLGE, T /vy
V7R 7R =3 A% LEMEZEREL TR S5 T
H oW, FEEWI SVZ &k SGZ ToMEHE L 2 sn s
V7 OBBEICOWT, X6 R BMANELND,

4% SVZ O EICB TS 2 7u 7y 7of#EIico
WA L TZ & A EESRP Do 7253, 2006 4
\Z, SVZ D X 9 IS L 031 F 2 Ik & 2 U DAAt o fEIsR
LTz ul ) 7 OIEMALCERBICAED D 5 2 LR S
N, bbb, SAREIICEELE: 7 7Y
THSVZIC—BIICER L TE D, ARy, X hogi
DIFEL 72270 7) THHEETORT2LI1C%5 2
ERFEMLZ., bhlbUZERYIMISVZ TZ D &k 9 Ik

Clinical Neuroscience vol. 33 no. 12 (2015-12)

123

BaB@rnd I u )7, SVZITET 5t s
T AFYVITFr P A P ERGET 5 2 L 2SI
L7219 (K1), SVZ id—A %38 U CHisi ok 5 2 %
DD, FxRBERDICONFEMEEIIEINT 2. bhibh
DF =5 Th, 430 HEo SVZ IiEtLAL s 7 7Y
TIETTICIE & A EFEIEE T, SVZ Mifsi sk & HEID
HB. BERENZ LIZ, SVZ TOMREHAEICNT2 70
707 OfENE SVZ hOfLEIC K > THREZ X)) TH 5.
bbb hEd 7 D, BEELBEINHT 2 H
70Dmb I 7u Y TEENSEWI EZRBL T3,
C DM AG DR D 13 IE R DBIE LT 2 AIREEDS H
%, MM AER SVZ iIcB Tty F %52
EDBHSNT W BRI SVZ I # L WEIE 2 1E Ll
EWFEL THE 0 KR SVZ LI A & K E
ZIAE DT 22020 A D & RO HIER 723 &
NTeBZEiFX{AsNTOEYY, KINMKEICE 70
TV T7HBATTEDICEE R T FVAIATT—FTH S
CXCL12/CXCR4 v V" F N2 DGR EMEZL oS, K
RIIZ 81 2= 4 T8 (subependymal zone : SEZ) T
VWA 1, ISR s m I B L S T D,
BRI 613 57 2t R A 0584 LT 2 2 & b A
SNTWVEY F7, WHISEZ TRRE V&L DAY a7
Fad A FHENEIZZEHASNTL Y, 5%,
SVZ fHlg % & S icflarfbL T2 7 e 7)) 7 ofE#EIicow
TR 20035 5 9,

ARG SVZ 22 5 & 5 T & 7= pfufafii i 5 el 6% i B i
DY, Th2 ~ 8= T fifhRY A P AL vick>T
SNz 7a 7)) THMEERAECA Y I7Y Fadq
FEERMET 2P, ZokE, 2ra ) 7o E
N3 IGF-1 ERICBIS L T3 2 LRI N T w5,
Lo L, BB SVZIcEWTIZIGE-1 2%B L Tw3
2uZYTRbTRICHEERE NS, IGF-1133 70y
U 7 OMERHEIGEE O ERAG T L2 -1, bh
bk, a7V THBMEERE, AV a Ty FayA b
HAEZMET B2 A=A L E L TER 4~9 Hilo SVZ 1
BOWT—BINICREN LA T 294 F a4 VB AL-15,
IL-6, TNFa, IFNy) DSEHEETH 2 Z L2 WS L LT,
REL DI, AT (neurosphere) &£ S 7027 Y 7
DOHEEHEZREH W IFEHT, Ei4BEOTA AL D)

1339



Green: Ibal, Red: CD68

HrBH&E

Green: Ibal, Red: GFAP

1 £RMPSVZ /07 ) 7OMHBEHES XA IF2 FOY A MIEIC

A-a) BRI SVZ ITIEMALRIE 70 27 ) 73 ER L Tw3 2 e 2 R L 72,

A-b) £ 7 u /) 70iEH{LA <> —5 — (CD11lb, CD68) ®FIL. 15X
Ibal (+)marker (+) fillfld % 23

B) S/¥ 427 % Pl-4 CHPENRST 2 &, MR~ —% — Dex &
FVIF Va4 FEiEHE e — A — 01 2 FBLT 2 Ml E =12 L 7-.

*p<0.05 vs. control group, student’s ¢ test (N=6), (Shigemoto-Mogami &0 X b

)

Control of neurogenesis-supporting environment
(cytokine concentrations, etc.)
O, L |
o | F=”
Neurotransmitters o -

—_— % / Neurogenesis-supporting
Stem cell niche -7"2

microglia

L osvz (/
Circulating signals [\_ m'cmﬁll%
X 2

SVZ 2717 ) 7P - BSMRETD © DR
THA P AL VEREZHE T2 ‘Hub & LCHREL T
VED TR D,

5L 1DV A b A A VR R diAcHEL T

7a 7)) 7 ORI S BB ko708, &2TOYA b+

HA VEFARICHET 2 L 27070 7OERPHERL &

LTHD, ZOMBIIMFEHECA) TT Py A b

PEZEBOY A b A4 UBHANIEEL Tws 2 L%

RRLTWS, INET, EHEICETIH A PV

1340

124

DFER L LT3, migniBkiiNg 23 IL-18, IL-1R1, IL-1R2
ZFEBLL, IL-1B | PR ai s e o> e hif & 43k % J8i L <
W32 e IL-6 A IL-6R 2/ L TRz % (e ¥ %
LR ERRHEINTOED, HEYA AL vIck?
FHRRY 22 (B 3 A3 72 22> 72, Li 513 IFNy O 2
7a ) THETCTREHRPREZZLEZRLTED,
bbb WK L MHEIER 2 R T2 b0 Th 3%, =2
b2 b, IL-1B, IL-6, TNFa, IFNy 3 EREMES A kA4 v
& LT, LPS(lipopolysaccharide) #il3#42”, EAE3, status
epilepticus (SE)*V & > 5 7o BRI S T C 13 e %
Mg 2ARMEE LTHFESNTE R, Lo L, XhEeHL
BEBEA TR 2 FABRIES NS, RIEE T AR
Dl-DIfibi s LPS 1, WA GEMIKR A L) 2 b
TOICTHET 22 LTI 7al ) 7 OMEEHENDFE )
AT %30, A P AL VHEOIREIC X > TEA»Z(L
9 3. TNFa % 1 ng/mL Tl ifRiilia 2z 8iad 2 —5,
10ng/mL M FOBEET7?RF— 22T, bbb
NOT—=FTlX, T4 7V B rur) 7ot
2T 2 &, AREEAIEOZIE AL T IS T 20
L, Z2NZ0DHA A4 VLRV DJEDIEE—RRIC
B Tho7, YA MWL viEIr7u ) 7RI TR

Clinical Neuroscience vol. 33 no. 12 (2015-12)



TAraYA g EOREMIESS b NG, 825
, 272070 7hoDY A4 A4 VA ‘cytokine
storm’ 312 30 < UE R WD,  ‘cytokine drizzling
ELEADHEENRY A AL VMY A=t Tw
2T ETHENS,

T3 U

bbb L > TROBEIL, EBYHP I 7)) 70
TR OfHCcH 2. ERAE Y & LTHREDS
BRI TSVZTDO I 7u 7)) THENKES AT
ZRBBHITOND, FHNEZMEERL TV LELDXT 4 Z—
Y —FHAEDHIHTH, REBICKELSELT Y, b
bk, SVZ 227ua ) 730X ) KN - KRB )
SDOEFITHLTYA bAoA VEREZHA T2 Hub &
LTHREL TV ADTIERVLREEZTWLSE (M2), Z0
£ 9 SN SIRNA~DIERT Y N —, ZducfE) 27
07 T K B AT A OFET X A = X L O, FEE
2 GO EIRRIC L 7L — 7 AL —% bl 6T 2
EOHIEI NG,

X #

1) Ginhoux F, Greter M, Leboeuf M, et al. Fate mapping analysis
reveals that adult microglia derive from primitive macrophages.
Science. 2010 ; 330 : 841-5.

Schulz C, Gomez Perdiguero E, Chorro L, et al. A lineage of myeloid
cells independent of Myb and hematopoietic stem cells. Science.
2012 ; 336 : 86-90.

Ajami B, Bennett JL, Krieger C, et al. Infiltrating monocytes trigger
EAE progression, but do not contribute to the resident microglia
pool. Nat Neurosci. 2011 ; 14 : 1142-9.

Butovsky O, Jedrychowski MP, Moore CS, et al. Identification of a
unique TGF-B-dependent molecular and functional signature in
microglia. Nat Neurosci. 2014 ; 17 : 131-43.

Kettenmann H, Hanisch UK, Noda M, Verkhratsky A. Physiology of
microglia. Physiol Rev. 2011 ; 91 : 461-553.

Scheffel J, Regen T, Van Rossum D, et al. Toll-like receptor
activation reveals developmental reorganization and unmasks
responder subsets of microglia. Glia. 2012 ; 60 : 1930-43.

Sica A, Mantovani A. Macrophage plasticity and polarization : in
vivo veritas. J Clin Invest. 2012 ; 122 : 787-95.

8) Geissmann F, Gordon S, Hume DA, et al. Unravelling mononuclear
phagocyte heterogeneity. Nat Rev Immunol. 2010 ; 10 : 453-60.
Chen SK, Tvrdik P, Peden E, et al. Hematopoietic origin of
pathological grooming in Hoxb8 mutant mice. Cell. 2010 ; 141 : 775-
85.

Wang DD, Bordey A. The astrocyte odyssey. Prog Neurobiol. 2008 ;
86 : 342-67.

Sminia T, de Groot C]J, Dijkstra CD, et al. Macrophages in the central
nervous system of the rat. Immunobiology. 1987 ; 174 : 43-50.
Zusso M, Methot L, Lo R, et al. Regulation of postnatal forebrain
amoeboid microglial cell proliferation and development by the
transcription factor Runxl. J Neurosci. 2012 ; 32 : 11285-98.

Do
~

3

=

4

=

5

=

6

=

7

=

9

=

10

=

11

~—

12

-

Clinical Neuroscience vol. 33 no. 12 (2015-12)

125

13) Cunningham CL, Martinez-Cerdeiio V, Noctor SC. Microglia
regulate the number of neural precursor cells in the developing
cerebral cortex. ] Neurosci. 2013 ; 33 : 4216-33.

Sierra A, Encinas JM, Deudero JJ, et al. Microglia shape adult

hippocampal neurogenesis through apoptosis-coupled phagocytosis.

Cell Stem Cell. 2010 ; 7 : 483-95.

15) Goings GE, Kozlowski DA, Szele FG. Differential activation of

microglia in neurogenic versus non-neurogenic regions of the

forebrain. Glia. 2006 ; 54 : 329-42.

Shigemoto-Mogami Y, Hoshikawa K, Goldman JE, et al. Microglia

enhance neurogenesis and oligodendrogenesis in the early postnatal

subventricular zone. J Neurosci. 2014 ; 34 : 2231-43.

Goldberg JS, Hirschi KK. Diverse roles of the vasculature within the

neural stem cell niche. Regen Med. 2009 ; 4 : 879-97.

18) Quaegebeur A, Lange C, Carmeliet P. The neurovascular link in
health and disease : molecular mechanisms and therapeutic implica-
tions. Neuron. 2011 ; 71 : 406-24.

19) Thrie RA, Alvarez-Buylla A. Lake-front property :a unique
germinal niche by the lateral ventricles of the adult brain. Neuron.
2011 ; 70 : 674-86.

20) Shen Q, Wang Y, Kokovay E, et al. Adult SVZ stem cells lie in a

vascular niche : a quantitative analysis of niche cell-cell interactions.

Cell Stem Cell. 2008 ; 3 : 289-300.

Dorr A, Sled JG, Kabani N. Three-dimensional cerebral vasculature

of the CBA mouse brain : a magnetic resonance imaging and micro

computed tomography study. Neuroimage. 2007 ; 35 : 1409-23.

Arno B, Grassivaro F, Rossi C, et al. Neural progenitor cells

orchestrate microglia migration and positioning into the developing

cortex. Nat Commun. 2014 ; 5 : 5611.

Merkle FT, Mirzadeh Z, Alvarez-Buylla A. Mosaic organization of

neural stem cells in the adult brain. Science. 2007 ; 317 : 381-4.

Ortega F, Gascon S, Masserdotti G, et al. Oligodendrogliogenic and

neurogenic adult subependymal zone neural stem cells constitute

distinct lineages and exhibit differential responsiveness to Wnt

signalling. Nat Cell Biol. 2013 ; 15 : 602-13.

Butovsky O, Ziv Y, Schwartz A, et al. Microglia activated by IL-4 or

IFN-gamma differentially induce neurogenesis and oligodendrogene-

sis from adult stem/progenitor cells. Mol Cell Neurosci. 2006 ; 31 :

149-60.

26) Wang X, Fu S, Wang Y, et al. Interleukin-lbeta mediates
proliferation and differentiation of multipotent neural precursor cells
through the activation of SAPK/JNK pathway. Mol Cell Neurosci.
2007 ; 36 : 343-54.

27) Islam O, Gong X, Rose-John S, Heese K. Interleukin—6 and neural
stem cells : more than gliogenesis. Mol Biol Cell. 2009 ; 20 : 188-99.

28) Li L, Walker TL, Zhang Y, et al. Endogenous interferon gamma
directly regulates neural precursors in the non-inflammatory brain.
J Neurosci. 2010 ; 30 : 9038-50.

29) Monje ML, Toda H, Palmer TD. Inflammatory blockade restores
adult hippocampal neurogenesis. Science. 2003 ; 302 : 1760-5.

30) Ben-Hur T, Ben-Menachem O, Furer V, et al. Effects of proinflam-
matory cytokines on the growth, fate, and motility of multipotential
neural precursor cells. Mol Cell Neurosci. 2003 ; 24 : 623-31.

31) Iosif RE, Ekdahl CT, Ahlenius H, et al. Tumor necrosis factor
receptor 1 is a negative regulator of progenitor proliferation in adult
hippocampal neurogenesis. ] Neurosci. 2006 ; 26 : 9703-12.

32) Cacci E, Ajmone-Cat MA, Anelli T, et al. In vitro neuronal and glial
differentiation from embryonic or adult neural precursor cells are
differently affected by chronic or acute activation of microglia. Glia.
2008 ; 56 : 412-25.

33) Bernardino L, Agasse F, Silva B, et al. Tumor necrosis factor-alpha
modulates survival, proliferation, and neuronal differentiation in
neonatal subventricular zone cell cultures. Stem Cells. 2008 ; 26 :
2361-71.

34) Clark IA. The advent of the cytokine storm. Immunol Cell Biol.

2007 ; 85 : 271-3.

Spencer SJ, Mouihate A, Galic MA, Pittman QJ. Central and

peripheral neuroimmune responses : hyporesponsiveness during

pregnancy. J Physiol. 2008 ; 586 : 399-406.

14

=

16

=

17

—

21

-

22

-

23

=

24

=

25

=

35

=

1341



Sensors and Materials, Vol. 27, No. 10 (2015) 1035-1044
MYU Tokyo

S & M 1140

Improvements in Enzyme-Linked Photoassay
Systems for Spatiotemporal Observation
of Neurotransmitter Release

Kazunori Watanabe, Nobuto Takahashi, Naohiro Hozumi' and Sachiko Yoshida®

Department of Environmental and Life Sciences,
Toyohashi University of Technology, 1-1 Hibarigaoka, Tempaku-cho, Toyohashi 441-8580, Japan
'Int’] Cooperation Center for Engineering Education Development/
Department of Electrical & Electronic Information Engineering,
Toyohashi University of Technology, 1-1 Hibarigaoka, Tempaku-cho, Toyohashi 441-8580, Japan

(Received February 23, 2015; accepted September 25, 2015)

Key words: neurotransmitter, glutamate, GABA, enzyme immobilization, UV LED

Neurotransmitters and neuronal releasing molecules are not only the regulators of
neuronal function but also the indicators of neuronal conditions. Glutamate and y-amino
butyric acid (GABA) play important roles in cerebellar differentiation and function.
In the mature cortex, they are released from synapses and taken up by transporter
molecules. We have developed enzyme-linked photoassay systems for glutamate,
GABA, and adenosine triphosphate (ATP), and reported their release in the developing
cerebellar cortex. Our systems showed slow transmitter release in the immature
cerebellum, whereas it was hard to detect the fast synaptic release from mature neurons,
because there were some limitations in time resolution and data depth derived from
a charge-coupled device (CCD), and the enzyme-linked photodevice was sometimes
unstable. In this study, we report the dynamic observation of neurotransmitter release
in the developing cerebellar slices using improved photodevices and a high-speed 16-bit
CCD. With this new system, the rapid measurement of transmitter release in a young-
adult cerebellar cortex is possible. We suggest that these photoassay systems are useful
for observing synaptic release in several diseases.

1. Introduction

Neurotransmitter molecules released from neurons are not only the regulators of
neuronal transduction but also the indicators of neuronal conditions.(» Glutamate and
y-aminobutyric acid (GABA) are known as typical transmitters in the brain’s cortex, and
they play important roles as stimulators and suppressors, respectively. Lack of balance in
the release of glutamate and GABA may lead to autism, epilepsy, or Parkinson’s disease.®
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To observe spatiotemporal neurotransmitter release in the cerebellar cortex, we
have recently developed an enzyme-linked photoassay system, which is a device with
an immobilized enzyme on a quartz glass surface. Using this system, we observed
glutamate or GABA release in developing cerebellar slices using either new or
authorized methods.® Enzyme-linked photoassay is sensitive and selective, and
it can discriminate the substrates from their pharmacological analogues. Our system
can detect transmitter release in the cerebral cortex,© hippocampus, retina, and cultured
cells,” and made it possible to detect the release of adenosine triphosphate (ATP),®
glucose, sucrose, and fructose. On the other hand, enzymes tend to denature and separate
from the quartz. For the detection of transmitter release in mature neuronal circuits,
increasing the sensitivity and stability of the device is required.

In this paper, we propose new immobilizing methods and discuss the optimization of
the enzyme-linked photoassay.

2. Materials and Methods

2.1 Substrate and enzyme reaction

Imaging neurotransmitter release was monitored for the reaction in which
oxidoreductases generate reduced nicotinamide adenine dinucleotide (NAD™) or
diphosphonucleotide (NADP*). For glutamate, GABA, or adenosine triphosphate (ATP)
imaging, we used glutamate dehydrogenase, GABA disassembly enzyme [GABase,
Fig. 1(a)] or glyceraldehyde 3-phosphate dehydrogenase, respectively.®'V The NADH
or NADPH, the reductants of NAD* or NADP", respectively, which is generated
stoichiometrically, emits 480 nm fluorescence after excitation at 340-365 nm.

2.2 Surface photoexcitation

For UV excitation, a quartz glass plate illuminated with an ultraviolet light-emitting
diode (UV-LED, Nichia, Tokushima, Japan) was used. Leaking UV light onto the glass
surface excited fluorescent NADH or NADPH [Fig. 1(b)].

2.3 Imaging apparatus

All fluorescence images through the inverted microscope (IX73, Olympus Co., Ltd.,
Tokyo, Japan) were observed by a cooled charge-coupled device (CCD) (ORCA-ER
CCD) or a high-speed complimentary metal-oxide semiconductor (CMOS) (ORCA-Flash
4.0) camera, supplied by Hamamatsu Photonics Co., Ltd., Hamamatsu, Japan. Imaging
data were analyzed by iVision software (BD Biosciences, San Jose, CA, USA).

2.4  Enzyme immobilization and sample preparation

Enzymes were typically covalently immobilized on the quartz glass surface using a
silane coupling agent and a crosslinking agent, 3-aminopropyltriethoxy silane (3-APTS)
and glutaraldehyde, respectively [Fig. 2(a)].'» These surface modifications determine
both the stability of the enzyme reaction and the distance between the sample and the
glass surface.
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Fig. 1. (Color online) (a) Released neurotransmitters are oxidized by the oxidoreductase, and
NAD(P)H is formed stoichiometrically. In GABA oxidization, released GABA is converted to
succinic acid with NADPH formation by GABase. (b) Schematic diagram of the enzyme-linked
photoassay system. The oxidoreductases are immobilized on the quartz glass surface, and the
excitation light radiating from UV-LED passes through the quartz waveguide. Fluorescent images
are obtained by CCD or CMOS, and analyzed using a computer system.

In some cases, glass surfaces were treated with either aromatic crosslinkers,
1,4-phenylene diisothiocyanate (1,4-DIC), or 1,3-phenylene diisothiocyanate [1,3-DIC,
Fig. 2(b)], and glutaraldehyde (GA).(® Others were treated with a phosphonic acid,
11-aminoundecylphosphonic acid [11-AUPA, Fig. 2(c)], as a replacement for 3-APTS.(%

Cerebellar acute slices were treated from postnatal day 3 (P3) to P15 in rats, sliced
sagittally to a thickness of 400 pm with a rotor slicer (Dohan EM, Kyoto, Japan),
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Fig. 2. (Color online) (a) Method of enzyme immobilization using 3-APTS and glutaraldehyde.
Surface treatment and crosslinking between waveguide quartz and enzyme. (b) Crosslinking using
1,3-DIC. (c) Surface treatment with 11-AUPA.

and incubated in oxygen-aerated PBS for 45 min. All experimental procedures were
approved by the committee for the use of animals at Toyohashi University of Technology
and by the guidelines of the Ministry of Education, Culture, Sports, Science and
Technology, Japan.
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3. Results

3.1 Spatiotemporal observation of glutamate release

Figure 3(a) shows an illustration of rat cerebellar development. In the developing
cerebellum, neuronal arrangement and circuit formation progress after birth. Granule
cells, small input neurons, proliferate and migrate down from the external granular layer
(EGL) to the internal granular layer (IGL). Purkinje cells, major output neurons, develop
their dendrites and associate neuronal connections between granule cells and other
interneurons. The layer of Purkinje cell somas is identified to be the Purkinje layer (PL).
A neuronal circuit layer forms the molecular layer (ML).(>19 To understand the roles of
neurotransmitters in the cerebellar development, we have developed a new visualizing
device and, with it, we have observed spatiotemporal molecular dynamics.

Using the enzyme-linked photoassay system, we have observed many kinds of
transmitter release in several developmental stages and organs. Our system has
visualized both spontaneous and responsive transmitter release processes with 0.5 s time
resolution. Figures 3(b)-3(k) show the transitions in glutamate release in response to
100 uM GABA application in developing cerebellar slices.!? Glutamate was released
in both the EGL and the IGL, whereas the PL was indicated by a negative line. In the
developing cerebellum, the granule cells that distributed in the EGL and IGL are the only
neurons that release glutamate, so both layers showed fluorescence activities. Glutamate
release in P3 cerebellar slices appeared in both layers slowly but continuously, whereas
it started rapidly in the lower EGL and then spread to the IGL within a short time in P7
celebellar slices.!® Granule cells in the P3 cerebellum did not develop sufficiently to
react to GABA stimulation nor release the transmitter actively, but they still proliferated.
On the other hand, the granule cells in the P7 cerebellum developed sufficiently to react
to GABA stimulation, so they released glutamate rapidly.

Although spatiotemporal observation could give us dynamic information about
neuronal reaction, our system needs to be improved in terms of stability, sensitivity
and time resolution for us to observe fast synaptic transmissions. The targets of our
improvements were the (1) sensing CCD, (2) excitation waveguide, and (3) manner of
enzyme immobilization shown in Fig. 2.

3.2 Effects of new crosslinkers and surface treatment

Two types of glass devices with either aromatic crosslinkers, 1,3-DIC or 1,4-DIC, and
GA were examined to observe spontaneous GABA release with 500 ms time resolution
using ORCA ER CCD. The device formed using 1,3-DIC and GA gave images with a
better contrast of GABA release than the GA crosslinked device in the P10 cerebellar
slice [Fig. 4(a)], whereas it showed no difference in the P6 cerebellar slice. The 1,4-DIC
crosslinked device yielded no good images.

The aromatic crosslinkers make the glass surface hydrophobic. Because mature
brain tissues become hydrophobic as the myelin structure develops, 1,3-DIC crosslinking
should increase the affinity of the enzyme for the tissues.

The binding between the glass and the acceptor molecules has been weak, because
the silane coupling agents tend to undergo hydrolysis under biological conditions. The
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Modulation of proliferation Maturation Migration

Newborn Developing Mature

Fig. 3. (a) Diagram of cerebellar development. In the newborn cerebellum (1 to 3 days after
birth), granule cell progenitors (Gra) proliferate in the EGL, while immature Purkinje cells (P)
form the PL with Golgi cells (Go) and some Bergmann glia (Ba). During the developement, 5 to 7
days after birth, Gra-cells elongate their axon and migrate inside, and P-cells spread their dendrites
and connect to other neurons within two weeks. B denotes basket cells, and S, satellite cells.
Evoked glutamate wave with GABA application in developing cerebellar cortex. (b)—(f): 2.0, 4.5, 7.0,
12.5, and 23.5 s after stimulation in P3 cerebellar cortex, respectively. (g)—(k): 0.5, 2.5, 4.0, 11.0,
and 16.0 s after stimulation in P7 cerebellar cortex, respectively.
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Fig. 4. (Color online) (a) New crosslinker, 1,3-DIC, gave us better contrast images than GA in
mature cerebellar observation, while it made little difference from GA in immature organ. (b) The
11-AUPA-GA treatment showed the same result as the APTS-GA treatment in the immature organ. (c)
Spontaneous GABA release image in P12 cerebellar slice using 1,3-DIC crosslinking glass device.

surface treatment by 11-AUPA, as a replacement for 3-APTS, was expected to inhibit
hydrolysis, but it had low affinity for the glass. We constituted a new glass device with
11-AUPA-coupling enzymes and examined its sensitivity and stability. Figure 4(b)
shows that the new device performed with the same sensitivity and stability as the device
with APTS.

3.3 Observation using high-speed CMOS camera

The fluorescence intensity of NADH is very low and is only a few thousands of the
intensity of typical artificial fluorescence. To collect data with sufficient time resolution,
a highly sensitive and rapid data transferring camera is required. The time resolution
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shown in Fig. 3 is 0.5 s for the 12-bit ORCA CCD, which is too low to detect the
synaptic transmitter reaction.

A 16-bit CMOS camera, Flash 4.0, could detect weak light and transfer data in less
than a microsecond. Using this camera, transient glutamate release could be detected
with a 20 ms time resolution (Fig. 5). In developing the P7 cerebellum, glutamate
release was increased in the EGL by applying a glutamate receptor-stimulating agent,
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA). Even in the premature
P14 cerebellum, the increment in the rate of glutamate release was observed. It was not
strong and noiseless, but the AMPA stimulation-induced glutamate release was observed
in the ML and IGL where the glutamatergic neurons are distributed.

4. Discussion

The detection of neurotransmitter release gives us important information about
developmental conditions and diseases. Parkinson’s disease, a degenerative disorder of
the central nervous system, is caused by the alteration of the release of neurotransmitters.
The detection of the spatial or temporal alteration of the release would require early
diagnosis and treatment of Parkinson’s disease. In immature or lesioned neuronal organs,
transmitters are released and taken up slowly, so the time resolution required is from 0.5
to 1 s. In young-adult stages, the release speed becomes higher than that in the immature
stage within 20 ms.

Fig. 5 (Color online) Evoked glutamate release images to AMPA stimulation for 20 ms time
resolution using Flash 4.0 CMOS system. (a)—(c) P7 cerebellar slice; (d)—(f) P14 cerebellar slice. (a)
and (d) Phase contrast light images. (b) and (e) Fluorescence images before stimulation and (c) and (f)
just after AMPA stimulation.
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Enzyme-linked assays were applied previously for chemical detection because of
their specificity. In spatial observations, however, their fluorescence intensity is too
weak to detect. Our enzyme-linked photodevice was developed to detect spatiotemporal
neurotransmitter release, and it was improved to observe rapid synaptic release.
New crosslinkers could contribute to a more sensitive detection, and the phosphonic
surface treatment would expand the range of applications. In order to detect a high-
speed transmitter release, both the light accumulation system for weak fluorescence
and the close contact between the specimen and the enzyme are required. At present,
our photodetection system detects several ms releases from neuronal synapses in the
presence of noise, and in the future, it could give us more noiseless observations using an
optimal image processing system.

5. Conclusions

The newly developed enzyme-linked photoassay is useful for the visualization of
neurotransmitter release in brain slices. In the immature cerebellum, the granule cells release
glutamate slowly or rapidly at their stage of neuronal development and synaptogenesis.

Using a fast new system, the rapid measurement of transmitter release in a young-
adult cerebellar cortex became possible. Crosslinkers and other device techniques
are required for stable observations. We suggest that the photoassay systems have
advantages for the observation of synaptic release in several diseases.
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In this paper, we propose a new simple device for visualizing bioactive molecules with a fine spatial resolution by using a
membrane in which a specific enzyme is immobilized. The layer produces fluorescence after association with a specific substance.
The layer, on which a biological tissue is to be mounted, is deposited on a quartz substrate that is used as a light guide to
introduce UV light to the layer. Substance release is observed by a CCD camera from the opposite side of the substrate. In order
to shorten the experiment time, we had automated the optical device. The paper also describes the reduction of background
fluorescence by means of image processing technique. Images were acquired by employing two UV-LEDs with slightly different
angle. Image processing was performed to separate background and target fluorescence by means of independent component
analysis. Finally the release of GABA (y-aminobutyric acid) and glutamate from specific layers in rat cerebellum was successfully
observed. It is expected that, using this method, both real-time transmitter release and its response to medicine can be observed.

Keywords : bioactive molecules, enzyme-linked photo assay, independent component analysis

1. Introduction

Light guide is composed of a dielectric material that can enclose
the light propagation. In addition to being applied to communication,
it is useful for sensing as well. In chemical sensing the surface of
the light guide has to be coated with some specific chemical that
may change its optical property depending on chemical reactions.
Such a function can be applied to chemical imaging, if the light
guide has a flat surface. This study proposes an application of
two-dimensional light guide, of which surface is chemically
modified, to biochemical imaging.

Neurotransmitter molecules released from neurons are not only
regulators of neuronal transduction but also indicators of neuronal
conditions. Glutamate and y-aminobutyric acid (GABA) are
known as typical transmitters in brain cortex that play important
roles as stimulator and suppresser, respectively. Lack of balance in
the release of glutamate and GABA may lead to autism, epilepsy
or Parkinson’s disease!®,

In order to observe the spatio-temporal release in cerebellar
cortex, we have newly proposed the enzyme-linked photo assay
system, which is realized even using normal CCD camera, and
observed GABA release in developing cerebellar slice using either
new or authorized methods®™.

In this paper, we propose a new simple device for this purpose
by using a reactive layer in which a specific enzyme is
immobilized, and produces fluorescence after association with a
specific substance released from mounted slice. This layer is
bound a quartz substrate that is used as a light guide for UV light
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tut.ac.jp
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excitation. Fluorescence derived from a substance is observed by a
CCD camera from the opposite side of the substrate.

The paper describes the reduction of background fluorescence
by means of image processing technique. Finally it will be shown
that the release of transmitters from specific layers in rat cerebellum
was successfully observed.

2. Specimen Preparation and Photo Excitation
System

Imaging of neurotransmitter release was monitored the reaction
of oxidoreductases generating reduced nicotinamide adenine
dinucleotide (NAD™) or diphosphonucleotide (NADP"). For
glutamate and GABA, we used glutamate dehydrogenase and
GABA disassembly enzyme (GABase), respectively.

Enzymes were covalently immobilized on the quartz glass
substrate using a silane coupling agent and a crosslink agent. The
substrate was as thick as 1 mm. Stoichiometrically generated
NADH or NADPH emits 480 nm fluorescence afler excitation at
340-365 nm.

Existence of glutamate and GABA lead to fluorescence when
co-existing with specific enzyme and co-enzyme. A glass substrate
on which specific enzyme is coated is in contact with the biological
specimen. A chamber space is created around the specimen. The
space is filled with buffer liquid and co-enzyme. On the glass
substrate therefore, the specimen is in contact with both enzyme
and co-enzyme.

Consequently glutamate or GABA, that is released from the
tissue spontaneously by stimulation, makes an oxidation-reduction
reaction on the substrate. Although both glutamate and GABA do
not produce fluorescence by themselves, NAD(P)H that is created
as the result of the above chemical reaction makes fluorescence.
As the ratio of glutamate or GABA and NAD(P)H is 1:1, the
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fluorescence can be correlated to the amount of released glutamate
or GABA.

In the experiment, rat cerebellum was sliced sagittally at 400 pm
thick and incubated in oxygen-aerated HEPES-Na" buffer for 40
min. The slice was placed on the quartz glass substrate with both
NADP" and a-ketoglutarate. Figure 1 shows the schematic diagram
of the observation system including the device. The enzyme was
immobilized covalently on the glass as shown in Fig. 2. Figure 3
shows chemical reactions taking place on the substrate. NADP”
(nicotinamide adenine dinucleotide phosphate) changes into
NADPH (reduced nicotinamide adenine dinucleotide phosphate)
just as glutamate and GABA degeneration. Synthesized NADPH
was illuminated by 360 nm surface UV-LED, and emitted the
480 nm fluorescent light observed by cooled CCD (ORCA ER,
Hamamatsu Photonics). The quartz substrate can be recognized as
a light guide to illuminate the surface of the substrate.
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The fluorescent light detected by the CCD camera is divided
into target light and background light. As significant intensity of
background light is detected. it is assumed that fluorescence is
excited by the light that is refracted on the interface between the
substrate and tissue system including the layer. The light, being
generated by LEDs and propagates though the substrate, can be
decomposed into plane waves with different angles of propagation.
Each plane wave transfers across the enzyme layer and comes into
the tissue. We assume that both target and background light were
predominantly excited by normal light. As the background light
significantly damage the quality of the image, it should be reduced
as much as possible. Making use of the evanescent light may be a
solution, however, it may make the system complicated, and the
target light may be not as significant as this case. Therefore we tried
to reduce the background by means of a simple image processing.

Assuming that the light is a plane wave and scatter can be
neglected, wave propagation and detected fluorescence can be
illustrated as Fig. 4. In the figure, fluorescence, attributed to the
layer where the enzyme is fixed, is represented as /y. This is

Image Processing

Plane wave

|
|
| (6)
|
L 1o(8) L] 1o(6)
Jrf(e)(target) (background)
P () Y AN (/)

Observed

Fig. 4. Fluorescence detected by CCD camera
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defined as to be the target. The fluorescence attributed to the tissue
is represented as /'y . This is defined as to be the background. Both
Ip and ['y depends on the incident angle 6. The thickness of the
quartz plate, which is used as a light guide, is as thick as 1 mm. As
it is much thicker than the diameter of normal optical fiber it is
relatively easy to introduce two kinds of lights of which angles of
center axes are significantly different. In addition, in practice, they
depend differently on the incident angle. As the result, the
proportion (/y/I'g) is not the same along 6. This is true even if the
incident angle has distributed.

As the result, the captured fluorescence with different angle of
optical axis is composed of target and background fluorescence
with different mixture ratios. This can be represented as:

Fl I ST J‘(;

where [ (x,y) and F(x,y) are captured fluorescence image, f)(x,y)
and f;(x,y) are spatial distributions of fluorescence as the target
and background, a,y, a2, a3, ay; are constants. Although the image
acquisition is sequential, ICA is performed by assuming that two

images, F)(x,») and F,(x,p) are acquired with a negligible time lag.

Reproduced images /") (x,y) and /" (x,y) are calculated from F and
F5. As the result of periodical acquisitions of /; and F,, time
dependent images of /' and /”; are calculated. Eq. (1) can also be
described using a matrix expression as:

The target and background fluorescence distribution can be
calculated by applying A" to F. In practice, only contrast of the
image would be enough to recognize the distribution. In such a
case A can be represented as:

| « 3

Aﬁer capturing two images F, and F, by changing the angle of

optical axis, the target and background images can be separated by
finding appropriate numbers for & and . a and £ can be tuned
manually by monitoring the quality of reproduced image, however,
the theory of independent component analysis (ICA) may be
powerful for solving such a problem.

Stochastic distribution of pixel intensity in images /" and /", are
represented as p(yy;) and p(y,;), where yy; and Vo represent the
intensity.

POD=P ) P )= P, ) }

(4
P =Py ) p(y, e POy, )} @

p(¥ii.y2;) represents the probability that the intensity of a pixel in
image /", is y;; and that of the corresponding point in image /% is
Vaj. In other words p(y,) and p(y,) are probabilities that cases y,
and y, take place, respectively. and p(y,,y,) is the probability that
cases y; and y, takes place simultaneously. Variables y, and y, are
considered to be independent when

PLY) = PY)P(Y,) i (5)

is established. Kullback-Leibler(K-L) parameter is often employed
to indicate the independency of variables:

. (Vs 2s,)
KL= ZP(MuJ’z,)IOg&

(6
i p()P(,) W

The K-L parameter is zero when two sets of variables y, and y,
are completely independent together. In practice, & and £ in Eq. (3),
which determine the probabilities p(y,), p(32) and p(y,,y,), can be
tuned so that the K-L parameter indicates the minimum.

The process of ICA is illustrated in Fig. 5. The equation described
in the form of matrix indicates that two images, F; and F, derive
from linear combination of unknown original images f; and f. If
an appropriate inverse matrix can be found then the original
images can be reproduced. However as the matrix to describe the
linear combination is unknown as well, ICA algorithm is applied
to find the most appropriate matrix (as the inverse matrix). In the

Parameter for independency
P Ya,)

KL= p(y.y;,)log ——221_
|— 2P0z )lo p(yl,)p(yz,)"l“”e ap

e

Observed

A G ) GG 2L

Fig. 5. lllustration for image processing based on independent component analysis

Reconstructed

Probability distribution
of intensity [
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ICA process K-L parameter is calculated in order to evaluate the
probabilistic independency of images /", and /. It can be considered
that in the reproduction algorithm the core process is the calculation
of the K-L parameter. In this preliminary study K-L parameter is
successively calculated by manually changing the inverse matrix,
and images are assumed to be reproduced when the K-L parameter
indicates the minimum.

4. Results and Discussion

4.1 Image Processing using the ICA Figure 6 (a) shows
visible light image of the cerebellum with postnatal 21 days. In
developing cerebellum, granule cells, small input neurons,
proliferate and migrate down from the external granular layer
(EGL) to the internal granular layer (IGL). As the development
proceeds, EGL turns into molecular layer (ML) whereas 1GL
remains. Purkinje cells, big output neurons, develop their dendrites
and associate neuronal connections between granule cells and
other interneurons. Neuronal circuit layer forms the ML. As the
cerebellum shown in Fig. 6 (a) is mature, ML, PL, IGL are clearly
visible. Note that ML is on the outer side of the cerebellum, and a
wrinkle surrounded by the ML is seen in Fig. 6 (a).

As for fluorescence observation, three different images were
acquired. Two were with different inclination of the excitation

= Xk LA

Small angle (image A). Large anglc'(imagc B).
(b) Fluorecence images before image processing

-

W,

00

|
Iv

(c) Fluorecence images after image processing

Background Target

Fig. 6. Cross sectional mages of cerebellar cortex: (a) Visible
light image, (b) original fluorescent images with different angle
of optical axes, and (c) fluorescent images after the image
processing. Scales are indicated in arbitrary unit. Specimen: rat
cerebellum (postnatal 21 days), target: GABA
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light source, and one was with no excitation light. Each of the two
images with excitation light was subtracted with the image with no
excitation light, in order to reduce the background light from the
outside. These two images after the subtraction were defined as
images A and B.

Figure 6 (b) shows these images for a rat cerebellum. Both
images are very unclear, because of the background fluorescence.
Figure 6 (c¢) shows the result of image processing. It is clearly
shown in the image entitled as “target” that the fluorescence
intensity is high in two layers, whereas that entitled as “background™
is not clear. By morphological inspection these layers are recognized
as ML and IGL. These layers are known that GABAergic
neurons distribute in mature cerebellum. Studies using HPLC and
clectrophysiological method have shown that GABA is released
from the postnatal cerebellar cortex even before synaptogenesis,
and that GABA receptors act on the developing cerebellar Purkinje
cells™. However, dynamic GABA release could not be observed
unless the enzyme-linked photo assay is used. In addition, because
cytoplasmic autofluorescence becomes noisy background light, it
is useful that the image processing system extracted the image of
GABA release from the autofluorescence-contained image. Using
this method, both real-time transmitter release and its response to
medicine can be observed.

4.2 Transition after Chemical Stimulation In relatively
developed cerebellum, cells distributed in the ML and IGL are
only the neurons of glutamate release, so that both layers showed
fluorescent activities. Figure 7 indicates release distribution of
glutamate in comparison with normal optical image illuminated
with visible light. The fluorescent image, indicating glutamate
release, is after the ICA processing. Figure 7 (c) indicates the
regions of interest for analysis. Regions highlighted as ML and
IGL have relatively strong intensity in fluorescence. They have a
contrast to the region highlighted as PL. Release from white matter
(WM). which is mostly composed of fatty materials, is much less
significant.

(b) Fluorescent image

(c) Regions of interest for analysis

Fig. 7. Cerebellum with postnatal 7 days observed with visible
light and fluorescent light indicating glutamate release. 0.9 mm
« 0.9 mm. Gray scale is arbitrary. ML: molecular layer, PL:
Purkinje layer, IGL: internal granular layer, WM: white matter.
Specimen: rat cerebellum (postnatal 7 days)
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(normalized by the intensity of ML 30 s after stimulation
that is indicated as 1000). Specimen: rat cerebellum
(postnatal 7 days), target: glutaminate

Transition in fluorescence intensity in each layer

ML PL IGL

rmalized intensity

M

before  after before  after before  after

Fig. 9. Change in fluorescence intensity before and after
AMPA stimulation (normalized by the intensity of ML 30 s
after stimulation that is indicated as 1000). Specimen: rat
cerebellum (postnatal 7 days), target: glutaminate

Our system can visualize both spontaneous and responsive
transmitter release with about 0.2 s time resolution. Figure 8 shows
the transition of glutamate release in response to 100 pmol/{
(S)-alpha-Amino-3-hydroxy- 5 methylisoxazole-4-propionic acid
(AMPA) application in cerebellar slices. All values are normalized
by the intensity of ML 30 s after stimulation that is indicated as
1000. Fluorescence, as indication glutamate release, was intense in
both the IGL and ML, whereas the PL was indicated with lower
intensity. As shown in Fig. 8, a clear increase in fluorescence was
observed after stimulation. Transition in fluorescence was similar
for ML and IGL, suggesting that these layers are activated.
However PL, which was not expected to release glutamate,
showed fluorescence as well although it was less intense than ML
and IGL. As this specimen was taken from relatively young rat
(postnatal 7 days), the cerebellar development was not totally
completed, and the layers were not separated enough. It is hence
considered that diffusion from ML and IGL to PL would take
place, leading to an increase in fluorescence in this layer. The
increase in fluorescence in WM suggests that glutamate might
have been diffused into WM as well, although the absolute value
was much lower than ML and 1GL.

Figure 9 compares the fluorescence in each layer before and
after stimulation. Four different specimens were used for the
observation, in order to confirm reproducibility. It is clear that the
AMPA stimulation brought a significant glutamate release from
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ML and IGL, although the increase is also seen with PL.
5. Conclusions

A new method for visualization of spatially distributed bioactive
molecules using enzyme-linked photo assay has been proposed.
It is based on fluorescent reaction assisted by an enzyme
immobilized on the substrate, however, background fluorescence
disturbs the observation. In order to reduce the background
fluorescence, two images were acquired by changing the optical
axis of UV illumination. Image processing based on independent
component analysis made the target image clear. Observation of
rat cerebellum was successfully performed and GABA and
glutamate release from two specific layers was clearly indicated.
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Abstract: Objective: Inhaled 1-bromopropane decomposes easily and releases bromine
ion. However, the kinetics and transfer of bromine ion into the next generation have not
been clarified. In this work, the kinetics of bromine ion transfer to the next generation
was investigated by using cross-fostering analysis and a one-compartment model.
Methods: Pregnant Wistar rats were exposed to 700 ppm of 1-bromopropane vapor for
6 h per day during gestation days (GDs) 1-20. After birth, cross-fostering was
performed between mother exposure groups and mother control groups, and the pups
were subdivided into the following four groups: exposure group, postnatal exposure
group, gestation exposure group, and control group. Bromine ion concentrations in the
brain were measured temporally. Results: Bromine ion concentrations in mother rats
were lower than those in virgin rats, and the concentrations in fetuses were higher than
those in mothers on GD20. In the postnatal period, the concentrations in the gestation
exposure group decreased with time, and the biological half-life was 3.1 days.
Conversely, bromine ion concentration in the postnatal exposure group increased until
postnatal day 4 and then decreased. This tendency was also observed in the exposure
group. A one-compartment model was applied to analyze the behavior of bromine ion
concentration in the brain. By taking into account the increase of body weight and
change in the bromine ion uptake rate in pups, the bromine ion concentrations in the

brains of the rats could be estimated with acceptable precision.

Key words: 1-Bromopropane inhalation, Cross-fostering, Bromine ion concentration,

One-compartment model, Animal experiment

1-Bromopropane (1-BP, CAS no. 106-94-5) is widely used as a substitute for

chlorofluorocarbons, which destroy the ozone layer. The toxicity of 1-BP has been
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reviewed!, and the Japan Society for Occupational Health recommends an occupation
exposure limit of 0.5 ppm?. Previously, we studied the effects of inhaled 1-BP vapor in
male rats on the nervous®® and immune systems® '?.

We also studied the effects of inhaled 1-BP vapor on metabolism in male rats and
reported that 1-BP rapidly decomposes and releases bromine ion in the blood'V,
indicating that bromine ion is a major index of 1-BP exposure. Recently, because of the
health effects reported in female workers exposed to 1-BP'*!%) there is concern
regarding the health effects of 1-BP exposure on the next generation. Some researchers
have reported results of experiments in female animals'>!”; however, the kinetics of
bromine ion distribution to the next generation has not been elucidated. In this study,
pregnant rats were exposed to 700 ppm of 1-BP vapor, and the concentration of bromine
ion in the rat brain was measured. The distribution of bromine in fetuses and

cross-fostered pups was investigated. A one-compartment model was employed to

analyze the behavior of bromine ion in rats.

Methods
Animals

Female (9-week-old) and male (10-week-old) Wistar rats were purchased from
Kyudo Co., Ltd. (Saga, Japan). After acclimation in polycarbonate cages with dry chips,
they were housed in pairs in animal rooms under 12-h light-dark cycle conditions at 22
+ 1°C and 55 + 5% relative humidity, with free access to food and water. The presence
of sperm in the vaginal smear was defined as day 0 of gestation (GDO; female rats were
11 weeks old). In the inhalation study, the female rats were divided into three groups:
1-BP-exposed virgin female group (n = 5), 1-BP-exposed mother group (n = 11), and

the control mother group (n = 5). After the final exposure of mother rats on GD20, they
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were housed in an animal room for the onset of birth. Postnatal day (PND) i.e., the day
after birth, was defined as day 0 (PNDO = GD21). On PNDI, a litter size of eight pups
was assembled and cross-fostering!” '® of pups was performed between mother
exposure groups (n = 3) and mother control groups (n = 3). The pups were subdivided
into four groups: (1) exposure group (1-BP-exposed pups were raised by their birth
mother exposed to 1-BP), (2) postnatal exposure group (control pups were raised by
1-BP-exposed mother), (3) gestation exposure group (1-BP-exposed pups were raised
by control mother), and (4) control group (control pups were raised by their control
mother). The experimental groups are summarized in Table 1. Body weight was
measured periodically. The experiments were conducted per the guidance of the Ethics
Committee of Animal Care and Experimentation in accordance with The Guiding
Principle for Animal Care Experimentation, University of Occupational and
Environmental Health, Japan (AE03-065), which conforms to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and the Japanese Law for

Animal Welfare and Care.

Exposure

Reagent-grade 1-BP was obtained from Kanto Chemical Co., Ltd. (Tokyo, Japan).
1-BP vapor was introduced into a 400-/ stainless-steel exposure chamber. Details of this
apparatus and procedure have been given elsewhere!V. In order to study change in
bromine ion in blood and brain when the condition of dysfunction of feedback
inhibition (i.e., disinhibition) was confirmed, exposure concentration was designed to be
700 ppm, which was higher than LOAEL (400 ppm) for disinhibition”. The actual
concentration of 1-BP vapor in the chamber was 701.3 £ 5.2 ppm. In the control group,

only clean air was introduced into the chamber. The exposure period was 6 h per day
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between 9 a.m. and 3 p.m. throughout gestation or GD1-20 (virgin female group was
exposed until GD21). Table 1 displays the age of the rats on sampling day. They were
deeply anesthetized with diethyl ether and then decapitated. The brains and the
stomachs with milk from only the exposure group on PND1 were gently removed and

stored in a freezer.

Measurement of bromine ion concentration

The brains (cerebrum and diencephalon) and stomachs (0.25 g) were homogenized
with water (1.5 m/) at 0°C. The sample (1 m/) was dispensed into a vial, and 0.1 m/ of
dimethyl sulfate was added to convert bromine ion to methyl bromide. Then, 0.1 m/ of
an aqueous solution of isopropyl alcohol (0.5 volume percent) was added as an internal
standard. The vial was heated at 50°C for 1 h. The bromine ion concentration was
determined by measuring peak area of methyl bromide vapor in the headspace by using
a gas chromatograph mass spectrometer (GC/MS, QP-5050; Shimadzu, Kyoto,

Japan)'V,

Estimation method of bromine ion concentration

As previously described, inhaled 1-BP was metabolized and bromine ions were
released. In this study, the behavior of released bromine ion concentration in the brain
was analyzed by using a one-compartment model'”. We assumed the bromine ion
uptake rate, i.e., the generation rate of bromine ion, is equal to the 1-BP uptake rate
because 1-BP is decomposed quickly'? and releases bromine ion. Under this assumption,
mass balance equations of bromine ion during exposure and clearance periods

respectively were as follows:

146



10

11

12

13

14

15

16

17

18

19

20

21

22

E:R—kx (1)
dx
E——kx (2)

where x is the amount of bromine ion (ug); ¢ is time (h); R is the generation rate of
bromine ion (ug/h), which corresponds to the 1-BP uptake rate; and £ is the excretion
rate constant (1/h). From equations (1) and (2), the bromine ion concentrations C (ug/g)

during exposure and clearance respectively were obtained as follows:

C=—""(1-¢™) 3)

C=C,e™ 4)

where V' is the volume of the compartment (m/), p is the density of the compartment

(g/ml), and C, is the initial concentration during clearance (ug/g). The excretion rate
constant & is given by the biological half-life, ¢, ,(h) or 7}, (days).
In2 0.693

k= = (5
tl/Z(h) Tl/z(days)x 24

Experimental Results
Fig. 1 shows the change in the average body weight of mother rats exposed to 700

ppm of 1-BP up to GD20 and that of the pups after the exposure. The time, 7 (on the
6
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horizontal axis), includes the GDs and PNDs. Litter sizes of exposed mothers and
control mothers were 15.0 + 2.8 and 14.9 + 2.5 pups, respectively. The body weight of
both mothers and pups increased rapidly. This tendency was also observed in the control
group, and there was no significant difference between the exposure group and the
control group. For the virgin female group, body weight did not change significantly
(271.1 £ 17.0 g) during GD1-20.

Bromine ion concentration in the rat brain (pg/g-brain) exposed to 700 ppm of 1-BP
on GDs is presented as symbols in Fig. 2. The bromine ion concentration in mother rats
was lower than that in virgin rats, and the concentration in fetuses was higher than that
in mothers. Fig. 3 shows changes in bromine ion concentration in pup brain for PNDs.
The concentration in the gestation exposure group decreased between PND4 and PNDS,
whereas that in the postnatal exposure group increased from PND2 to PND4 and then
decreased. This tendency was also observed in the exposure group, although the
concentration on PND1 was lower than that on GD20 (fetus in Fig. 2). Specifically, the
concentration in the exposure group was the highest just after birth, but decreased at
PNDI1. The concentration then increased from PND1 to PND3, but decreased again with
time. In the control pups, the bromine ion concentration was 11.2 = 7.7 ug/g-brain on
PND3.

The bromine ion concentration in pup stomachs with milk from the exposure group
on PNDI was 830.6 + 188.8 ug/g-stomach, which was about twice as much as that in

the mother brain at GD20 (Fig. 2).

Discussion
The one-compartment model was applied to analyze the bromine ion concentration
in the brains of virgin females, mothers, fetuses, and pups. Equations (3) and (4) have

7
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two parameters, the excretion rate constant k£ and the 1-BP uptake rate R. The excretion
rate constant, k£, can be easily calculated from equation (5) by using the biological

half-life 7, (days). In our previous work'", T, for male rats was 4.7-15.0 days in
blood and 5.0-7.5 days in urine. Therefore, 7;,,= 7.0 days was used for mothers and
virgin females in this study. 7;,, in pups was 3.1 days, obtained by experimental data.
Equation (4) was applied to the data from PND1 for the exposure group and from PND4
and PND& for the gestation exposure group as shown in Fig. 3. 7, ,= 3.1 days was also

used for fetuses. The half-lives of between GD20 for fetuses and PND1 for the exposure
group were excluded from the calculation because of the time lag due to birth.

As shown in Fig. 2, the bromine ion concentration in the brains of mothers was
lower than that in the brains of virgin females. A reason for this might be that the
bromine ion concentration was diluted because of increasing body weight. The average

body weight of pups, w (g), was expressed using the following equation (Fig. 1):

w = 0.000287>"' (6)

The average body weight of mothers, W (g), was calculated as the sum of that of virgin

females (pV'=271.1 g) and of pups, w, (interpolated value for GDs):

W =271.1+27w (7)

where 27 is the constant, which was determined to give the best fit for the experimental

data as shown in Fig. 1.

For virgin females, the uptake rate, R, of 2853 pg/h was obtained to give the best fit
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of equations (3) and (4) for the experimental data on GD21 in Fig. 2. Therefore, R/pV =
R/W =2853/271.1 = 10.5 ug/(h-g) for virgin females, and R/pV = 2853/(271.1 + 27w)
for mother rats was used in equation (3). For fetuses, R (bromine ion uptake rate from
mothers) was assumed to be proportional to body weight, and R/pV = R/w = 22.0
ug/(h-g) was applied, which was obtained to give the best fit for the experimental data
on GD20 in Fig. 2. On PNDs, suckling (exposure to bromine ion from milk) was
assumed to occur at 2-h intervals. As shown in Fig. 3, the curve of bromine ion
concentration in the brains of the postnatal exposure group is convex. In addition, on
PNDI, the concentration in pup stomachs with milk was high, and the level was higher
than that in the mother brain, as calculated using the one-compartment model (486.2
ug/g-brain). Therefore, we assume that the uptake rate R of pups is high at first and then
decreases. In this work, R in the postnatal exposure group can be expressed by the

following equation:

R= 3886—0,126(t—32) (8)

where 32 is the initial suckling (h) and 388 and 0.126 are the constants determined
experimentally. The bromine ion concentration in the exposure group was calculated as
the sum of the concentrations in the gestation exposure and postnatal exposure groups.
Conditions of the one-compartment model and the values of parameters obtained are
listed in Table 2. Solid, broken, and dotted lines in Fig. 2 indicate calculated lines for
fetuses, mothers, and virgin females, respectively. In Fig. 3, solid, broken, and dotted
lines indicate calculated lines of exposure, postnatal exposure, and gestation exposure
groups, respectively. The lines calculated using the proposed model could be estimated

from the experimental data with acceptable precision as shown in both figures.
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The calculated bromine ion uptake rates per weight, R/pV, for adults and fetuses
were 10.5 and 22 ug/(h-g), respectively. This result suggests that the bromine ion easily
transfers from mothers to fetuses, and the concentration in fetuses was higher than that
in mothers. R in postnatal exposure group was expressed as an exponential function, and
R/pV of 55 ug/(h-g) was obtained at initial suckling time. This value was large
compared to 22 ug/(h-g), the calculated value at GD20, before birth. This suggests that
uptake rate of bromine ion via milk was higher than that via the placenta, and the
bromine ion concentration in the exposure group could be explained as the sum of that
in the gestation and postnatal exposure groups, which is shown in Fig. 3.

In summary, the results of this study suggest (1) the concentration of bromine ion in
mother rats was lower than that in virgin female rats, (2) bromine ion easily transferred
from mothers to fetuses and accumulated before birth, (3) bromine ion was concentrated
more in milk than in the brains of the mothers, and (4) bromine ion uptake rate in pups

was high immediately after birth.
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Table 1. Experimental groups and ages of adult and fetal rats
exposed to 700 ppm of 1-BP and of pups on sampling day

Groups (n)

Age (n) on sampling day

Virgin female Exposure (5)

Mother Exposure (11)
Control (5)

Fetus Exposure

Pupf Exposure

Postnatal exposure
Gestation exposure
Control

GD21 (2)
GD20 (3)

GD20 (13)

PNDI (10), PND3 (10), PND5 (5), PND7 (5)
PND2 (5), PND4 (5), PNDS (5)

PND4 (5), PNDS (5)

PND3 (5)

1-BP: 1-bromopropane, GD: gestation day, PND: postnatal day, {: Exposure = 1-BP exposed
pups were raised by their birth mother exposed to 1-BP, Postnatal exposure = control pups
were raised by 1-BP exposed mother, Gestation exposure = 1-BP exposed pups were raised
by control mother, Control = control pups were raised by control mother
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Table 2. Parameters of the one-compartment model

Groups T, (days) pV (g R (ug/h) Results

GD Virgn female 7.0 271.1 2853 Fig. 2
Mother 7.0 271.1+27w 2853 Fig. 2
Fetus 3.1 w 22w Fig. 2

PND Gestation exposure 3.1 Fig. 3
Postnatal exposure 3.1 w 388 0-126(:-32) Fig. 3
Exposure Gestation exposure + Postnatal exposure Fig. 3
Mother 7.0 Text}

1: the concentration in mother brain corresponding to PND1 (486.2 yg/g-brain),
w=0.000287"*" by equation (6)
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Figure Captions

Fig. 1. The average body weight of mothers () exposed to 700 ppm of 1-BP up to
GD20 and that of pups (w) after exposure. 1-BP: 1-bromopropane; GD: gestation day;

PND: postnatal day

Fig. 2. Change in bromine ion concentration in rat brain exposed to 700 ppm of 1-BP on
GDs. Symbols represent experimental data: @, fetus; A, mother; A, virgin female.

Solid, broken, and dotted lines indicate calculated lines for fetuses, mothers, and virgin

females, respectively. 1-BP: 1-bromopropane; GD: gestation day

Fig. 3. Change in bromine ion concentration in pup brain during PNDs. Symbols

represent experimental data: @, exposure group (1-BP exposed pups were raised by
their birth mother exposed to 1-BP); <>, postnatal group (control pups were raised by
1-BP exposed mother); [], gestation exposure (1-BP exposed pups were raised by

control mother). Solid, broken, and dotted lines indicate calculated lines for exposure,
postnatal exposure, and gestation exposure groups, respectively. 1-BP: 1-bromopropane;

PND: postnatal day
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Prenatal Exposure to 1-Bromopropane Suppresses Kainate-Induced Wet
Dog Shakes in Immature Rats
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Abstract : 1-Bromopropane (1-BP) is used in degreasing solvents and spray adhesives. The adverse effects of 1-BP
have been reported in human cases and adult animal models, and its developmental toxicity has also been reported,
but its effects on developmental neurotoxicity have not been investigated in detail. We evaluated the effects in rat
pups of prenatal exposure to 1-BP on behaviors such as scratching and wet dog shakes (WDS), which were induced
by injection of kainate (KA). Pregnant Wistar rats were exposed to vaporized 1-BP with 700 ppm from gestation day
1 to day 20 (6 h/day). KA at doses of 0.1, 0.5, and 2.0 mg/kg were intraperitoneally injected into a control group and
a 1-BP-exposed group of pups on postnatal day 14. There was no significant difference in scratching between the
control and the prenatally 1-BP-exposed groups, while suppression of the occurrence ratio of WDS was observed at
the low dose of 0.1 mg/kg of KA in the prenatally 1-BP-exposed pups. Our results suggest that prenatal exposure to
1-BP affects neurobehavioral responses in the juvenile period.

Keywords : 1-bromopropane, prenatal exposure, developmental neurotoxicity, wet dog shake, rats.
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Introduction inhibition [2]. In vitro studies have revealed that the
direct application of 1-BP enhanced the currents medi-
The volatile organic compound I-bromopropane ated by the activation of A type y-aminobutyric acid
(CH,-CH,-CH,Br; 1-BP), a substitute for specific (GABA,) receptors, suppressed the currents mediated
chlorofluorocarbons, is mainly used in degreasing sol- by neuronal nicotinic acetylcholine receptors, and po-
vents and spray adhesives. It has been reported that tentiated feedback inhibition in the cornu ammonis |
occupational exposure to 1-BP causes neurotoxicity, (CALl) subfield of hippocampal slices [3]. The gene
such as numbness, gait disturbance, prolongation of expression of the B-cell lymphoma-extra large mol-
distal latency and memory dysfunction [1]. ecule (Bcl-xl), and the activity of nuclear factor-kappa
Animal models exposed to 1-BP have also shown B (NF-xB), were suppressed in in vitro and in vivo
central neurotoxicity, including ataxic gait, prolonga- studies [4]. The developmental effects of 1-BP have
tion of distal latency, alteration of mRNA levels of also been investigated [5], but little is known about the
neurotransmitter receptors [1], and hippocampal dis- developmental neurotoxicity in offspring.

*Corresponding Author. Yukiko Fueta, Department of Environmental Management, School of Health Sciences, University of Occupational and Environ-
mental Health, Japan. Yahatanishi-ku, Kitakyushu 807-8555, Japan, Tel: +81-93-603-1611, Fax: +81-93-691-2694, E-mail: yukiko@med.uoeh-u.ac jp
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In our previous study of the developmental neu-
rotoxicity of 1-BP, prenatal exposure to 1-BP altered
hippocampal excitability and the gene expression of
the Na' channel [6] and glutamate receptor subunits on
postnatal day (PND) 14 [7]. These results raised the
possibility that prenatal exposure to 1-BP affects brain
development and its related behaviors. However,
conventional behavioral tests for rodents are difficult
to apply to pups. Thus, we focused on the particular
behaviors of scratching and wet dog shakes (WDS),
which can be observed in pups.

Scratching is defined as repetitive and quick flex-
ion-extension movements of the hind limbs toward
the neck or the head region. This behavior has been
shown to be spontaneously induced in normal as well
as pathological conditions and is used as an itch model
in rodents [8], although the behavior in pups remains
to be analyzed. WDS is characterized as brief and
fierce shaking of the head, neck, and trunk, appear-
ing when rodents are wet, as the name suggests [9].
Interestingly, it has been reported that both scratching
and WDS can be induced by electrical stimulation of
limbic structures [10], and by several pharmacological
interventions, such as kainate (KA) [9, 11] and pentyl-
enetetrazole. KA is the agonist of ionotropic glutamate
receptors, which mediate excitatory neurotransmission
and are predominantly distributed in the hippocampus,
inner lamina of the neocortex, and ventral thalamus
[12]. Thus, scratching and WDS induced by KA could
be useful indices of changes in the excitatory neuro-
transmission of neuronal networks in pup brains. In
this study, we examined the effect of prenatal exposure
to 1-BP on behaviors in pups by evaluating the inci-
dences of scratching and WDS induced by KA.

Materials and Methods

Animals and 1-BP inhalation

Thirty-two female and 16 male Wistar rats (des-
ignated the parental (P) generation) purchased from
Kyudo Co. (Tosu, Japan) at 11 weeks of age were
housed in plastic cages with paper-made chips (AL-
PHA-dri, Shepherd Specialty Papers, Milford, USA)
on a 12 h light/dark cycle (light period: 07:00-19:00).
The room temperature was kept at 23 = 1°C. The rela-
tive humidity was about 70%. The animals had free
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access to food and water. Proestrus stage was verified
with an impedance checker (MK-10B, Muromachi
Kikai Co., Ltd., Tokyo, Japan). When the impedance
was over three k€, the FO female rats were mated with
male rats. In the morning of the following day, the ex-
istence of sperm in the vaginal smear or vaginal plug
was verified as the gestation day (GD) 0. Fourteen
dams from the colony were used in the experiment.
The pregnant rats of the P generation were randomly
divided into two groups (7 rats in each): one group as
the control and the other for exposure to 1-BP.

1-BP was purchased from Kanto Chemical Co., Ltd.
(Tokyo, Japan). Seven dams were exposed to 1-BP
vapor at a concentration of 700 ppm (6 h/day) for 20
days from GDs 1 to 20 in an exposure chamber [13],
whereas the other seven dams were provided fresh air
in the same type of chamber. Both P generation groups
were not allowed access to food and water during the
inhalation period. Four weeks of 1-BP inhalation (700
ppm) resulted in apparent effects on the hippocampus
in the adult rats [2]. Therefore, we first chose the con-
centration of 700 ppm to study the possible underlying
mechanism of developmental neurotoxicity in prena-
tally [-BP-exposed rats. The concentration of 1-BP
was monitored with a gas chromatograph (GC353B
FSL, GL Sciences /nc., Japan) equipped with a flame
ionization detector.

All the pregnant rats gave birth to offspring (termed
the first filial (F1) generation) on GD 21. The day of
birth was defined as PND 0. We randomly gathered 26
F1 rats from the 7 control litters and 22 F1 rats from the
7 1-BP-exposed litters. All the F1 pups were bred with
their mother rats during the lactation period. In this
study, 24 female and 3 male F1 rats were obtained from
the 7 dams in the control group, and 18 female and
4 male F1 rats were obtained from the 7 dams in the
1-BP-exposed group, respectively. We examined the
F1 rats for the general toxicity of 1-BP inhalation ex-
posure, such as litter size, sex ratio, testicular descent,
vaginal opening, ear opening, and survival rate. The
body weight of the F1 rats was measured on PND 14.

KA administration and behavioral observation

KA was obtained from Wako Pure Chemical Indus-
tries, Lfd. (Osaka, Japan). KA (0.1, 0.5, and 2.0 mg/
kg) was dissolved in phosphate buffered saline (PBS).
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PBS or KA was intraperitoneally injected to the F1 rats
at PND 14, after which the F1 rats were placed in a
clear plastic cage, and the scratching and WDS were
observed by video-recording for 180 min in a room
for the behavioral observation. The room temperature
was kept at about 25°C. The behavioral observation
was conducted for 180 min between 09:30 and 15:30.
The number of F1 rats that showed the scratching and
the WDS behavior was counted and then the occur-
rence ratio was calculated. The duration and frequen-
cy of scratching and WDS were also measured. This
experiment was approved by the Ethics Committee for
Animal Care and Experimentation in accordance with
the University of Occupational and Environmental
Health, Japan.

All the chemicals used in this study were a reagent
grade and purchased from commercial sources.

Statistical analysis

The difference in bodyweight between the F1 con-
trol and F1 1-BP-exposed groups was analyzed by
Student t-test. The Mantel-Haeinzel procedure was
utilized to see the whole effect of the prenatal inha-
lation of 1-BP on the occurrence ratio of scratching
and WDS. When appropriate, Fisher's exact test de-
termined significant differences. A two-way analysis
of variance (ANOVA) was performed to clarify the
effects of prenatal exposure to 1-BP and/or a dose of
KA on the frequency and the duration of scratching
and WDS. When appropriate, post hoc analysis by
Scheffe’s test determined significant differences, re-
spectively. The criteria of significant difference was
P < 0.05 in all the statistical analyses. Data represent
mean =+ standard error of the mean (SEM).

Results and Discussion

General toxicity of I-BP inhalation exposure in
FO and FI generations

There were no outward pathological signs related to
1-BP in the FO rats. The body weights of the P genera-
tion dams treated with |-BP were not significantly dif-
ferent from those in the control (fresh air) group (data
not shown). None of the F1 rats died during the ex-
perimental period, indicating that the exposure seemed
to cause little stress on the dams in this study. There
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was no difference in the sex ratio, survival rate, or oth-
er clinical signs between the F1 control and F1 1-BP-
exposed groups, with the exception of body weight.
The body weight in the female F1 1-BP-exposed group
(32.5 = 0.5 g) was significantly lower (P < 0.01, Stu-
dent #-test) than that in the female F1 control group
(35.0 = 0.4 g). The 1-BP-exposed male F1 rats also
had a lower body weight (33.5 + 0.3 g) compared to
the male F1 control group (37.0 = 0.8 g) (P < 0.01,
Student #-test). Our results were consistent with pre-
vious studies showing that prenatal exposure to 1-BP
has no effects on postnatal survival rate, excluding the
body weight [5].

Effect of prenatal exposure to 1-BP on behavioral
responses

KA administration elicits immobilization, followed
by scratching, WDS, forelimb clonus, and status epilep-
ticus (continuous chronic-tonic posturing of all 4 limbs)
[11]. Itis also known that a low dose less than 3 mg/kg
of KA elicits scratching and WDS but hardly ever elic-
its epileptic convulsions. Our preliminary study also
showed that doses of KA higher than 4 mg/kg induced
convulsive behaviors as well as scratching and WDS,
thus we chose doses of 0.1, 0.5, and 2.0 mg/kg of KA.

Behavioral data obtained from both genders is com-
bined in Tables 1 and 2, because it has been reported
that there are no sex differences in KA induced-behav-
iors in pups [14].

Inthe F1 control group, all of the tested pups showed
scratching during the 180 min after injection of PBS
or KA. The frequency and duration of the scratching
was significantly higher only at the dose of 2.0 mg/kg
(Table 1). WDS were observed in 80% of the PBS-in-
jected control pups and in all of the KA-injected con-
trol pups. A significantly higher frequency of WDS
was observed at the dose of 2.0 mg/kg (Table 2). The
behavioral changes induced by the KA doses of 0.1
and 0.5 mg/kg were similar to those of PBS, thus it can
be said that these two doses are subclinical.

Spontaneous scratching and WDS were also ob-
served in the F1 1-BP-exposed group. The occur-
rence ratio of scratching was 100% at all doses of KA
(Table 1), whereas that of WDS was 40 to 60% in 0 to
0.5 mg/kg and 100% in 2.0 mg/kg of KA (Tables 2).
The effect of prenatal exposure to 1-BP was observed
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in the occurrence ratio of WDS (P < 0.01; Mantel-
Haenszel test). The occurrence ratio in the F1 1-BP-
exposed group at 0.1 mg/kg KA was lower than that in
the F1 control group (P < 0.05 by Fisher's exact test).
The dose of 0.5 mg/kg KA tended to decrease the oc-
currence ratio in the F1 1-BP-exposed group, but did
not reach a significant level. Taken together with the
results of the 0.1 and 0.5 mg/kg KA (subclinical dos-
es), the occurrence ratio (6 out of 12 rat pups) in the
F1 1-BP-exposed group exhibited a lower value than
that in the F1 control group (16 out of 16 rat pups, P
< 0.005 by Fisher's exact test). This indicates that the
effects of prenatal 1-BP exposure can be observed only
at the subclinical doses of KA. The duration and the
frequency of the scratching and the WDS increased at
the dose of 2.0 mg/kg (P < 0.01), but we did not find
any significant effect of prenatal 1-BP exposure on the
duration and frequency of WDS at any of the doses

Y FueTa et al

of KA. Our results suggest that prenatal exposure to
1-BP suppresses the occurrence of WDS only at a low
dose of KA, possibly due to an effect on mechanisms
underlying the generation of WDS.

WDS can be induced by electrical stimulation of
limbic structures and by the administration of sev-
eral chemicals, such as serotonergic compounds [15]
and an opioid receptor agonist [16], as well as KA.
KA-induced-WDS is depressed by p-opioid receptor
antagonists [16]. An antagonist of a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid/KA receptors sup-
presses WDS induced by serotonin receptor agonists
[15]. The mechanisms of WDS induction by these
chemicals are assumed to be related to each other. Be-
sides those receptors, nitric oxide has also been dem-
onstrated to play a regulatory role in KA- and getting-
wet-induced-WDS [9]. These receptors and nitric oxide
might be the target of prenatal exposure to 1-BP.

Table 1. The occurrence ratio, duration and frequency of scratching in F1 control and 1-BP-exposed groups

F1 control F1 1-BP-exposed
KA S/N duration frequency S/N duration frequency
(mg/kg) (s) (counts) (s) (counts)
PBS 5/5 1.9 £ 03 21 £ 6 5/5 23 £ 03 17 £ 5
0.1 11/11 20 £ 0.1 14 £+ 2 717 20 + 0.1 26 + 10
0.5 5/5 1.7 £ 03 25 £ 4 5/5 2.1 = 0.5 20 £ 8
2.0 5/5 29+ 04 557% £ 164 5/5 3.6+ 0.2 517+ 41

F1: first filial generation, 1-BP: 1-bromopropane, KA: kainate, PBS: phosphate buffered saline, S: the number
of rats in which scratching was observed, N: the total number of rats used in the experiment, S/N: the occurrence
ratio, *: significant effects of KA on the duration or the frequency by two-way ANOVA followed by Scheffe's
test (P < 0.01), mean + SEM: mean + standard error of the mean

Table 2. The occurrence ratio, duration and frequency of WDS in F1 control and 1-BP-exposed groups

F1 control F1 1-BP-exposed
KA S/N duration frequency S/N duration frequency
(mg/kg) (s) (counts) (s) (counts)
PBS 4/5 03 = 0.02 1.8 £ 0.6 3/5 0.2 + 0.03 08 £ 04
0.1 11/11 03 + 0.03 34 = 0.6 a7 03 + 0.09 1.0 = 04
0.5 5/5 03 = 0.02 26 = 09 2/5 02,03 0.8 = 06
2.0 5/5 03 + 0.05 29.2% = 10.0 5/5 04 =+ 0.02 544%+ 211

WDS: wet dog shakes, F1: first filial generation, 1-BP: 1-bromopropane, KA: kainate, PBS: phosphate buffered
saline, S: the number of rats in which WDS were observed, N: the total number of rats used in the experiment,
S/N: the occurrence ratio, a: a significant difference between F1 control and F1 1-BP-exposed groups at the dose
of 0.1 mg/kg in the Fisher's exact test (P < 0.05), *: significant effects of KA (P < 0.01) on the two-way ANOVA
followed by Scheffe's test, mean * SEM: mean + standard error of the mean. The data of durations in the F1
1-BP-exposed group administered 0.5 mg/kg of KA are shown in the duration(s) column
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There are studies suggesting that the hippocampus
is the target of KA. KA receptors have been found in
the hippocampus in rat pups [12], and epileptic dis-
charges have been observed when KA-induced sei-
zures occur [17]. Moreover, KA-induced WDS was
accompanied by robust electrographic seizures record-
ed from the hippocampus [18]. On the other hand,
Fueta et al. have reported that prenatal 1-BP exposure
decreases the paired-pulse ratio of population spikes in
the CA1 subfield of the dorsal hippocampus in PND14
rats [19]. A decrease in the paired-pulse ratio of the
population spike is generally interpreted as an increase
in an inhibition [2]. Thus, prenatal 1-BP exposure may
disturb the propagation of hyperactivity in the hippo-
campus, such as electrographic discharges associated
with KA-induced WDS. This may account for the
suppression of WDS by prenatal exposure to 1-BP.
However, it should also be considered that the dentate
gyrus (DG) in the ventral hippocampus is thought to
be necessary for chemical interventions such as KA-,
p-opioid-, and electrical stimulation-induced WDSs in
adult rats [16, 20, 21]. Therefore, further studies are
needed to investigate the excitability of the DG in the
ventral hippocampus in prenatally 1-BP-exposed rats.

In conclusion, we demonstrate here that prenatal ex-
posure to 1-BP suppresses WDS induced by the admin-
istration of a low dose of KA. Our results indicate that
prenatal 1-BP exposure may disturb the susceptibility
to KA or the functions of neural networks related to the
WDS. We also show that it may be advantageous to
use pharmacological interventions with convulsants in
investigations of the effects of environmental chemi-
cals on behavioral responses in immature rats.
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Abstract lkarisoside A is a natural flavonol glycoside de-
rived from plants of the genus Epimedium, which have been
used in Traditional Chinese Medicine as tonics, antirheu-
matics, and aphrodisiacs. Here, we report the effects of
ikarisoside A and three other flavonol glycosides on catechol-
amine secretion and synthesis in cultured bovine adrenal med-
ullary cells. We found that ikarisoside A (1-100 M), but not
icariin. epimedin C, or epimedoside A, concentration-
dependently inhibited the secretion of catecholamines induced
by acetylcholine, a physiological secretagogue and agonist of
nicotinic acetylcholine receptors. Ikarisoside A had little effect
on catecholamine secretion induced by veratridine and
56 mM K'. Ikarisoside A (1-100 uM) also inhibited **Na'
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influx and "*Ca® influx induced by acetylcholine in a
concentration-dependent manner similar to that of catechol-
amine secretion. In Xeropus oocytes expressing o334 nico-
tinic acetylcholine receptors, ikarisoside A (0.1-100 uM) di-
rectly inhibited the current evoked by acetylcholine. It also
suppressed '*C-catecholamine synthesis and tyrosine hydrox-
ylase activity induced by acetylcholine at 1-100 uM and 10

100 uM, respectively. The present findings suggest that
ikarisoside A inhibits acetvlcholine-induced catecholamine
secretion and synthesis by suppression of nicotinic acetylcho-
line receptor-ion channels in bovine adrenal medullary cells,

Keywords Adrenal medulla - Catecholamine secretion -
Epimediwm - Flavonoids - Ikarisoside A - Nicotinic
acetylcholine receptor

Introduction

Flavonoids, a group of secondary metabolites with variable
phenolic structure, which exist widely in plants (Nijveldt
et al. 2001 Ren and Zuo 2012), may exert potential benefits
associated with reduced risks of age- and life style-related
diseases such as cardiovascular diseases, diabetes, and some
cancers (Lu et al. 2013; Yanagihara ct al. 2014). Ikarisoside A
is one ot the flavonol derivatives derived from plants of the
genus Lpimedium. which have been used in Traditional
Chinese Medicine as tonics, antirheumatics, and aphrodisiacs
(Dou et al. 2006). Previous studies reported that the total tla-
vonoid fraction of Epinedinm extract suppresses urinary cal-
cium excretion and improves bone properties in ovariecto-
mized mice (Chen et al. 2011), and that other extracts with
structures similar to that of ikarisoside A, such as icariin. can
stimulate osteogenic activities (Zhou et al. 2013) and have
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anti-inflammatory effects (Lai et al. 2013). Furthermore,
ikarisoside A also has pharmacological effects such as antiox-
idant and anti-inflammatory effects (Choi et al. 2008) as well
as anti-osteoporosis effects (Choi et al. 2010).

In the human body, the most abundant catecholamines are
adrenaline, noradrenaline, and dopamine, all of which are pro-
duced from phenylalanine and/or tyrosine. Catecholamines
are produced mainly in the chromaffin cells of the adrenal
medulla, the postganglionic fibers of the sympathetic nervous
system. and the central nervous system. Catecholamines play
very important roles in heart rate, blood pressure, blood glu-
cose levels, and the general reactions of the sympathetic ner-
VOus system.

Adrenal medullary cells derived from embryonic neural
crests are functionally homologous to sympathetic postgangli-
onic neurons. In bovine adrenal medullary cells. catechol-
amine secretion is associated with the activation of three types
of ionic channels: nicotinic acetylcholine receptor (nAChR)-
ion channels, voltage-dependent Na™ channels, and voltage-
dependent Ca” channels (Wada et al. 1985b). ACh induces
Na influx via nAChR-ion channels, then, it induces Ca*’
influx and subsequent catecholamine secretion (Wada et al.
1985h). On the other hand, stimulation of catecholamine syn-
thesis induced by ACh is associated with the activation of
tyrosine hydroxylase in cultured bovine adrenal medullary
cells (Yanagihara et al. 1987; Tsutsui et al. 1994). The conver-
sion of tyrosine to L-3.4-dihydroxyphenylalanine (DOPA) is
the rate-limiting step of catecholamine biosynthesis (Nagatsu
et al. 1964). Adrenal medullary cells have provided a good
model for the detailed analysis of a drug’s actions on catechol-
amine secretion and synthesis (Kajiwara et al. 2002; Toyohira
et al. 2005; Shinohara et al. 2007).

In our previous study. we isolated 20 flavonol glycosides
from Epimedium species, including ikarisoside A, icariin,
epimedoside A, and epimedin C (Mizuno et al. 1988).
[karisoside A showed neurite outgrowth activity in cultured
PC12h cells (Kuroda et al. 2000). There is, however. little
evidence regarding ikarisoside A's effects on sympathetic ner-
vous system activity. In the present study, we investigated the
effects of four flavonol glycosides on bovine adrenal medul-
lary cell functions and found that ikarisoside A, but not the
other three flavonol glycosides, inhibited ACh-induced cate-
cholamine secretion and synthesis by suppression of nAChR-
ion channels in the cells.

Materials and methods
Materials
Oxygenated Krebs-Ringer phosphate (KRP) buffer was used

throughout unless stated otherwise. Its composition is as fol-
lows (in mM): 154 NaCl, 5.6 KCI, 1.1 MgSO,, 2.2 CaCls,
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0.85 Nall,POy, 2.15 Na-HPO,, and 10 glucose, adjusted to
pH 7.4, Drugs and reagents were obtained from the following
sources: Eagle’s minimum essential medium (Eagle’s MEM)
(Nissui Pharmaceutical, Tokyo, Japan); collagenase (Nitta
Zerachin, Osaka. Japan): call serum (Cell Culture
Technologies, Gravesano, Switzerland). ACh and veratridine
were from Sigma (St. Louis, MO, USA). L-[U-"'C]tyrosine
was from American Radiolabeled Chemicals Inc. (St. Louis,
MO, USA); ¥CaCl,, **NaCl, and L-[ 1-"Ctyrosine from
Perkin-Elmer Life Sciences (Boston, MA, USA).

Isolation of flavonol glycosides from the leaves
of Epimedinm specics

The leaves of Epimedium diphvilum were collected at
Miyazaki Prefecture, Japan. [karisoside A and other flavonol
glycosides were purified by high performance liquid chroma-
tography, as reported previously (Mizuno et al. 1988).
[karisoside A and other flavonol glycosides were dissolved
in 100 % dimethyl sulfoxide (DMSO) and then diluted in a
reaction medium before use at a final DMSO concentration
not exceeding 0.5 %, unless otherwise specified. DMSO
(0.5 %) did not influence the basal and ACh-induced catechol-
amine secretion in the present study (data not shown).

Primary culture of bovine adrenal medullary cells

Bovine adrenal medullary cells were isolated by collagenase
digestion of adrenal medullary slices according to the method
as reported previously (Yanagihara et al. 1979, 1996). Cells
were suspended in Eagle’s MEM containing 10 % calf serum,
3 uM cytosine arabinoside. and several antibiotics, and main-
tained in monolayer culture at a density of 4 x 10° cells/dish
(35 mm dish; Falcon, Becton Dickinson Labware, Franklin
Lakes, NJ. USA) or 10° cells/well (24-well plate: Corning
Life Sciences, Lowell, MA, USA)at 37 “C under a humidified
atmosphere of 5 % CO, and 95 % air. The cells were used for
experiments between 2 and 5 days of culture.

Catecholamine secretion from cultured bovine adrenal
medullary cells

The secretion of catecholamines was measured as described
previously (Yanagihara et al. 1979). Cells (10%well) were
washed three times with oxygenated KRP buffer, then firstly
preincubated with or without ikarisoside A (0.3-100 uM) or
other flavonol glycosides (10 M) at 37 °C for 10 min, and
incubated with or without ikarisoside A (0.3—100 pM) or oth-
er flavonol glycosides (10 M) in the presence or absence of
various secretagogues (300 pM ACh, 100 pM veratridine or
56 mM K )at37 °C for another 10 min. After the reaction, the
incubation medium was transferred immediately to a test tube
containing perchloric acid (final concentration, 0.4 M) for the
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full stop of the reaction. Catecholamines (noradrenaline and
adrenaline) secreted into the medium were adsorbed onto alu-
minum hydroxide and estimated by the ethylenediamine con-
densation method (Weil-Malherbe and Bone 1952) using a
fluorescence spectrophotometer (F-2500; Hitachi. Tokyo,
Japan) with excitation and emission wavelengths of 420 and
540 nm, respectively.

2Nat and **Ca*" influx

The influx of **Na’ and **Ca®" was measured as reported
previously (Wada et al. 19854, b). After preincubation with
or without ikarisoside A (0.3—100 pM) at 37 °C for 10 min,
cells (4 % 10%dish) were incubated with 1.5 pnCi of **NaCl or
1.5 uCiof ¥*CaCl, at 37 °C for 5 min with or without 300 uM
ACh and ikarisoside A (0.3-100 uM) in KRP buffer. After
incubation, the cells were washed three times with ice-cold
KRP buffer, solubilized in 10 % Triton X-100, and counted
for radioactivity of *Na* and ¥Ca* by a gamma counter
(ARC-2005. Aloka, Tokyo, Japan) and a liquid scintillation
counter (TRI-CARB 2900TR, PACKARD INSTRUMENT
CO.. Meriden, CT, USA), respectively.

“C-Catecholamine synthesis from |"*C|tyrosine
in the cells

Afler preincubation for 10 min, cells (4 = 10°/dish) were in-
cubated with 20 uM L-[U-"*C]tyrosine (1.0 pCi) KRP buffer

in the presence or absence of various concentrations of

ikarisoside A (0.3-100 uM) and 300 uM ACh at 37 °C for
20 min. After removing the incubation medium by aspiration,
cells were harvested in 0.4 M perchloric acid and centrifuged
at 1600xg for 10 min. "*C-Catecholamines were separated
further by ion exchange chromatography on Duolite -25
columns (H -type, 0.4 > 7.0 cm) (Yanagihara et al. 1987)
and counted for the radioactivity by a liquid scintillation coun-
ter (TRI|CARB 2900TR, PACKARD INSTRUMENT CQ.,
Meriden, CT, USA). "*C-Catecholamine synthesis was
expressed as the sum of the e _catecholamines (adrenaline,
noradrenaline, and dopamine).

Tyrosine hydroxylase activity in situ

After preincubation with or without ikarisoside A (0.3—
100 uM) for 10 min, cells (10%well) were exposed to
200 pl of KRP buffer with or without ikarisoside A (0.3-
100 uM) and 300 uM ACh, supplemented with |8 pM
L-[1-"*C]tyrosine (0.2 uCi) for 10 min at 37 °C. Upon addi-
tion of the labeled tyrosine, each well was sealed immediately
with an acrylic tube capped with a rubber stopper and fitted
with a small plastic cup containing 200 pl of NCS-II tissue
solubilizer (GE Healthcare UK Ltd. Little Chalfont,
Buckinghamshire, UK) to absorb the "*CO, released by the
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cells and counted for the radioactivity (Bobrovskaya et al.
1998).

Expression of 334 nAChRs in Xenopus oocytes
and electrophysiological recordings

The complementary DNAs (¢cDNAs) encoding the o3 and 34
subunits of rat neuronal nAChR,, subcloned into pcDNAT/Neo
(Invitrogen, Carlsbad, CA) vector, were kindly provided from
Dr. James W. Patrick (Division of Neuroscience, Baylor
College of Medicine, TX, USA). After linearization of
¢DNA with Norl. complementary RNAs (cRNAs) were tran-
scribed using T7 RNA polymerase from the mMESSAGE
MMACHINE kit (Ambion, Austin, TX, USA). Adult female
Xenopus laevis frogs were obtained from Kyudo Co., Lid.
(Saga, Japan). Xenopus oocyles and ¢cRNA microinjection
were prepared as described previously (Ueno et al. 2004:
Horishita and Harris 2008). cRNAs of «3 and 34 subunits
were co-injected at a same ratio (1020 ng/50 nL) into
Xenopus oocytes, and electrophysiological recordings were
performed 2-6 days after injection. Oocytes were placed n a
100 ul recording chamber and perfused at 2 ml/min with ex-
tracellular Ringer solution (110 mM NaCl, 2.5 mM KClI,
10 mM HEPES, .8 mM BaCl-. pll 7.5) containing 1.0 uM
atropine sulfate. Ca” " in the solution was replaced with Ba®
to minimize the effects of secondarily activated Ca’ -depen-
dent CI channels. Recording electrodes (1-3 M€Q) were filled
with 3 M KC1, and the whole-cell voltage clamp was achieved
through these two electrodes using a Warner Instruments mod-
el OC-725C (Warner, Hamden, CT, USA) at =70 mV. We
measured the peak of the transient inward current in response
to ACh that was applied for 30 s and examined the effects of
ikarisoside A on a concentration ot ACh that produced 50 %
of the maximal effect (ECsy) off ACh. The ECs, was deter-
mined for each oocyte by | mM ACh that produces a maximal
current. Ikarisoside A stocks were prepared in 100 % DMSO
and diluted in bath solution to a final DMSO concentration not
exceeding 0.1 %. Tkarisoside A was preapplied for 2 min to
allow an equilibration with its site of interaction before ACh
was added and its effect on the cation currents was deter-
mined. In all cases, between two currents, there was 10 min
interval under washing with normal Ringer solution,

Statistical analysis

All experiments were performed in duplicate or triplicate, and
cach experiment was repeated at least three times. All values
are given as means + SEM, The significance of differences
between means was evaluated using one-way analysis of var-
iance (ANOVA). When a significant /" value was found by
ANOVA, Dunnett’s or Scheffe’s test for multiple comparisons
was used to identify differences among the groups. Values
were considered statistically different when £ was less than
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0.05. Statistical analyses were performed using PRISM for
Windows version 3.0J software (Abacus Concept, Berkeley,
CA, USA).

Results

The structures of four flavonol glycosides isolated
from Epimedium

The four flavonol glycosides ikarisoside A. icariin, epimedin

C. and epimedoside A were isolated from the leaves of

E. diphyllum as reported previously (Mizuno et al. 1988).
The structures of these four flavonol glycosides are shown
in Fig. [,

Effects of the flavonol glycosides on catecholamine
seeretion induced by various secretagogues in adrenal
medullary cells

None of the four flavonol glycosides (ikarisoside A, icariin,
epimedin C, and epimedoside A) at 10 uM significantly af-
fected the basal secretion of catecholamines (Fig. 2a). ACh
(300 uM), an agonist of nAChRs, caused catecholamine se-
cretion corresponding to 18,90 £ 0.38 % of the total catechol-
amines in the cells. When the cells were treated with the same
four flavonol glycosides at 10 1M for 10 min, ikarisoside A
strongly reduced catecholamine secretion induced by ACh, to
6.83 + 0.51 % of the total, whereas the other three had little
effect (Fig. 2a). Veratridine (100 pM), an activator of voltage-
dependent Na' channels, and 56 mM K", which depolarizes
cell membranes and then activates voltage-dependent Ca®'

channels. also caused catecholamine secretion corresponding
t026.52 £ 0.88 % (Fig. 2b) and 20.51 £ 0.70 % (Fig. 2¢) of the
total catecholamines, respectively. Treatment of cells with the-
se flavonol glycosides at 10 uM did not affect catecholamine
secretion induced by veratridine (Fig. 2b) and 56 mM K~
(Fig. 2¢).

Concentration-inhibition curves for the effects
of ikarisoside A on catecholamine seeretion, **Ca’" influx,
and *Na" influx induced by ACh

We examined the effects of ikarisoside A on catecholamine
secretion, **Ca”®" influx, and **Na ™ influx induced by
ACh. Treatment of cells with ikarisoside A at 1, 3. 10, 30,
and 100 uM significantly inhibited ACh-induced secretion
of catecholamines (18.22 £ 0.16 % ol the total catecholamines
in the cells) to 15.36 + (.38 %, 12.27 = 0.40 %, 7.68 + 0.30 %,
5.33 £ 047 %, and 4.95 + 0.25 % of the total catecholamines
in the cells, respectively (Fig. 3a). Ikarisoside A also inhibited
ACh-induced **Ca’" influx and **Na' influx in a
concentration-dependent manner (Fig. 3b, ¢). The half-
maximal inhibitory concentration (ICs,) of ikarisoside A in
catecholamine secretion, “Ca”' influx. and **Na' influx are
4.00, 9.90, and 2.96 uM, respectively.

Inhibitory mode of ikarisoside A on ACh-induced
catecholamine secretion in adrenal medullary cells

To investigate the mechanism by which ikarisoside A inhibits
ACh-induced catecholamine secretion, we examined whether
or not the inhibitory effect of ikarisoside A on catecholamine
secretion is overcome when the ACh concentration is

OH O

Epimedoside A

OH O

Ikarisoside A

Fig. 1 Chemical structures of icariin, epimedin C, epimedoside A, ikarisoside A. The abbreviations Gle and Rha in the structures are glucose and

rhamnose, respectively
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Fig. 2 Effects of ikarisoside A, icariin, epimedin C, or epimedoside A on
catecholamine secretion induced by various secretagogues in cultured
bovine adrenal medullary cells. After preincubation with cells with or
without ikarisoside A (Ikari A) (10 pM), icariin (10 pM), epimedin C
(Epi C) (10 uM), and epimedoside A (Epi A) (10 uM) for 10 nun, the
cells (10%well) were incubated with or without these four flavonol

increased. Even when the ACh concentrations in the incuba-
tion medium increased from 3 to 300 uM, they did not over-
come the mhibitory effect of ikarisoside A (Fig. 4a). Double-
reciprocal plot analysis revealed that ikarisoside A exerts a
noncompetitive type of inhibition on ACh-induced secretion
of catecholamines (Fig. 4b).

Effeets of ikarisoside A on ACh-induced inward current
in Xenopus oocytes expressing o334 nAChRs

We examined the direct effects of ikarisoside A on ACh re-
sponses in Xenopus oocytes expressing rat 6334 nAChRs. As
shown in Fig. 3a, ikarisoside A reversibly inhibited ACh
(0.2 mM)-induced currents. lkarisoside A inhibited ACh-
induced currents concentration dependently. It suppressed
those currents to 80 £ 3 %, 69 £ 6 %, 43 £ 6 %, 32 £ 8 %,
and 22 + 5 % of the control at 0.1, 0.3, 1. 3, and 10 uM,
respectively, and the inhibitory effects were significant from
0.10 uM onward; the 1C5, was 0.48 M (Fig. 5b).
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glycosides (10 M), ACh (300 uM) (a), veratriding (100 M) (b). or
S6mM K (e) for another 10 min a1 37 “C. Catecholamines secreted into
the medium were expressed as a percentage of the total catecholamines in
the cells. Data are means + SEM from three separate experiments carried
out in triplicate. £ < 0.001, compared with ACh alone (analyzed by
one-way ANOVA with Dunnett’s multiple comparison post hoe test)

Effect of aglycon of ikarisoside A on ACh-induced
secretion of catecholamines

Tkarisoside A is a flavonol glycoside having one rhamnose at
the 3 position in the chemical structure. 3.5,7-Trihydroxy-
2-(4-hydroxypheny!)-8-(3-methylbut-2-enyl)-4//-chromen-4-
one is the aglycon of ikarisoside A. We examined the effect of
this aglycon on ACh-induced secretion of catecholamines. As
shown in Fig. 6. the aglycon of ikarisoside A did not afTect
basal or ACh-induced secretion of catecholamines.

Effect of ikarisoside A on "*C-catecholamine synthesis
from ["*C|tyrosine and tyrosine hydroxvlase activity

As shown in Fig. 7a, ACh (300 uM) increased the synthesis of
(- catecholamines from ['Ctyrosine about 3-fold in bovine
adrenal medullary cells, The concurrent treatment of cells with
ikarisoside A inhibited the stimulatory effect of 300 uM ACh
on "C-catecholamine synthesis in a concentration (|
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Fig. 3 Effects of ikarisoside A on catecholamine secretion (a). **Ca’

influx (b), and **Na" influx (¢) induced by ACh. (a) After preincubation
for 10 min with or without ikarisoside A (0.3-100 uM), cells were
stimulated with ACh (300 pM) n the presence or absence of ikarisoside
A (0.3-100 1tM) for another 10 min at 37 °C. Catecholamines secreted
into the medium were expressed as a percentage of the total catechol-
amines in the cells. b, ¢ Afler preincubation for 10 min, cells were

100 uM)-dependent manner (Fig. 7a), yielding an [Cs; value
of 2.85 uM. Ikarisoside A (1100 M) had little effect on the
basal synthesis of *C-catecholamines.

We next examined the effect of ikarisoside A on tyrosine
hydroxylase activity in the cells. After preincubation with or
without ikarisoside A (0.1-100 uM) for 10 min, cells were
incubated with 300 uM ACh in the absence or presence of
ikarisoside A (0.1-100 uM) for another 10 min at 37 °C,
Tkarisoside A (10-100 M) inhibited the tyrosine hydroxylase
activity induced by ACh and tended to inhibit the basal en-
zyme activity (Fig. 7b). The 1Cs, value of ikarisoside A for its
inhibitory effect on the ACh-induced tyrosine hydroxylase
activity was 9.13 uM (derived from the curve representing
the difference between stimulated and basal tyrosine hydrox-
ylase: not shown).

Discussion

In present study, we investigated the effects of four flavonol
glycosides derived from the leaves of the genus Epimedium.

@_ Springer
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stimulated with ACh (300 pM) and 1.5 pCi of *CaCly (b) or “NaCl
(e) in the presence or absence of ikarisoside A (0.3-100 uM) for another
Sminat 37 °C. °Ca®” influx and #*Na' influx were measured and were
expressed as nmol/d = 10" cells. Data are means + SEM from three
separate experiments carried out in triplicate. **F < 0.01 and
##EP < 0.001, compared with ACh alone (analyzed by one-way ANOVA
with Dunnett’s multiple comparison post hoc test)

We demonstrated that ikarisoside A. but not the other three,
inhibited the secretion and synthesis of catecholamines in-
duced by ACh in cultured bovine adrenal medullary cells.
To our knowledge, this is the first direct evidence of an inhib-
itory effect of ikarisoside A on catecholamine secretion and
synthesis in cultured bovine adrenal medullary cells.

Inhibitory effect of ikarisoside A on catecholamine
secretion induced by ACh

The present study demonstrated that ikarisoside A significant-
ly inhibits catecholamine secretion induced by ACh, but not
by veratridine or 56 mM K in adrenal medullary cells. We
previously reported that ACh activates nAChR-ion channels,
and induces Na ' influx, subsequent Ca’ " influx, and finally
catecholamine secretion. On the other hand, veratridine acti-
vates voltage-dependent Na' channels and 56 mM K' depo-
larizes cell membranes to activate voltage-dependent Ca®'
channels (Wada et al. 1984, 1985b). In the present study,
ikarisoside A did not inhibit the stimulatory effects of veratri-
dine and 36 mM K' on catecholamine secretion. Therefore,
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Fig. 4 Inhibitory mode of ikarisoside A on catecholamine seeretion
induced by ACh. a After preincubation for 10 min, cells were
stimulated with (hlack circle) or without (white circle) ikarisoside A
(10 uM) in the presence or absence off ACh (1300 uM) for another
10 min at 37 °C. Catecholamines secreted into the medium were
expressed as a percentage of the total catecholamines in the cells. Data

ikarisoside A seems to inhibit nAChR-ion channels but not
t )
voltage-dependent Na' channels or voltage-dependent Ca”
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Fig. 5 FEffects of ikarisoside A on peak ACh-induced inward currents in
Nenopus vocytes expressing rat o334 nAChRs. a Representative traces
from a single Xenopus oocyte are shown. The currents of ikarisoside A-
treated oocytes were recorded 10 min after recording of the control cur-
rents, and the washout currents were obtained 10 min afier ikarisoside A
treatment. Tkarisoside A (1 uM) suppressed the currents induced by the
ECs, (0.2 mM) of ACh, and the inhibitory effects were reversible, b
Concentration-response curve for the inhibitory effects of ikarisoside A

174

are means + SEM from three separate experiments carried out in tripli-
cate. The data of ACh plus ikanisoside A are shown by subtracting basal
seeretion obtained in the presence of ikarisoside A *P < 0.05 and
kP < 0,001, compared with ACh alone (analvzed by one-way ANOVA
with Dunnett’s multiple comparison post hoc test). b Double-reciprocal
plot analysis of the data in (a)

. . . . . LS Y +
channels. Tkarisoside A inhibited Ca” influx and Na~ influx
induced by ACh in a concentration-dependent manner similar

b

100 —

g
s
=
5 50—
Q
k-
e
[
@
o
[1}]
o
9= T T |
0.01 0.1 1 10

lkarisoside A (pM)

on ACh-induced currents. The peak current amplitude in the presence of
ikarisoside A was normalized to that of the control and the effects are
expressed as percentages of the control. Data are presented as
means + SEM from four separate experiments carried out in triplicate.
P <005, %P <001, and ***P < 0.001, compared to the control (based
on one-way ANOVA with Dunnett’s multiple comparison post hoc test).
Nonlinear regression analysis was performed and the mean value o' 1Cy,
for ikarisoside A is 0.48 pM
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Fig. 6 Structure of ikarisoside A and its aglycon (a) and effect of aglycon
ofikarisoside A on ACh-induced catccholamine secretion (b). a Structure
of ikarisoside A and its aglycon (3,5, 7-trihydroxy-2-(4-hydroxyphenyl)-
8-(3-methylbut-2-enyl)-+H-chromen-4-one). b After preincubation with
cells with or without aglycon of ikarisoside A (1-100 uM) for 10 min, the

to that of catecholamine secretion. In the exocytotic secretion
of catecholamines, Ca®* plays an indispensable role as the
coupler in the stimulus-secretion coupling (Douglas and
Rubin 1961, 1963). From these findings, it is likely that
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Fig. 7 Effects of ikarisoside A on "*C-catecholamine synthesis from
['*Cltyrosine (a) and tyrosine hydroxylase activity (b) in the cells. a
Afier preincubation for 10 nun with or without ikarisoside A (0.1

100 uM), eells (4 % 10%dish) were incubated with L-[U-"C] tyrosine
(20 uM, 1 pCiyin the presence or absence of ikarisoside A (0.1-100 M)
and with (hlack circley or without (white cirele) 300 uM ACh at 37 °C for
20 min. The "C-catecholamines formed were measured. b After
preincubation with or without ikarisoside A (0.1-100 pM) for 10 min,
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aglycon (uM)
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cells (10°Avelly were neubated with or without aglyeon of ikarisoside A
(1100 nM) and ACh (300 pM) for another 10 min at 37 °C. Catechol-
amines secreted into the medium were expressed as a percentage of the
total catecholamines in the cells, Data are means + SEM from three
separale experiments carried out in triplicate

ikarisoside A inhibits ACh-induced catecholamine secretion
by suppressing nAChR-ion channels. We investigated the in-
hibitory mode of ikarisoside A on nAChR-ion channels. Even
when the concentration of ACh was increased, the inhibitory

b
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cells (10%well) were incubated with L-[1 MO tyrosine (18 M, 0.2 pCi)
in the presence or absence of tkansoside A (0.1 100 pM) and with (hlack
cirele) or without (white civele) 300 pM ACh at 37 °C for 10 min, and
tyrosine hydroxylase activity was measured, Data are means + SEM from
three separate experiments carried out in triplicate. */7 < 0.05 and
FEP < 0.001, compared with ACh alone tanalyzed by one-way ANOVA
with Dunnett’s muluple comparison post hoe test)
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effect of ikarisoside A on ACh-induced secretion of catechol-
amines was not overcome, suggesting a noncompetitive inhi-
bition and that ikarisoside A acts at a site different from that
for ACh binding. A previous review (Lena and Changeux
1993) reported that the site at which noncompetitive blockers
act lies at the interface between the nicotinic receptor protein
and the membrane lipids.

In the Xenopus oocytes expressed with a3 34 nAChRs,
ikarisoside A directly inhibited ACh-induced current. The
1050 values of ikarisoside A for **Na' influx in adrenal medul-
lary cells and for Na  current in the oocytes were 2,96 and
0.48 uM, respectively. The ICsq in the bovine adrenal medul-
lary cells is 6.2-fold bigger than that of the drug in the oocyte
system. Although the reason for the discrepancy of the 1Cs,
between the two systems is not yet clear, the discrepancy may
be explained in the following way. (1) A maximally effective
concentration of ACh was used for the **Na” influx experi-
ments in bovine adrenal medullary cells but the half-maximal
concentration was used for the Na~ current in the oocyle sys-
tem. (2) In the oocyte expression system, there may be some
changes in the test compound potency compared to that of the
method using mammalian cells, i.e., a decrease (Lambert et al.
2001; Akk et al. 2008) or an increase (Pintado et al. 2000) in the
sensitivity of test compounds. (3) Bovine adrenal medullary
cells express multiple nAChR subtypes such as o334 (Criado
et al. 1992; Garcia-Guzman et al. 1995), a3p4as (Campos-
Caro et al. 1997), and a7 (Lopez et al. 1998). We should study
above possibilities and examine the effect of ikarisoside A on
the function of nAChRs in other mammalian cells,

Structure-activity relationship of ikarisoside A
for inhibition of nAChR-ion channels

In the present study, we used four flavonol glycosides derived
from the Epimedium species. Ikarisoside A, but not the other
three {lavonols, inhibited the functioning of nAChR-ion chan-
nels. Judging from the differences in their structures,
ikarisoside A has a hydroxyl group at the 7 position in the
structure whereas other three have a glucose moiety at this
position, suggesting that a glucose moiety at the 7 position
may induce stereo-specific interference when flavonol glyco-

sides interact with nAChRs. Furthermore, the inhibition of

ACh-induced secretion by ikarisoside A disappeared by the
removal of the rhamnose moiety at the 3 position from
ikarisoside A. These findings suggest that the rhamnose moi-
ety at the 3 position of ikarisoside A is essential to inhibit the
function of nAChR-ion channels.

Inhibitory effect of ikarisoside A on catecholamine
synthesis

Ikarisoside A inhibited not only catecholamine secretion but
also reduced catecholamine synthesis in ACh-stimulated cells.
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In the regulation of catecholamine synthesis, Ca”' plays an
important role as the coupler in the stimulus-synthesis cou-
pling (Yanagihara et al. 1987) as well as in the stimulus-
secretion coupling (Douglas and Rubin 1961, 1963). In the
present study, we observed that ikarisoside A suppressed the
“*Na' influx and the subsequent **Ca’" influx by inhibiting
nAChR-ion channels, Therefore, it is likely that ikarisoside A
inhibits catecholamine synthesis and tyrosine hydroxylasc ac-
tivity induced by ACh via the suppression of Ca* influx in
cultured bovine adrenal medulla cells. In harmony with this
view, the 1Cs, values of ikarisoside A for inhibition of **Na
and **Ca”" influx and for inhibition of catecholamine synthe-
sis and tyrosine hydroxylase are very similar.

Pharmacological significance of the inhibitory effects
of ikarisoside A on adrenal medullary functions

The human serum concentration of ikarisoside A has not been
reported yet. Several previous in vitro studies reported that
ikarisoside A at 5.0-20 uM inhibits osteoclastogenic difteren-
tiation and nitric oxide synthase in murine monocyte/
macrophage cell line RAW264.7 cells (Choi et al. 2008,
2010) and induces neurite outgrowth activity in PC12h cells
at 10 pM (Kuroda et al. 2000). In the present study. we ob-
served a significant inhibition of ikarisoside A at 0.1 and
1.0 uM in ACh-induced current in Xenopus oocytes and
ACh-induced synthesis and secretion of catecholamines,
respectively.

It is well known that adrenaline and noradrenaline have an
important role in the regulation of normal function in the cen-
tral and peripheral sympathetic nervous systems, Under strong
and prolonged stress, an increased catecholamine release may
occur, which possibly induces cardiovascular diseases such as
hypertension, atherosclerosis, coronary heart disease, and
heart failure (Yanagihara et al. 2014). Chronic heart failure is
reported to be associated with the activation of the sympathet-
ic nervous system as manifested by increased circulating cat-
echolamines (Westfall and Westfall 2011). Furthermore, Hara
etal. (2011) reported that the stress hormone adrenaline stim-
ulates (3,-adrenoceptors, which activates the Gs protein/cyclic
AMP-dependent protein kinase and the f(3-arrestin-mediated
signaling pathway, reduces the p53 level, and induces DNA
damage.

Our previous studies reported that daidzein, a soy isofla-
vone, (Liu et al. 2007) and nobiletin, a citrus polymethoxy
flavone, (Zhang et al. 2010) suppress the secretion and syn-
thesis of catecholamines induced by ACh in cultured bovine
adrenal medullary cells. In addition to these flavonoids,
ikarisoside A also may protect the hyperactive catecholamine
system induced by strong stress or emotional excitation which
evokes the secretion of ACh from the splanchnic nerves.
Further in vivo experiments will provide more conclusive in-
formation on ikarisoside A and promote the development of a
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therapeutic drug for stress-induced disorders associated with
mental or cardiovascular diseases.
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