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Chlorpyrifos inhibits neural
induction via Mfnl-mediated
“mitochondrial dysfunction in
Jeenee: human induced pluripotent
e stem cells

ShigeruYamadal?, Yusuke Kubo?, Daiju Yamazaki', Yuko Sekino! & Yasunari Kanda?

Organophosphates, such as chlorpyrifos (CPF), are widely used as insecticides in agriculture. CPF
is known to induce cytotoxicity, including neurodevelopmental toxicity. However, the molecular
mechanisms of CPF toxicity at early fetal stage have not been fully elucidated. In this study, we
examined the mechanisms of CPF-induced cytotoxicity using human induced pluripotent stem cells
(iPSCs). We found that exposure to CPF at micromolar levels decreased intracellular ATP levels. As

. CPF suppressed energy production that is a critical function of the mitochondria, we focused on the

. effects of CPF on mitochondrial dynamics. CPF induced mitochondrial fragmentation via reduction

. of mitochondrial fusion protein mitofusin 1 (Mfn1) in iPSCs. In addition, CPF reduced the expression
of several neural differentiation marker genes in iPSCs. Moreover, knockdown of Mfn1 gene in iPSCs
downregulated the expression of PAX6, a key transcription factor that regulates neurogenesis,

. suggesting that Mfn1 mediates neural induction in iPSCs. Taken together, these results suggest

. that CPF induces neurotoxicity via Mfn1l-mediated mitochondrial fragmentation in iPSCs. Thus,

. mitochondrial dysfunction in iPSCs could be used as a possible marker for cytotoxic effects by
chemicals.

Growing evidence suggests the involvement of environmental chemicals in neurodevelopmental toxicity, lead-
ing to neurobehavioral outcomes such as learning disabilities, attention deficit hyperactivity disorder, cognitive
. impairment, and autism'2. As the fetal brain is inherently more susceptible to chemical-induced toxicity com-
. pared to the adult brain, exposure to neurotoxic chemicals during early prenatal period can cause delayed neural
: disorders at lower doses than in adults**.
Organophosphates, such as chlorpyrifos (CPF), are well known to affect brain structure and neurodevel-
opmental outcome, resulting in delayed neural disorders>. In regard to this, previous studies using magnetic
© resonance imaging have shown that prenatal exposure to CPF caused abnormalities in the structure, size, and
. thickness of cerebral cortex, where was responsible for several higher-order brain functions such as attention,
: cognition, and emotion’. Several reports indicate that CPF causes neurotoxicity in the developing brain of ani-
. mals. In the developing brain of neonatal rats, CPF exposure impairs neurite outgrowth by inhibiting choline
. acetyltransferase activity®. Maternal exposure to CPF suppresses neurogenesis in the hippocampal dentate gyrus
. of rat offspring’. In addition to in vivo effects, there has been reported the cytotoxic effects of micromolar CPF
. levels in vitro. For example, CPF inhibited mitochondrial oxidative phosphorylation'® and induced apoptosis
. in human neuroblastoma SH-SY5Y cells!! or human neural precursor cells!2. As micromolar CPF levels were
© detected in the blood of human newborns living in an agricultural community'?, the observations made using
* micromolar levels of CPF in vitro could potentially reflect the biological reactions in a living body. However, the
. effect of CPF on neurodevelopment has not been precisely elucidated.

Division of Pharmacology, National Institute of Health Sciences, Tokyo, Japan. 2Pharmacological Evaluation
Institute of Japan (PEI)), Kanagawa, Japan. Correspondence and requests for materials should be addressed toY.K.
(email: kanda@nihs.go.jp)
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Morphological changes of mitochondria are known to contribute to homeostasis!*!*. Under normal cir-
cumstances, mitochondria fuses together and forms excessive tubular networks (mitochondrial fusion). These
fusion is regulated by fusion factors mitofusin 1 and 2 (Mfn1, Mfn2) and optic atrophy 1 (Opal)'®"’. In contrast,
under stress conditions, mitochondrial networks convert into large numbers of small fragments with spherical
and punctate morphology (mitochondrial fission), and are regulated by fission factors, such as fission protein 1
(Fis1) and dynamin-related protein 1 (Drp1)'®!°. This morphological dynamics contributes to the maintenance
of mitochondrial functions, including energy generation'*. Moreover, several studies have shown the relationship
between mitochondrial fragmentation and cellular and neurodevelopmental defects. For example, Mfn1 or Mfn2
knockout mice die in midgestation embryo, accompanying with developmental delay. In addition, embryonic
fibroblasts from these knockout mice display distinct types of fragmented mitochondria, a phenotype due to a
severe reduction in mitochondrial fusion®. Thus, Mfn1 is considered to be functionally different from Mfn2.
In support to this, Mfn1, not Mfn2, is reported to contribute to Opal-mediated fusion of mitochondrial inner
membrane'®.

In the present study, we investigated the effect of CPF on neural differentiation using human induced pluripo-
tent stem cells (iPSCs) as a model of human organ development. We focused on the effects of micromolar levels
of CPF on mitochondrial dynamics, examining the molecular mechanisms of the process. Our results show that
micromolar CPF levels inhibited ATP production through Mfn1 reduction, followed by mitochondrial fragmen-
tation. Moreover, Mfn1-mediated mitochondrial dysfunction suppressed early neural induction by decreasing
levels of PAX6, a key transcription factor that regulates neurogenesis. These data suggest that CPF-induced neu-
rodevelopmental toxicity is based on impairment of mitochondrial functions in human iPSCs.

Results

Effect of CPF on neural differentiation of iPSCs.  To investigate whether CPF affects early neurodevel-
opment, we examined neural differentiation capability of iPSCs, which was induced by dual SMAD inhibition
protocol®! (Fig. 1A). First, we determined the critical CPF concentration, affecting neural differentiation. At day
4 after neural induction with different concentrations of CPF, the expression of PAX6, an early neuroectodermal
marker that regulates neurogenesis?, was analyzed using real-time PCR. We found that exposure to 30 uM CPF
significantly decreased PAX6 gene expression (Fig. 1B). Next, we performed time course experiments for expres-
sion of several neural differentiation markers at days 2, 4, 6, and 8 after exposure to 30 uM CPEF. At day 9, almost
all cells exposed by CPF (30 uM) were detached from the culture dish. Real-time PCR analysis revealed upreg-
ulated expression of PAX6 by day 4, and FOXG1, a neuroectodermal marker that also regulates neurogenesis?,
thereafter (Fig. 1C and D). Representative neural maturation marker NCAM1?* continuously increased, confirm-
ing that further neural differentiation occurred (Fig. 1E). In addition, CPF exposure reduced the expression of
these neural induction markers by day 6 (Fig. IC-E). These data suggest that CPF has an inhibitory effect on early
neural differentiation of iPSCs.

Mitochondrial function of iPSCs exposed to CPF.  As neural differentiation process requires ATP
as a source of energy®’, we examined intracellular ATP content in iPSCs. Treatment with 30 uM CPF signifi-
cantly reduced the ATP content of the cells (Fig. 2A). We have previously shown that 0.1 pM carbonyl cyanide
m-chlorophenyl hydrazone (CCCP), which functions as a mitochondrial uncoupler?, decreased ATP levels in
iPSCs. Because CPF inhibited ATP production, we focused on several mitochondrial functions. Mitochondrial
membrane potential (MMP) was decreased by exposure to 30 uM CPF for 24 h (Fig. 2B and C). As a positive
control, exposure to 0.1 phM CCCP reduced MMP (Figure S1). In addition, CPF exposure increased the number
of cells with fragmented mitochondria displaying punctate morphology (Fig. 2D) and decreased the number
of cells exhibiting mitochondrial fusion (Fig. 2E). We have already confirmed that 0.1 xM CCCP also increased
the occurrence of fragmented mitochondria. These results suggest that CPF induces mitochondrial dysfunction,
including MMP depolarization and mitochondrial fragmentation, in iPSCs.

Expression of mitochondrial fission and fusion factors in iPSCs exposed to CPF.  To examine the
molecular mechanisms by which CPF induces mitochondrial fragmentation in iPSCs, we assessed the expression
levels of mitochondrial fission (FisI and Drp1) and fusion genes (Mfn1, Mfn2, and OPA1I). Real-time PCR analy-
sis showed that the gene expression of the factors was not altered after CPF exposure (Fig. 3A). Interestingly, west-
ern blot analysis revealed that CPF significantly decreased Mfn1 protein levels. In contrast, protein expression
levels of other factors, including Mfn2, were not changed (Fig. 3B and C). These data suggest that CPF-induced
mitochondrial fragmentation is caused by reduction of Mfn1 protein levels.

Effects of CPF in iPSC-derived neural progenitor cells.  To investigate whether the effects of CPF selec-
tively occur in the early stage of neural differentiation in iPSCs, we used iPSC-derived neural progenitor cells
(NPCs), which were induced by dual SMAD inhibition protocol? (Figure S1A). Treatment with 30 pM CPF had
little effect on ATP content (Figure S1B). Similarly, exposure to 30 pM CPF had little effect on mitochondrial
morphology (Figure S1C and D), which was confirmed by the fact that CPF did not alter the protein levels of
mitochondrial fission and fusion factors containing Mfn1 (Figure S1E). These data suggest that iPSCs, not NPCs,
are sensitive to CPF exposure.

Effect of Mfn1 knockdown on neural induction of iPSCs.  To further investigate the involvement of
Mfnl in the effects of CPF on neural induction, we performed knockdown (KD) of Mfn1, using lentivirus-delivered
shRNAs. Real-time PCR analysis showed that KD was selective for Mfn1, not Mfn2, and that the efficiency
was approximately 70% (Fig. 4A). The KD effects were also confirmed by protein levels (Fig. 4B and C).
The Mfn1 KD cells were used to perform neural induction. Real-time PCR analysis revealed that Mfn1 KD
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Figure 1. Time course studies of neural induction in iPSCs exposed to CPF. (A) Schematic time course of
induction from iPSCs to NPCs by dual SMAD inhibition. Neural induction was initiated after exposure to CPF
for 24 h. The cells were continuously exposed to CPF throughout neural differentiation. (B) At day 4 after neural
induction with CPF (0-30 uM), expression of the neural differentiation marker PAX6 was examined using real-
time PCR analysis. (C-E) At days 2, 4, 6, and 8 after neural induction with CPF (30 uM), expression of neural
differentiation markers, PAX6, FOXGI, and NCAMI was examined using real-time PCR analysis. Data are
represented as means £+ SD (n=3). *P < 0.05.

decreased the expression of PAX6 (day 4), FOXG1 (day 6) and NCAMI (day 6) (Fig. 4D). These data suggest that
Mfn1 is involved in CPF-mediated negative effects on neural induction of iPSCs.

Negative regulation of neural induction by CPF exposure. A previous report indicates that ERK
signaling inhibits neural induction via PAX6 silencing in human embryonic stem cells”’. ERK has been reported
to be activated after depletion of Mfn1%. We focused on ERK signaling in the effect of CPF on neural induction.
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Figure 2. Mitochondrial function of iPSCs exposed to CPFE. (A) Cells were exposed to CPF (30 pM) for
24h. Intracellular ATP content was determined in the lysed cells (n = 3). (B) Cells were exposed to CPF

for 24 h and stained with JC-10 for 20 min. MMP of JC-10 labeled cells was analyzed by flow cytometry.

The histogram represents the ratio of JC-aggregate (F-590) to JC-monomer (F-535) fluorescence (n=3).

(C) Cells were exposed to CPF for 72 h and stained with MitoTracker Red CMXRos and Hoechst33342.
Mitochondrial morphology was observed by confocal laser microscopy. Bar =5 pm. (D) The number of cells
with mitochondrial fusion (<10% punctiform) was determined in each image (n=>5). Data are represented as
means £ SD. *P < 0.05.
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We found that CPF exposure significantly increased basal ERK phosphorylation levels, which were abolished
by treatment with the ERK inhibitor U0126 (Fig. 5A and B). To further study whether PAX6 downregulation
in CPF-exposed cells occurred through ERK signaling, we examined the effect of U0126 on PAX6 expression.
Incubation with U0126 recovered the expression levels of PAX6 (Fig. 5C). These data suggest that CPF activates
ERK and prevents neural induction via PAX6 downregulation.

Effect of Mfn1 knockdown on neural induction.  To confirm the involvement of Mfn1 in the inhibition
of neural induction by CPF, we used Mfn1 KD cells. Mfn1 KD significantly increased basal ERK phosphoryl-
ation levels that were abolished by treatment with the ERK inhibitor U0126 (Fig. 6A and B). To further study
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Figure 3. Expression of mitochondrial fission and fusion factors of iPSCs exposed to CPF. (A) After
exposure to CPF (30 uM) for 24 h, expression of mitochondrial genes was analyzed by real-time PCR. (B) After
exposure to CPF for 24 h, expression of mitochondrial proteins was analyzed by western blotting using anti-
Drpl, anti-Fis1, anti-Mfn1, anti-Mfn2, anti-Opal, or anti-3-actin antibodies. (C) Relative densities of bands
were quantified with Image] software. Relative changes in expression were determined by normalization to
B-actin. Data are represented as means + SD (n=3). *P < 0.05.

whether PAX6 downregulation in Mfn1 KD cells occurred through ERK signaling, we examined the effect of
U0126 on PAX6 expression. Mfn1 KD decreased PAX6 by 64% by in the vehicle-treated cells. In contrast, Mfn1
KD decreased PAX6 by 30% in the U0126-treated cells. Thus, incubation with U0126 partially recovered the
PAXG6 expression in the Mfn1 KD cells (Fig. 6C). Taken together, these data suggest that Mfn1 reduction by CPF
exposure activates ERK and prevents neural induction via PAX6 downregulation.

Discussion

In the present study, we demonstrated that exposure to micromolar CPF targeted mitochondrial quality control
in human iPSCs. We showed that CPF induced Mfn1 reduction, thereby promoting mitochondrial fragmenta-
tion. These negative effects of CPF on mitochondrial quality control could suppress ATP production and neural
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Figure 4. Effect of Mfn1 knockdown on neural induction of iPSCs. Cells were infected with lentiviruses
containing a vector encoding a shRNA directed against Mfn1 or a scrambled sequence shRNA (control) for 24 h.
The infected cells were subjected to selection with puromycin (1 pug/ml) for 24h and cultured for an additional
72h prior to functional analyses. (A) The expression of Mfn1 and Mfn2 genes was analyzed by real-time PCR.
(B) The expression of Mfn1 and Mfn2 proteins was analyzed by western blotting using anti-Mfn1, anti-Mfn2, or
anti-3-actin antibodies. (C) Relative densities of bands were quantified with ImageJ software. Relative changes
in expression were determined by normalization to 3-actin. (D) Expression of neural differentiation markers

PAXG6 (day 4), FOXGI (day 6), and NCAM1 (day 6) was examined with real-time PCR. Data are represented as
means +SD (n=23). *P<0.05.

differentiation. Based on the data observed in our study, Fig. 7 shows a proposed mechanism of CPF cytotoxicity
via mitochondrial dysfunction.

Our studies showed that treatment with micromolar CPF levels caused mitochondrial dysfunction of human
iPSCs (Fig. 2). We observed that iPSCs were sensitive to CPF exposure, unlike iPSC-derived NPCs (Figure S1).
Previous reports support this difference in CPF sensitivity. The inhibitory effect of CPF on DNA synthesis in
undifferentiated C6 glioma cells is found to be much higher than in differentiated cells®. In vivo studies indicate
that immature organisms are more susceptible to CPF-induced toxicity compared to adults due to lower levels of
CPF metabolizing enzymes®. Thus, the difference in CPF sensitivity between iPSCs and NPCs may be dependent
on the maturation of CPF detoxification pathways. We are currently conducting experiments to determine the
mechanism causing the differences in sensitivity to CPE

We showed that CPF induced mitochondrial fragmentation via Mfn1 reduction (Figs 2 and 3). Consistent
with this, our previous knockdown studies indicated that Mfn1 reduction was sufficient to promote mitochon-
drial dysfunction®. CPF-induced Mfn1 reduction might mediate mitochondrial fragmentation, decrease ATP
levels, and inhibit iPSC growth. Although Mfn?2 is also involved in mitochondrial fission and energy supply
processes®*®, our results indicated that CPF specifically targeted Mfn1, not Mfn2. Regarding this apparent CPF
specificity, E3 ubiquitin ligase membrane-associated RING-CH 5 (MARCHS5) has been reported to selectively
bind to Mfn1 dependent on its acetylation, and degrade among all mitochondrial proteins, including Mfn234,
In addition, we have reported that organotin compounds induced Mfn1l degradation through MARCHS5,
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Figure 5. Negative regulation of neural induction by CPF exposure. (A) Cells were exposed to CPF (30 pM)
or CPF + U0126 (5uM) for 24 h. ERK phosphorylation was analyzed by western blotting using anti-phospho-
ERK antibodies. (B) Relative densities of bands were quantified with Image] software. Relative changes in
expression were determined by normalization to total ERK protein level. (C) At day 4 after neural induction
with CPF or CPF + U0126, the expression of PAX6 gene was analyzed by real-time PCR. Data are represented
as means = SD (n=3). *P < 0.05.

thereby promoting mitochondrial fragmentation in iPSCs?!. Thus, CPF may specifically target Mfn1 protein via
MARCHS in iPSCs without affecting mRNA levels. Furthermore, the difference in CPF sensitivity between iPSCs
and NPCs may be dependent on Mfnl and MARCHS5 expression levels or MARCHS5 activity. Further studies
should determine whether CPF reduces Mfn1 via MARCHS5-mediated degradation in iPSCs.

We demonstrated that ERK phosphorylation mediated the negative effects of CPF on early neural differentia-
tion (Figs 1, 4 and 5). A previous report indicates that Mfn1 directly binds Ras and Raf, resulting in the inhibition
of Ras-Raf-ERK signaling by the biochemical analysis***. Mfn1 reduction by CPF or shRNA may reverse this
ERK signaling inhibition. Mobilization of Ca** from intracellular stores, including mitochondria was reported to
result in phosphorylation of MAPKs, as the process was suppressed by chelation of intracellular Ca*" in human T
lymphoblastoid cells*’. As mitochondria are known to uptake into the matrix of any Ca?* that has accumulated in
the cytosol, dependent on MMP?%, mitochondrial dysfunction by CPF exposure may cause an overload of Ca?*,
resulting in ERK activation. Moreover, ERK signaling was reported to inhibit neural induction by PAX6 silenc-
ing via upregulation of stemness factors NANOG/OCT4 and downregulation of homeobox transcription factor
OTX2¥. NANOG and OCT4 act as repressors of PAX6 induction, whereas OTX2 is a positive inducer of PAX6".
Therefore, ERK signaling evoked by CPF could affect the expression of these transcriptional network, including
NANOG, OCT4 and OTX2, by regulating PAX6. In future studies, we should further investigate the mechanisms
of CPF-induced negative regulation of neural induction via ERK.
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Figure 6. Negative regulation of neural induction by Mfn1 knockdown. The cells were infected with
lentiviruses containing a vector encoding a shRNA directed against Mfn1 or a scrambled sequence shRNA
(control) for 24 h. The infected cells were subjected to selection with 1 pg/ml puromycin for 24h and

cultured for an additional 72 h prior to functional analyses. (A) After incubation with U0126 for 24h, ERK
phosphorylation was analyzed by western blotting using anti-phospho-ERK antibodies. (B) Relative densities of
bands were quantified with Image] software. Relative changes in expression were determined by normalization
to total ERK protein level. (C) At day 4 after neural induction with U0126, the expression of PAX6 gene was
analyzed by real-time PCR. Data are represented as means & SD (n=3). *P < 0.05.

We further demonstrated that Mfn1 reduction mediated cytotoxic effects of CPF on iPSCs via PAX6 down-
regulation (Figs 5 and 6). FOXG1 was downregulated, along with PAX6, during neural differentiation of iPSCs
exposed to CPE. PAX6 and FOXGI act as transcriptional regulators during forebrain development in verte-
brates*. Targeted disruption of PAX6 and FOXGI in rodents led to the loss of anterior neural tissues, suggesting
the central role of these genes in forebrain development**2. CPF causes various defects in the development of
hippocampus and cortex of rodents*. Thus, CPF-induced defects of forebrain architecture may be caused by
transcriptional silencing of anterior neural markers during early neurogenesis. As NCAM1 was downregulated
during neural differentiation of iPSCs exposed to CPE, further studies using NPCs are required to reveal how CPF
affects neural maturation processes.

In summary, our results demonstrate a novel mechanism underlying cytotoxicity, including neurodevelop-
mental toxicity of CPF in iPSCs. Recently, significant progress has been made in the induction of differentiation of
pluripotent stem cells into a variety of cell types*. Further studies are needed to evaluate the developmental effects
of CPF on various types of iPSC-derived cells. Moreover, we show that CPF toxicity is caused by Mfn1-mediated
mitochondrial dysfunction, which is involved in the cytotoxicity of organotin compounds®!. Thus, mitochondrial
functions influenced by Mfn1 might be a good starting point for investigating toxic mechanisms induced by
exposure to other chemicals.
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Figure 7. Proposed mechanism of CPF cytotoxicity in human iPSCs. CPF exposure causes Mfn1 reduction,
which induces mitochondrial dysfunction, including mitochondrial fragmentation and decreased ATP levels.
Mitochondrial dysfunction in turn evokes ERK phosphorylation, leading to the suppression of PAX6, which is
an early marker of neurogenesis.

Methods

Chemicals. Chlorpyrifos (CPF), Y-27632, SB431542, and LDN193189 were obtained from Wako (Tokyo,
Japan). Penicillin-streptomycin mixture (PS) was obtained from Thermo Fisher Scientific (Waltham, MA, USA).
U0126 was obtained from Enzo Life Sciences (Farmingdale, NY, USA). Poly-L-ornithine, 2-mercaptoethanol
(2-ME), and carbonylcyanide m-chlorophenylhydrazone (CCCP) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). All other reagents were of analytical grade and obtained from commercial sources.

Cell culture. Human iPSC line 253G1 (Riken BRC Cell Bank, Tsukuba, Ibaraki, Japan) was established
through retroviral transduction of OCT4, SOX2, and KLF4 into adult human dermal fibroblasts**. The cells
were cultured under feeder-free conditions using human embryonic stem cell (ESC)-qualified Matrigel (BD
Biosciences, San Jose, CA, USA) and TeSR-E8 medium (Stemcell Technologies, Vancouver, BC, Canada) at
37°C in an atmosphere containing 5% CO,. For passage, iPSC colonies were dissociated into single cells using
Accumax (Innovative Cell Technologies, San Diego, CA, USA) and cultured in TeSR-E8 medium supplemented
with Y-27632 (ROCK inhibitor, 10 uM). The NPCs derived from iPSCs were cultured on poly-L-ornithine and
Laminin (Thermo Fisher Scientific) coated dishes at 37 °C in an atmosphere containing 5% CO,. The culture
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medium was Neural maintenance medium [NMM; a 1: 1 mixture of DMEM/F12 (Thermo Fisher Scientific) and
Neurobasal (Thermo Fisher Scientific) containing N2 (Thermo Fisher Scientific), B27 (Thermo Fisher Scientific),
GlutaMAX (Thermo Fisher Scientific), non-essential amino acids (NEAA; Thermo Fisher Scientific), 2-ME, PS].
For passage, NPCs were dissociated into single cells using Accumax and cultured in NMM supplemented with
EGF (20ng/ml), FGF2 (20 ng/ml) and Y-27632.

Neural differentiation procedure. For the induction of neuronal lineages, dual SMAD inhibition protocol
was used as previously described?! with modifications. Briefly, iPSC colonies were dissociated into single cells
with Accumax. The cells were seeded at a density of 7 x 10*cells/cm? in TeSR-E8 medium on Matrigel-coated
plates in order to reach nearly confluent within two days after seeding. The initial differentiation medium
was knockout serum replacement (KSR) medium [Knockout DMEM (Thermo Fisher Scientific) containing
KSR (Thermo Fisher Scientific), L-glutamine, NEAA, 2-ME, PS] with SB431542 (TGF@ inhibitor, 10 uM) and
LDN193189 (BMP inhibitor, 1 pg/ml). After 4 days, N2 medium [Neurobasal containing N2, B27, GlutaMAX,
PS] was added to the KSR medium with LDN193189 every two days.

Measurement of intracellular ATP levels. Intracellular ATP content was measured using an ATP
Determination Kit (Thermo Fisher Scientific), according to the manufacturer’s protocol. Briefly, the cells were
washed and lysed with 0.1% Triton X-100/PBS. The resulting cell lysates were added to a reaction mixture con-
taining 0.5 mM D-luciferin, I mM DTT, and 1.25 pg/mL luciferase and incubated for 30 min at room temperature.
Luminescence was measured using a Fluoroskan Ascent FL microplate reader (Thermo Fisher Scientific). The
luminescence intensities were normalized to the total protein content.

Measurement of MMP. A Cell Meter JC-10 Mitochondrial Membrane Potential Assay Kit (AAT Bioquest,
Sunnyvale, CA, USA) was used to detect MMP. Briefly, the cells were suspended in staining buffer containing
JC-10 and incubated for 20 min at room temperature. After the cells were treated with CPE, a FACS Aria II cell
sorter (BD Biosciences) was used to measure the fluorescence intensity ratio, JC-aggregate (F-590)/JC-monomer
(F-535).

Assessment of mitochondrial fusion. After treatment with CPF (30 uM, 72h), the cells were fixed with
4% paraformaldehyde and stained with 50 nM MitoTracker Red CMXRos (Cell Signaling Technology, Danvers,
MA, USA) and 5ug/mL Hoechst 33342 (Sigma-Aldrich). Changes in mitochondrial morphology were observed
using a confocal laser microscope (Nikon Al). Images (n=5) of random fields were taken, and the number of
cells displaying mitochondrial fusion (<10% punctiform) was determined in each image, as previously reported*.

Real-time polymerase chain reaction (PCR). Total RNA was isolated from iPSCs using TRIzol reagent
(Thermo Fisher Scientific), and quantitative real-time reverse transcription (RT)-PCR was performed using a
QuantiTect SYBR Green RT-PCR Kit (Qiagen, Valencia, CA, USA) on an ABI PRISM 7900HT sequence detec-
tion system (Applied Biosystems, Foster City, CA, USA) as previously reported*’. Relative changes in transcript
levels were normalized to the mRNA levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The fol-
lowing primer sequences were used for real-time PCR analysis: FisI, forward, 5-TACGTCCGCGGGTTGCT-3'
and reverse, 5'-CCAGTTCCTTGGCCTGGTT-3'; Drp1, forward, 5'-TGGGCGCCGACATCA-3' and reverse,
5/-GCTCTGCGTTCCCACTACGA-3'; Mfnl, forward, 5'-GGCATCTGTGGCCGAGTT-3' and reverse,
5/-ATTATGCTAAGTCTCCGCTCCAA-3'; Mfn2, forward, 5-GCTCGGAGGCACATGAAAGT-3’ and reverse,
5/-ATCACGGTGCTCTTCCCATT-3’; Opal, forward, 5-GTGCTGCCCGCCTAGAAA-3’ and reverse,
5-TGACAGGCACCCGTACTCAGT-3’; PAX6, forward, 5'-ATGTGTGAGTAAAATTCTGGGCA-3’ and reverse,
5'-GCTTACAACTTCTGGAGTCGCTA-3'; FOXG1, forward, 5'-GCCACAATCTGTCCCTCAACA-3’ and
reverse, 5’-GACGGGTCCAGCATCCAGTA-3’; NCAM1, forward, 5'-GGCATTTACAAGTGTGTGGTTAC-3' and
reverse, 5'-TTGGCGCATTCTTGAACATGA-3'; GAPDH, forward, 5'-GTCTCCTCTGACTTCAACAGCG-3' and
reverse, 5'-ACCACCCTGTTGCTGTAGCCAA-3'.

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 dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred to Immobilon-P
membranes (Millipore, Billerica, MA, USA). The membranes were probed with anti-Drp1 monoclonal 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),
anti-ERK1/2 polyclonal antibodies (1:1000; Cell Signaling Technology), anti-phospho ERK1/2 (Thr202/
Tyr204) monoclonal antibodies (1:2000; BD Biosciences), and anti-3-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 an ECL
Western Blotting Analysis System (GE Healthcare, Buckinghamshire, UK). Images were acquired using an LAS-
3000 Imager (FUJIFILM, Tokyo, Japan).

Gene knockdown by shRNA. Knockdown experiments were performed using Mfn1 shRNA lentiviruses
from Sigma-Aldrich (MISSION shRNA), as previously reported®. A scrambled hairpin sequence was used as a
negative control. Briefly, the cells were infected with the viruses at a multiplicity of infection of 1 in the presence
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of 8ug/mL hexadimethrine bromide (Sigma-Aldrich) for 24 h. After medium exchange, the cells were subjected
to selection with 1 pg/mL puromycin for 24 h and cultured for an additional 72 h prior to functional analyses.

Statistical analysis. All data are presented as means =+ standard deviation (SD). Analysis of variance
(ANOVA) followed by post-hoc Bonferroni test was used to analyze data in Figs 1, 3C, 4, 5, and 6. Student’s t test
was used to analyze data in Figs 2, 3A, S1, and S2. P-values < 0.05 were considered statistically significant.

References

1.

2.

w

10.
11.
12.
13.

14.
15.

16.

17.
18.

19.
20.
21.
22.
23.
24.

25.
26.

27.
. Son, M. J. et al. Mitofusins deficiency elicits mitochondrial metabolic reprogramming to pluripotency. Cell Death Differ. 22,

29.

30.
31.
32.
33.
34.
35.
36.
37.

38.

Landrigan, P. J., Lambertini, L. & Birnbaum, L. S. A research strategy to discover the environmental causes of autism and
neurodevelopmental disabilities. Environ. Health Perspect. 120, a258-a260 (2012).

Ross, E. J., Graham, D. L., Money, K. M. & Stanwood, G. D. Developmental consequences of fetal exposure to drugs: what we know
and what we still must learn. Neuropsychopharmacology 40, 61-87 (2015).

. Rodier, P. M. Developing brain as a target of toxicity. Environ. Health Perspect. 103, 73-76 (1995).
. Rice, D. & Barone, S. Jr. Critical periods of vulnerability for the developing nervous system: evidence from humans and animal

models. Environ. Health Perspect.108, 511-533 (2000).

. Brown, M. A. & Brix, K. A. Review of health consequences from high-, intermediate- and low-level exposure to organophosphorus

nerve agents. J. Appl. Toxicol. 18, 393-408 (1998).

. Ray, D. E. & Richards, P. G. The potential for toxic effects of chronic, low-dose exposure to organophosphates. Toxicol. Lett. 120,

343-351 (2001).

. Rauh, V. A. et al. Brain anomalies in children exposed prenatally to a common organophosphate pesticide. Proc. Natl. Acad. Sci. USA

109, 7871-7876 (2012).

. Slotkin, T. A., Levin, E. D. & Seidler, E. ]. Comparative developmental neurotoxicity of organophosphate insecticides: effects on brain

development are separable from systemic toxicity. Environ. Health Perspect. 114, 746-751 (2006).

. Ohishi, T. et al. Reversible effect of maternal exposure to chlorpyrifos on the intermediate granule cell progenitors in the

hippocampal dentate gyrus of rat offspring. Reprod. Toxicol. 35, 125-136 (2013).

Salama, M., El-Morsy, D., El-Gamal, M., Shabka, O. & Mohamed, W. M. Mitochondrial complex I inhibition as a possible
mechanism of chlorpyrifos induced neurotoxicity. Ann. Neurosci. 21, 85-89 (2014).

Lee, J. E., Park, J. H,, Jang, S. J. & Koh, H. C. Rosiglitazone inhibits chlorpyrifos-induced apoptosis via modulation of the oxidative
stress and inflammatory response in SH-SY5Y cells. Toxicol. Appl. Pharmacol. 278, 159-171 (2014).

Lee, J. E., Lim, M. S,, Park, J. H., Park, C. H. & Koh, H. C. Nuclear NF-&B contributes to chlorpyrifos-induced apoptosis through p53
signaling in human neural precursor cells. Neurotoxicology 42, 58-70 (2014).

Huen, K. et al. Organophosphate pesticide levels in blood and urine of women and newborns living in an agricultural community.
Environ. Res. 117, 8-16 (2012).

Youle, R. J. & van der Bliek, A. M. Mitochondrial fission, fusion, and stress. Science 337, 1062-1065 (2012).

van der Bliek, A. M., Shen, Q. & Kawajiri, S. Mechanisms of mitochondrial fission and fusion. Cold Spring Harb. Perspect. Biol. 5, pii:
a011072 (2013).

Cipolat, S., De Brito, O. M., B. Dal Zilio, B. & Scorrano, L. OPA1 requires mitofusin 1 to promote mitochondrial fusion. Proc. Natl.
Acad. Sci. USA 101, 15927-15932 (2004).

Koshiba, T. et al. Structural basis of mitochondrial tethering by mitofusin complexes. Science 305, 858-862 (2004).

Smirnova, E., Griparic, L., Shurland, D.-L. & van der Bliek, A. M. Dynamin-related protein Drpl is required for mitochondrial
division in mammalian cells. Mol. Biol. Cell 12, 2245-2256 (2001).

Yoon, Y., Krueger, E. W,, Oswald, B. J. & McNiven, M. A. The mitochondrial protein hFis1 regulates mitochondrial fission in
mammalian cells through an interaction with the dynamin-like protein DLP1. Mol. Biol. Cell 23, 5409-5420 (2003).

Chen, H. et al. Mitofusins Mfn1 and Mfn2 coordinately regulate mitochondrial fusion and are essential for embryonic development.
J. Cell Biol. 160, 189-200 (2003 ).

Chambers, S. M. et al. Highly efficient neural conversion of human ES and iPS cells by dual inhibition of SMAD signaling. Nat.
Biotechnol. 27, 275-280 (2009).

Manuel, M. N., Mi, D., Mason, J. O. & Price, D. J. Regulation of cerebral cortical neurogenesis by the Pax6 transcription factor. Front.
Cell Neurosci. 9,70 (2015).

Shen, L., Nam, H. S., Song, P,, Moore, H. & Anderson, S. A. FoxG1 haploinsufficiency results in impaired neurogenesis in the
postnatal hippocampus and contextual memory deficits. Hippocampus 16, 875-890 (2006).

Polo-Parada, L., Bose, C. M., Plattner, F. & Landmesser, L. T. Distinct roles of different neural cell adhesion molecule (NCAM)
isoforms in synaptic maturation revealed by analysis of NCAM 180 kDa isoform-deficient mice. J. Neurosci. 24, 1852-1864 (2004).
Cheng, A., Hou, Y. & Mattson, M. P. Mitochondria and neuroplasticity. ASN. Neuro. 2, 00045 (2010).

Tanaka, A. et al. Proteasome and p97 mediate mitophagy and degradation of mitofusins induced by Parkin. J. Cell Biol. 191,
1367-1380 (2010).

Greber, B. et al. FGF signalling inhibits neural induction in human embryonic stem cells. EMBO J. 30, 4874-4884 (2011).

1957-1969 (2015).

Garcia, S.J., Seidler, E. J., Crumpton, T. L. & Slotkin, T. A. Does the developmental neurotoxicity of chlorpyrifos involve glial targets?
Macromolecule synthesis, adenylyl cyclase signaling, nuclear transcription factors, and formation of reactive oxygen in C6 glioma
cells. Brain Res. 891, 54-68 (2001).

Basha, M. & Poojary, A. Cold stress offered modulation on chlorpyrifos toxicity in aging rat central nervous system. Toxicol. Int. 19,
173-181 (2012).

Yamada, S. et al. Tributyltin induces mitochondrial fission through Mfn1 degradation in human induced pluripotent stem cells.
Toxicol. In Vitro. 34, 257-263 (2016).

Leboucher, G. P. et al. Stress-induced phosphorylation and proteasomal degradation of mitofusin 2 facilitates mitochondrial
fragmentation and apoptosis. Mol. Cell 47, 547-557 (2012).

Yue, W. et al. A small natural molecule promotes mitochondrial fusion through inhibition of the deubiquitinase USP30. Cell Res. 24,
482-496 (2014).

Park, Y. Y., Nguyen, O. T., Kang, H. & Cho, H. MARCH5-mediated quality control on acetylated Mfn1 facilitates mitochondrial
homeostasis and cell survival. Cell Death Dis. 5, €1172 (2014).

Chen, K. H. et al. Dysregulation of HSG triggers vascular proliferative disorders. Nat. Cell Biol. 6, 872883 (2004).

Chen, K. H. et al. Role of mitofusin 2 (Mfn2) in controlling cellular proliferation. FASEB J. 28, 382-394 (2014).

Yu, Z. P, Matsuoka, M., Wispriyono, B., Iryo, Y. & Igisu, H. Activation of mitogen-activated protein kinases by tributyltin in CCRF-
CEM cells: role of intracellular Ca(2+). Toxicol. Appl. Pharmacol. 168, 200-207 (2000).

Pizzo, P, Drago, I, Filadi, R. & Pozzan, T. Mitochondrial Ca?* homeostasis: mechanism, role, and tissue specificities. Pflugers Arch.
464, 3-17 (2012).

SCIENTIFIC REPORTS | 7:40925 | DOI: 10.1038/srep40925 11

- 57-



www.nature.com/scientificreports/

39. Danesin, C. & Houart, C. A. Fox stops the Wnt: implications for forebrain development and diseases. Curr. Opin. Genet. Dev. 22,
323-330 (2012).

40. Georgala, P. A, Carr, C. B. & Price, D. J. The role of Pax6 in forebrain development. Dev. Neurobiol. 71, 690-709 (2011).

41. Tuoc, T. C. et al. Selective cortical layering abnormalities and behavioral deficits in cortex-specific Pax6 knock-out mice. J. Neurosci.
29, 8335-8349 (2009).

42. Tian, C. et al. Foxgl has an essential role in postnatal development of the dentate gyrus. J. Neurosci. 32, 2931-2949 (2012).

43. Chen, X. P,, Chen, W. Z., Wang, E S. & Liu, J. X. Selective cognitive impairments are related to selective hippocampus and prefrontal
cortex deficits after prenatal chlorpyrifos exposure. Brain Res. 1474, 19-28 (2012).

44. Li, K. et al. Differentiation of pluripotent stem cells for regenerative medicine. Biochem. Biophys. Res. Commun. 471, 1-4 (2016).

45. Nakagawa, M. et al. Generation of induced pluripotent stem cells without Myc from mouse and human fibroblasts. Nat. Biotechnol.
26, 101-106 (2008).

46. Fan, X., Hussien, R. & Brooks, G. A. H,0,-induced mitochondrial fragmentation in C2C12 myocytes. Free Radic. Biol. Med. 49,
1646-1654 (2010).

47. Hirata, N. et al. Sphingosine-1-phosphate promotes expansion of cancer stem cells via SIPR3 by a ligand-independent Notch
activation. Nat. Commun. 5, 4806 (2014).

48. Kanda, Y. et al. Reactive oxygen species mediate adipocyte differentiation in mesenchymal stem cells. Life Sci. 89, 250-258 (2011).

49. Yamada, S. et al. NAD-dependent isocitrate dehydrogenase as a novel target of tributyltin in human embryonic carcinoma cells. Sci.
Rep. 4,5952 (2014).

Acknowledgements

This work was supported by a Health and Labour Sciences Research Grant from the Ministry of Health,
Labour, and Welfare, Japan (#H25-Kagaku-Ippan-002 and #H28-Kagaku-Ippan-003 to Y.Ka.), a Grant-in-
Aid for Scientific Research from the Ministry of Education, Culture, Sports, Science, and Technology, Japan
(#26293056 and #26670041 to Y.Ka.), the Japan Agency for Medical Research and Development, AMED
(#15mk0104053h0101 and #16mk0104027j0002 to Y.S.), and a grant from the Smoking Research Foundation
(Y.Ka.).

Author Contributions
Y.S. and Y.Ka. planned the project. S.Y. performed most of the experiments. S.Y. and Y.Ka. wrote the manuscript.
Y.Ku. and D.Y. provided technical advices. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Yamada, S. et al. Chlorpyrifos inhibits neural induction via Mfn1-mediated
mitochondrial dysfunction in human induced pluripotent stem cells. Sci. Rep. 7, 40925; doi: 10.1038/srep40925
(2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

EE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFIC REPORTS | 7:40925 | DOI: 10.1038/srep40925 12

- B8 -


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

ZREBIB AT L AW TR EAIECHRR
—t b PS DAHOIS S UBEEREBIIC ST SERR - LENEO AR —

LREES 2T M OHAESHERIE O BRNED & EE M BT 5
OIS, INETHRABHASTFICBVWTEHINTETVS, TE, £
AT LE o TEEMLOOBR EMWGELLEWE ) A i ORFENED 5

1 ZRBERATALIR

JCNE AR RSO TR R D BT 7 B S A B 2E YRR M 2 A X

121, Neher & Sakmann A% J — )Y « [ES¥E
BZELUEIETHOHELRBNYF I I TEVICKDA
FUBREUET 2HENRETCH D, ZOHETEHE
DA F > BRZFEMNCEET 27201213, SNPRE (%
HITPEFEEBRE) N6D0BLN ) 1 XADOFEEZTO KR
{ZEZHNELTEWO Y —)V RICk> THEMEE - v
>TNEES, SRS ORENEFRET S0 ORISR
ENBEETHREFEFCRKEND Y FOBETH
b, IBIT, KMOBEN LM TEDH T A EMZE S
YIZE 2L —%—iC k> THHaEE T EN
JEREDZEIEDFTA—L>—)V (HlEEE )Ny F
FBEMHET, Xy NRAOETRNLIFHA—LUEE
2 5ERERIEGD 2RI T, RRERZER/NNRICH
ABDMENDH D, ZOXIINYF I THITE>T
BLRAEMZENEEZARDITE, K#E»0ty M
ATCHYICB I N EMIRT I =y VBB ETH 5,
LT AN, BEHOZEEFTMSLEME D) X 7 3l
TR DILEMDPRRERDTZONA Z)N—T v b
AR BRI N B, Lo T, NuFU I TET
DFFI R 217D 2 &1d, BERIRED A 1 =X L f#
BICIINETH > TH, INHYRXVFHMETHIET S Z
CIIFEHENTH 2,

A, A EM (micro—electrode array : MEA) &
AT LR TEEROLERZ 2 MES LM E Y
A7 FHEABF I N, TSR DOEELIZDONT
EREiEam I N T WS, 1997 FICH R TH D
TRt an/z MEA > AT AR TH 505, K
BEOT—FENAERICR 72 I ENBIRFEIZR> TR

WHIAMNEATNS, MEA AT AIRAWLENS S

Field Potential Recording Method Using Micro—Electrode
Array System: Cellular Responses in Human iPSC-Derived
Cardiomyocytes and Rodent Brain—Derived Neurons.

290

N, INSRHGEOFRELICO W TERRREERMNHAIhTWS, AT, 2R
B AT LDOME, EBRAQSAHPSHOBERIREITDNTHERT 5.

Llll'ffi jtﬁi]‘ ﬁlﬂ %%bié Bﬁﬁ %‘?

— 7P ICEEDOBUNERAINY —= T anT
B0, O LICHBZEE T, MEAEM (field
potential : FP) ZEHHIT 5, KM ZEFIZET D ERD L
D172 %, OFEBMNEMOA > B —F > ZITIEFEIT/N
L, kA A DEEEZTIC< WD, =V KRR
FRIREEORBREBRMEZLEL L, QK1 X
HUZE W SN LR 5, SRR AR i ML
Hﬂﬂzﬁmﬂ]ﬂa@ﬂ%gmﬁ%ﬁﬁ - TREICEHIITE 5, X

, OFHM/NER LB 2B/ RETHET
&, %H]H’ﬂ BMEFIALBNWZ &G, ZELRFIRE
o ek LECAMMN 58 AlChiz o TRHEIMHEET H
=

BfE, MEAS X5 AL ELUTMEDGL (FIVT 7 Aw
RYA L5171 v %, HA), Maestro (Axion
BioSystems #1:, X E), MEA2100 - Systems - Mul-

R1 RAREMEA S RFTAA—H—ETNA ZEVPH
E7A—7 - 7L — O

A= AFLFRTEH | TNA R4 | U o )VE | EAREK
1 64
TIVT 7 Ay RY
A LI T A TA Y SN MED64 4 16
VE R
8 8
Muse 1 64
: . 12 64
%an BioSystems 7 AU %
Maestro 48 16
96 8
MEA2100-| L1 | 60
Systems 6 9
Multi Channel =
BAY 24 12
Systems #: Multiwell-
MEA- 72 4
Systems
96 3

ARIChd EFEL BLU MbEWE] 13, %h%"hEIZFﬁ
BABIMEEE (L¥WEOEE P I UREE O HIC
T HER) EHOERICHES bDET 5,

SAotE 2017 7

- 59 -




tiwell-MEA—-Systems (Multi Channel Systems #, K
1Y) BENBKKNSEESNTED, Haky TV
= ar THEHINAEIRTRB>TER, £11Z
A== FNAAEL - TL—hdHBVWETO—-TD
T 1B OBMEEELDEDTER
WhEERWN,

B, MEAZBFWET7 75— a L TEDH
REBEATWDOH, b MPSHIBHERELHMRE (&
N iPS EHIRE) & Wz R ODIRE 2 iR,
725 NV - BEE O IR R B iR 2 A W b E
DY AR TH 5, EESIE, IN5DLHEDEE
bz BIEL T4 I2bAWE AW THBIEOEEEOR
FEROMATED, ThEDIDVWTORFFERE
FHikdm - REEE LTI LW,

2 MEA D RFAICLBE IPS LRl E
RAWECERROREEFEE

HHDARBHEBIIIE hADEEJOR M %M
D ReMEIERBOEITRD 5N TNW5, OB T
WIIRTE, BOEH DL AL NEME (torsade de pointes :
dP) OFELERK TH D hERG F v )L (MEICHB W T
DERO QT MFZ2FITHEL TWaHIIEE Eos )%
28) OHEEBEEAZRANDS invito FERABEE FO
DEMO QT EEIEMZFANDHERABITDOATY
%5, LML hERG F+ RIIVHESL QT EEIZSLT LD
TAP ERICIE DN SRV &, oy 1 ToER
BIRMEZ TETERNWI R EORENH D, LKA
BROBIETE hADZEMZE INETLD HIEFHEIZEEM
THHENRD SN TWS, b b iPS il 0 %5
&b bLMlEE S RS EEE 2D, B R
iPS ML 2 W2 3B R DB FE & 2 2 MRS BR A
DFFICKRELRBFNFE SN TN S,

EE5, ENEEDEMEERETEET T, b
iPS [DMEfAE & R U 72 B3R O.DIRE £ IR O
FITHFIT RN TR - 22, FiFfEBRIcBNn
T, N 2=y MEENEE TEHWEER M
FTE2ZMEA 2T LA LE (M1A, B). #iia
ABRDIstE—INERD Ist ¥ — 2 £ TORRIX
inter—spike interval (ISI) &IEIEh, HBREEEET
(1 1C), OMHMAIZESRREIC X D LI FHEHR L
Twa Nat Fr )b, Ca2t Fv¥ ), Kt Fvx)VzE
WYy A1 I TIEMEED D VWIEREH LS B TED
&7 (action potential: AP) 24U %, OEGHHfEICH
W BIEENEN O R RERE (AP duration: APD) (3 HIfE
NEMEFED IstE—2 & 2nd ¥ — 2 ORI Z/RT FP
DFErgef (FP duration: FPD, 1C) & HBFEEM
BILTHDY, IS5 IzINBIILERICBTS QT MG
IHMT S (K2A), TAP 0RERCEICHELTWS
hERG F v R J)VHZEIL, FPD OZEEIZ L D FEl T &,

SatE 2017 7

15t peak
amplitude

4.5 5 5.5 6 6.5 7 75 8 8.5
Trace time (s)

TIWIT7AYRYA LT 4740 HEOLEEMS AT
LT&dH% MED64 (A) 12k kiPS.Lfilans—bk B) 27
O—7 RICEREL, MifastEisgr (O Z2RELE. lstE—
M5 RD 1st ¥ — 2 F£ T# Inter spike interval (ISI), 1st &—
75 2nd E— 27 & T % Field potential duration (FPD) & W
9, ik 3 BXU 8 D—EREWE,

1 Eh~IPSUDEHIRICEITZ2Z BB X T ADER

A HifastELL

B
Field potential rb‘% EAD
== |
DER R
EKG
P T

M

Q VS
TEEHE AL QT interval
Action potential
0mV----1

(A) Hifa VB (BB @ FPD 12t U CLERIIEE (hER)
D QT RikEH K EBBMEE (FE) @ APD80 (BB AL
ME—=Tn5 80%FELZEZ ORI MRS T 5,
(B) HifASVEALIE T B 5 BE K DO—DTdh 2 EAD &R
iz

®2 MERSNEALERZ, LERRT, EBEMRTOLBREM
RRNEBRIRICH T2 RERT

F 7= TdP Dijfiki & U TE X 5 TW 5 Early after-
depolarization (EAD) HERITE5 (K2B), ZDik
BEOFHMOE XX, hERGF v BEUCaF v
IV ERRICHET DRI NIINOFETRS ZEMNT
&5, BITORBIEICBNTARS /N2, hERG F v
FIVHEDO AN TdP Y 27 2H T 2WHEICH
HaINDD, CaF v RIVHEBERANINZHEET S
W, EBRIZTIP 23R LW, —F, b NiPSIL
Mg E MEA > 25 A ZBAWEFEMR T, CaF v+
WIHEER B ERICHESRTE 520, TdPU XV 25
OENRINIINOREWZERICITHET 2 ZENTES

291

- 60 -




ZENbho Tk,

b N iPS .ORIAEICIE, O E R T 2 E K oM
MEENTVWS, EE, EHMPSLHMazEEL
T, Bl TCOEFEMERERLET DL, LEHSY
A7, LEHYA TOWEREES A 7 EEBOESE
PN ELGN Y, R CHillzBEEICHEET S
&, MifaRLI3RlA UOomiies — b2YBR S N E R
INEBEMB L EEREN S — M2ETRBIL, 8
REBEP U ERERTHIENTES, EESIEHE
BEEREMM S L AEEFELLT, SERTHIMt:Z
WMRITdIEEL, T—U1 (), FEHKE (),
ENET (B) O 3FicPWTHE % (MED64, 7
W77 Ay RYA LT 474w 7)) - F—#Hi
(iCell cardiomyocytes, Cellular Dynamics International
) - A—1k&% GERAhERG F v RIVIEEH, E-
4031) ZHWTEBRBFEOHFHEMZRITTHNY 5T —
varEBETol NI F—ya ik, 17
O—7&7= 0 13000~26000 Mﬂﬂé%éb, E-4031 iz
&% FPD EE R EAD i s N iBE & kg U /2
EZA, IMRBMOETIH/UNIZNE > T,
MEA 2 25 AIZBWT, FPDIZEEFZOEE RN ZE
T D ETHERNIA—F—D—DTHD., £ES
1%, EHEIRFOEEREEIE Y )Y —DENIZE-T,
FPD 0N BB ZEEHENT LY, I 5ICHEM
THMNEEZBEICHETSILT, FRILOES
DEDERMDEER/NEICTED EEA SN &M
5, REMEKORNET /. COME, MaEUKE
WMICHEBESHAP T2 —AT, BRELEZSATUY
(Ist B — 7 R iE > + 200 pV, 2nd ¥ — 7 #RiE > 15 uV,
inter—spike interval<{1715 msec, FPDcF>340 msec)
BT EMBUIEML 2. 1st E— 7 iRIES 2nd B —
JIRFEORES D+ &5, iCell cardiomyo-
cytes IZDWTIX 1 7 Oo—7&H 7= 0D 25000 ffa Ll £ THE
FTHZENLEE LW ERRDITRLY,

EFHESEIRE, HEREREKHFEODLLMERTOKR
BERIIRBR 2T, “D0RXERE L. —DI3,
t N iPS LRI 55 S N7 HBEICHENS T 5 IS8T &
QT MIkREICHHY4 9 % FPD R {& A, 5000 ABED
A% s QT iR & OBRZ AN RBRERFAE (75
2 A LLIEBZEY) ORMEICELIL Twas 2L, BX
O TdP #3395 HAMD, RIRIC/AR%1EEFPD % it
ET352L2H6NILEDBDOTHBY, £z, TdP
AT DEILD 60 bEWmEERL, bt biPS.O#ilaic
B 2HEANSEEE R BRERRE THE Lz, F5h1
kR 2 REOEK T —% TH 5 CredibleMeds & kL
Liz&Z?, EHFREOBFHEABIROFELEY X D
FHIED 83 % LIEEICEMN DY,

DEoF—#13, 1f@EEOE b iPS . LFfiiE s 1 fEE
DHEBIZEVEONEZHETH D, EHELD, b MIPS

292

DMFfIfE & MEA > 2 5 A & A& bR T2 EE GO LE
LR OBELZED EIT, HENLELTBYD
TEE A TTAEZn b N iPS O I 1 FE DA T
Ho 7. HFETIE MEA ¥ 25 ADBFEISHEINCTDONT
t hiPSLEfIRIC B NY T—3 a VA Z, 4TI
HAMEZZDEZONF =15 b iPS LR
NRFEEIN, FEESOMERORREELTT T
7inHDE iPS OB RGEERICANWS Z &N
HHENED NOBRNZT> TWIEIETH B, 5%,
BORBEHOE M iPS LH#iEE MEA > 27 A
THMT 5 & T, b MPSOHMEEBWEZERS
DO TAP VA7 FHENH U TIRASNDT S 5T U TN
RWEES 5D EHFEL TS,

3 MEAIRTAZRWZ(EWME XIET
il

INFETEHEFPLZEEFTMAD MEA > 257 LD
ERANRTEZD, 2 TIEIHREMEZ Wz MEA 2 X
TLDRAZERNRZV, HBF) MEA X7 A3, BHA
A AER T ORI T D-0ICHFEI NS
NAZATH 20, BHFELIE, WHRET TR KWK
BB, MEPREDAMR S AERADHNR
B, B e R R R AN B R A E N
TETHY, WM OEBEMOMIfEsGEEICENT
W5, T4E, {LEWEOREMREEFMARICH MEA
SATLEIGALELD ETREENHFFTEN> TE
TW3, XEBEEHF#ET (Environmental Protection
Agency : EPA) Tid MEA Y A5 A X2 HIRIEET v
N R B R I 2 W P LS ) 2 0 SR DR
WNEefToz9~18, ZOWE T, FMmI S - &
Mt E (G R Y - RENRFEEERE TS Z
EDHIENTWA{LEWHE, RUETRYE - REwWRE
HEFRELBNWI ERHSENTVBLEYE) BN D
NETFLENTVWDS ((2), £FESD, EEHEHERS
M E&mehE (LEmE) A7 EEE) OXEEZT
T, ERL28EELD MEA S AT AL DHFET v b
JRIBHEB MR E AR Ry U — 7 3l R O
HLEMBLE (M3A), HELEEST, HEXRF-H
Bz EN siRtanfMigz N THREEOE WS —
YOWMEEBELTSO NN EHERZITY, EPA &%
WAL BN SR DEEEITO>TWS, £z, €0
iz B ERA 2B & U THEMREEDSNCS MEA
VAT LECEWE ) R VFEMIBHALED ETAHEE
M5, TOEFHEDOH NI D TWDDILKE DR IEER
ERENIZERT (HESI) Tdh %, HESIIX, EEFEZD
BEMEHY/ S — b —n SR EE OB 2 8 U THIBR O
CREICET SREEMRT HDICXERITO>TNVD
JEEFIETH B, HESI TOHED—D & L T Neu-
Tox (f A— 27 REED X iR RIS

ShtE 2017 7

- 61 -




x2 FHETRESHE - BUNBYE-E

Bt e o B CASE

<L/ RV GABA, 7> ¥ d=Z & |40709-69-1
. R N ARl MU RN ol COA
. FEFNAY Y TATFT— | aaon.
FINY N YHEH 63—-25-2
. FEFNIY SITAT T T
JUNVEYRA | Gds 5508-15-2
: N BIRFEETF P U AT v Lo
— . BIREET FU LT v aa_
DAL IAIN GABA, 7> #d=2Z b+ |439-14-5
RoEL gL oS VBIEET 28 14977-97-5
J47uz)l GABA, 7> ¥#d=A b+ |120068-37-3
IrseFy | SRLo BROBROR 114947-09-5
<4 ey (ST IETEFNTY S —41-
SET LA DR vyt 138261-41-3
I ?fmﬁg@7y9j:3W%aps
A HEE 6080-56—4
L-yng s |Gy S YRERERT T2 19085837
YT GABA, 7> #d=A L |58-89-9
AFJV7KER H2EE 115-09-3
T GABA, 7d=2 18174-72-6
- X ZaAFMTEFNA ey
. < BUKREETI MU DLAF Y 5o
RIVARU > 2L S 52645-53-1
RDX GABA, 7> #d=Z+ |121-82-4
RURAFIRAZ  |&ELIE 56-24-6
NIV O i nwh A 1069-66-5
= e BB P U D LF ¥ | {011
=qusbdiiclyy s B CAS#
TEN73 71 | Cox-2 [HEH 103-90-2
FTEFIIYY  |HLEPE 26787-78-0
ZURY—k P EA 1071-83-6
NS T— b =g 1910-42-5
Fyh) > Hokkl 82385-42-0
B Lk HEHRIVE > 69-72-7
D-VIvE +—JV | HukE 50~70-4

CCHk 16 o—#f &2 %A

HHC LD, BEAOMRE - SEmEnEOREI

Ko THECZHENEOFHMNARERBNA A — I —DREE
ZHHME LZEE) 21d5. MRty hU—7 0%
BEERL L TRAOMEEEORRIC X 2B THRN

HoE 2017 7

HHENERET 5 MEA Y7 F— AT, MEAZ S v

P73 —ALIBIT S5y MRS S MR, Bk
iPS #HRMROEBENEEE TS EEBIL, TAMNUVES]
ERITZERHASENTOWBERESZHWE-T LN
F— g YOEBABICOVWTEHESRRIN TS,

MEA A5 L EHWTHER Y b7 —0 OBREFF
i D BB DIFEIIDNT, BIRTIIADNIN DHEN
BIEEREE - TWRY, Ok, 102BR3)85
A= —ZDWTHHIT L, FlT2OIEEL/INT A—
& — it T2 0ERH D, TTIEHRINT A—F—K
BT 2MXAMESINTVRODT, #REHICES
THHT 5,

RELES R BRI, BE RN RO
HALZRT AT 7 EEN BB EEL D, TO
BAAITIEFEITE Y (Bmsec) FHIIEI S5, Zh
% MEA V25 Ao THHT %5, MEAYXFAT
AN 7 OBHBEEZE /1 XL )LD 6~8 fFITi%
THILET/ A XOBHEFHNWTED, RHMEEZBA
ARTI IR IAY—Tay bl TRREIND (K

o PRI ORI E & BT AN 7 OFEEFEELH
mu, BN THREHREOBRER LN FTAEERT S
ZETHEBER Y N BRBET S, MRy bU—7
OBEIC LD FHRMETHRIICREL TWBANA
AMEHIL, BEIICEN—-ZA 2Ry NT—T A1 Y
ETHINZEHENTY LI POEKOBEBTRMLZE
MEENEZSE SIS ("3C0)., ANXAIDRN—2
FOREREBHEILORBEEEL L TEHT 2201
12, THEOBRENEI > TWABHOKICOWTHE
HI20ERH D, 17T LHEICHEELRERINA
27 iR AL B S (Active electrodes, 1 43f#iz 5 [EILL
rOINA 2R U BB THREL % MFR
(Mean firing rate) &5 (M4, I5REFNThOH
SNFAETLSETCORR, FRHMLTELBZZANRI IR
N—X bORAEEE, Rk, REFZTOMBSEOAR
FH1L2ONTA=F—IZDWTEHL &3, ERH
His EIc ko THAIIEIE & L TR D HBHO® WSS
A—F—BBRTHI LIRS, S8BT, BEHETD
PR ITBNT LIRO B B E SRtk B 2R
W ELBERECI DY R V2T TETH 5.

Ry bT— 7 B OBEEMICDNWT, BHER
o EEOMRERIE 2 W TEESTOh TNV S, 8
EBRABEOEANS L MiPSHEHREFATES S
EMBRETHSEN, b HIiPSHZHEEZZNOADE
ETERALIZK< W EPHAENTHWS, & MiPSH
BABICIBWTANS 7 BB EIN 52D EHM
EhAEE) OREHEERTS:, FUT7HEBED
HEZERHS0VIET ) THEO &R E WS RICT
BInTH D, L UEEOERLIZFMOER I DR
0, JUTHEE ORBERPLMHOE AT EE

293

- 62 -




Y AU
& -9 (mm)
A 48 / e

= ATk
fiee

o
D T
l@ﬁ?glz%&ﬁ M Y DEFEED)

P — gy R
8z TL—h

B &7 I

FAF—TOw b

FAEEEE e
f

N—Z b

L]
11
AN D

oy bT—=T XA

Iy NT—=02)81 7

A BU I 16 HOBMASEDAEIN TS 48 o)7L —h 2Ty MEB&RMIEE 1Y )ld
720 50000 #lifE 2B - 553 L, Axion L SBE M AT AICREL, WEH2EET 5. RE
B ANAMY) BT IT1ET ARy TELTEUAN T —FRIN5, B. 1 BRI EICEBMS 7T
A, BEEELDDRERI I FIVEIAY—TOy bELTEREND, SAFY—T0Ov
MIERIERZANA72ELTEYD, AN BT EET> THERALEESIIIN—Z b EIEEN 5,
C. 1Yz)y I6FEfM) DIZRFY—TOy b, AFILEZANA Z7Z2Fy bT—2 Z)N 7 EIER, BD
FAY—T 0y MNIBE—DANA 7, FOSAFZ—T0y MIN—ZX bEEL TNV,

3 MEMRERVCZABBIRT A

A )
10001 _o-50000 g,/ = 1

800 1

n 6007

ME

400 1

200 1

0_

Active electrodes =
— —
co [\ (o))
L L 1

~
1

-O-50000 #ifid,/ > = )b

(«]
1

0 5 10 15 20 25
HE#EA% (days)

- 10 15 20 25 30
K2 H# (days)

30

[}
(S}

(A) 28 HEE TOMRIEB 2B IFMNICR Lz, 4 U o)V OEEEZERT, Ml 1 pMicEgI N~ 1 8BIR
BIEVDANA I ER LU, R 4AENS 9 AB TR 1EMHAZD DS 7SSz B) A
ERUD )V TO 1M 5EELEZINT 7 ik S Nz EMEL (Active electrodes) DRIFE(LZRL =,
REEBH 7 HBEIKIZT TIEED LOEmAEELIRES /2D, 12 H BUBIXZIE I X ToEBmAEMELLL T

Wiz, ZTOIREEIIREE 28 HE L THE# L 7=

4 EESRZIEEIEBIETA

ZHATHONHE L NWEBZLNDZEMNS, B MIPS
MR 2 AW/ MEA 3 257 A TOFEMMR 25T 3
I FER S|k 61 TNWD,

4 b Y (C
AT, ORISR L O B RAE ) & fHE I
HIFE AR/ MEA S 2T LA DBFEOE R E, BAGHAS

NTWBE D07 FUr— a3 Iz DWTREMN L,
b N iPS O HIE 2 A W 2 R O D g2 2 Ml T

294

i3, BAENOHRS ST R TE ORI R 24
4 RSACKITOBMEAB D, b b iPS.DEREE
MEA 32 5 1 % §l&-8 7= S B OMA DA S LT
5,

$7e, WREEIEIC B BILEWE ) 2 BT B
MEA > 25 LDFAZES LTI ICHREBTH D, n
vivo B E & T B ERT OEBRERDLLWE DT
LB R A~ DA DIRZRIC [V T IR TR
TWa, 5%, £9%£9T MEA S ZAFADIBAZEAT

SAogE 2017 7

- 63 -




£33 ZHABHIATALCEBIIZ#ERY F7— 0RO
BRI A= —

AN D BE 1BESZD 1 5EORNA 75
IN—Z NEE 1EBES0 15 MON—-2 MK
N—X kR 1 EBRICBIBN—2 S ORI
EN—Z NEE N—A MO I N /=B

IN—Z RHNDZINA ZHEE [N~ hhiz R U 251 7 O
IN=Z MRAD A 7 DEEIN—ZA MRIZE LA~ DEIE
N—Z FERBOZERE  (IN—X FORROEEF:

N—=A MADZ)INA V@ IN—X FRc@B&gIni 281 7
DEBRE OMBOEERZE

Fy "= 2N ZFE L aRICECERBIUEZNST 7%
o M= 5 25 2 W | G AL R

o hT—5 ZANA s = | LABIKECEEBMU 281 7

PR E N B
PR LHOBIE S oiae e Rle

Lk 19 O 2 8%E)

W<dHDEBbNS,

B AP, EEREEANSUREREDS (H24-Tyaku-
Shitei-030 to YS) 7z & N ENHFIEE R A H AR EERZE
M (AMED) OEEDEHEMFHM - FHEMRELRON
% T ~iPS HMEMIfER R 275 A L - ERR o RIREN - &
ZHFMABRROBREABREELICHET IR (¢
15mk0104053h0101 for 2015, #16mk0104027;0002 for 2016 to
YS), EXEEHRAERGHDE (LEWEY A VHFAEE)
TREHIC BT 2HENILEREMESERBEORSR) (H28
—fLZE-—#%-003 to YK) OV R—hrick0EHENEL =,

X #

1) E. Neher, B. Sakmann : Nature, 260, 799 (1976).

2) Y. Kanda, D. Yamazaki, J. Kurokawa, T. Inutsuka, Y.
Sekino : J. Pharmacol, Toxicol, Methods., 81, 196 (2016).

3) Y. Ide, D. Yamazaki, Y Kanda, Y. Sekino : Kokuritsu
Iyakuhin Shokuhin Eisei Kenkyusho Hokoku, in press.

4) J.Zhang, G. F. Wilson, A. G. Soerens, C. H. Koonce, J. Yu,
S. P. Palecek, J. A. Thomson, T. J. Kamp : Cire. Res., 104,
€30 (2009).

5) Y. Nakamura, J. Matsuo, N. Miyamoto, A. Ojima, K.
Ando, Y. Kanda, K. Sawada, A. Sugiyama, Y. Sekino : /.
Phamacol. Sci., 124, 494 (2014).

6) K. Asakura, S. Hayashi, A. Ojima, T. Taniguchi, N.
Miyamoto, C. Nakamori, C. Nagasawa, T. Kitamura, T.
Osada, Y. Honda, C. Kasai, H. Ando, Y. Kanda, Y. Sekino,
K. Sawada : J. Pharmacol. Toxicol. Methods., 75, 17 (2015).

7) A. Sagie, M. G. Larson, R. J. Goldberg, J. R. Bengtson, D.
Levy : Am. J. Cardiol., 710, 797 (1992).

SatE 2017 7

8) W. Yamamoto, K. Asakura, H. Ando, T. Taniguchi, A.
Ojima, T. Uda, T. Osada, S. Hayashi, C. Kasai, N.
Miyamoto, H. Tashibu, T. Yoshinaga, D. Yamazaki, A.
Sugiyama, Y. Kanda, K. Sawada, Y. Sekino : PLoS One,
11, 0167348 (2016).

9) H. Ando, T. Yoshinaga, W. Yamamoto, K. Asakura, T.
Uda, T. Taniguchi, A. Ojima, R. Shinkyo, K. Kikuchi, T.
Osada, S. Hayashi, C. Kasai, N. Miyamoto, H. Tashibu, D.
Yamazaki, A. Sugiyama, Y. Kanda, K. Sawada, Y. Sekino :
J. Pharmacol. Toxicol. Methods., in press.

10) H. Oka, K. Shimono, R. Ogawa, H. Sugihara, M.
Taketani : J. Neurosci, Methods., 93, 61 (1999).

11) M. Kobayashi, K. Imamura, T. Sugai, N. Onoda, M.
Yamamoto, S. Komai, Y. Watanabe : Eur. J. Newrosci., 12,
264 (2000).

12) H. Zhang, N. Robinson, C. Wu, W. Wang, M. A.
Harrington : PLoS One, 5, 11696 (2010).

13) L.Li, Y. Hayashida, T. Yagi : Vision Res., 45, 263 (2005).

14) S. Honma, T. Shirakawa, Y. Katsuno, M. Namihira, K.
Honma : Neurosci. Lett., 250, 157 (1998).

15) Y. Fujimoto, M. Abematsu, A. Falk, K. Tsujimura, T.
Sanosaka, B. Juliandi, K. Semi, M. Namihira, S. Komiya,
A. Smith, K. Nakashima : Stem Cells. 30, 1163 (2012).

16) E.R.McConnell, M. A. McClain, J. Ross, W. R. Lefew, T.
J. Shafer : Neurotoxicology. 33, 1048 (2012).

17) P. Valdivia, M. Martin, W. R. LeFew, J. Ross, K. A.
Houck, T. J. Shafer : Neurotoxicology. 44, 204 (2014).

18) J. P. Brown, D. Hall, C. L. Frank, K. Wallace, W. R.
Mundy, T. J. Shafer : Toxicol. Sci., 154, 126 (2016).

19) E. Cotterill, D. Hall, K. Wallace, W. R. Mundy, S. J. Eglen,
T. J. Shafer : J. Biomol.. Screen. 21, 510 (2016).

®
A

s A (Daiju Yamazaxr)
EVEER ARG EPEI R (T158-
8501 HE#MtMAK LMK 1-18-1), £
HERHRFERNFRELPIRHE LB
BT, 2¥HEL, <HEOWET—I>
EHS - (LEWEO MEA 2 257 A0k D
PR OB E EEEEL. <Huk> T
A, AR—-VEE, K517,

E-mail: daiju-y@nihs.go.jp

SEMERAE (Yasunari Kanpa)

ESr A B S RS 2R (T168-
8501 EEBIHMAA K LRAK 1-18-1), ¥
HRFRERELRATERELREE T,
Bt FE¥). <BEEOHETF—<>EHH
HEHWEZEESEBIMMEHEOR N
A & R L, <HBED R, BB
&, FETC

E-mail: kanda@nihs.go.jp

BB #F (Yuko SEKINO)

SR G R R DS ITR I (F158-
8501 HEHHMAR LAY 1-18-1, &
HRPEERE, BFEL, <BEEOWR
T3>k MPS bR ZERL
FERFORMREZLEFHRBROMRE
& ERRERE.,

E-mail: yukos@mol.f.u—tokyo.ac.jp

295

- 64 -




BRSO A GERE - APk - @i Pes

IEEJ Transactions on Fundamentals and Materials
Vol.136 No.2 pp.99-104 DOI: 10.1541/ieejfms.136.99

Paper

Visualization of Spatially Distributed Bioactive Molecules
using Enzyme-Linked Photo Assay

Hikaru Mabuchi*
Kazunori Watanabe ™ Non-member,

Student Member,

Associate

HongYao Ong*
Sachiko Yoshida™® Non-member

Naohiro Hozumi *2) Senior Member

(Manuscript received March 18, 2015, revised Oct. 4, 2015)

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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* Toyohashi University of Technology
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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 diphosphonucleotidle (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 after 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 um
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.

Enzyme immobalized

Tissue

Fluoresence (480 nm)

1

™ o
é ' @ nTrig I
J’ i Control | | ¢ [Image

g‘é" 4

«— Thpyy ——

Fig. 1. Schematic diagram of the observation system including
the device and its outlook

siliconization
glass —o 3y

I
O'Si'C3H6N=C5H8=N'
|

shiff base enzyme
>

Tultrasonic treatment

Fig. 2. Immobilized enzyme

succinic acid
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_o_i\';J GABase / a-ketoglutaricacid ") ¢ ¢ TF'J

NADP* _I? ? ? ? ? ?I D"D"NADPH °;:2’°

Substrate

Fig. 3. Chemical reaction on the substrate

3. Image Processing

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 [, This is

Plane wave

I'o(6)
(background)

_—T'® _—1(0)

Obéérvéd

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
Iy and I'y depends on the incident angle 8. 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 (Iy/1'y) 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:

F, [ Gn ap Ji
N (I P .

where F'|(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, ay;, ay,, ay1, ay, are constants. Although the image
acquisition is sequential, ICA is performed by assuming that two

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

Reproduced images f*;(x,y) and f",(x,y) are calculated from F; and
F,. As the result of periodical acquisitions of F; and F,, time
dependent images of f”; and f”, 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:

1 «a
e — o

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

Parameter for independency
p(yli’y2j)

KL= zp(yli’ij)lo

g
I, p(yli)p(ij)

optical axis, the target and background images can be separated by
finding appropriate numbers for a and £. o and f 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(yi;) and p(y»;), where y;; and y,; represent the
intensity.

pO) =Py P PO}
() ={p(¥y),- 'ap(yzf)a = p(¥y,)}

p(¥1i,y2j) represents the probability that the intensity of a pixel in
image f"| is yy; and that of the corresponding point in image f* is
¥2j. In other words p(y,) and p(y,) are probabilities that cases y;
and y, take place, respectively, and p(yy,,) is the probability that
cases y; and y, takes place simultaneously. Variables y, and y, are
considered to be independent when

p(yl’yz):p(yl)p(yz) .................................................. %)

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

KL= Vo P> Ya;)
;p(y“’yz’) S P

The K-L parameter is zero when two sets of variables y; and y,
are completely independent together. In practice, « and f in Eq. (3),
which determine the probabilities p(y;), p()2) and p(y1,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

Tune o,p

Probability distribution ~ Reconstructed Observed
of intensit ,
Y /i & ol A1 G2 K _ 1 alF F _[ 4 4 S
S K, ay; Gy F, B L\F F, ay  ay \ J,

Fig. 5. TIllustration for image processing based on independent component analysis
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ICA process K-L parameter is calculated in order to evaluate the
probabilistic independency of images /" and f*,. 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 TImage 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 IGL
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

(a) Visible light image

Smal angle (ima A). Large angle (image B).

(b) Fluorecence images before image processing

Background Target

(c) Fluorecence images after image processing

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

102

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
electrophysiological 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.

W)* s -

(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
x 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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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 umol/C
(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 IGL.

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

103

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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Cell differentiation was evaluated by ultrasonic microscopy. However, there were some regions that showed a lower acoustic impedance than the
culture liquid. It was considered that, in such regions, the cells were not perfectly in contact with the film substrate. Hence, a waveform analysis
was performed, and compensated acoustic impedances in such regions were in a reasonable range of values. By the same analysis, the
displacements of partially floated cells were also successfully calculated. The elapsed day transitions of the compensated acoustic impedances
and displacements were successfully evaluated. In the process of differentiation, actin fibers comprising the cytoskeleton are supposed to loosen
in order to induce cellular fusion. In addition, the progress in cell differentiation accompanied by a change into a three-dimensional structure can
partially be assessed by the displacement between a cell and a cultured film. Hence, we believe that cell differentiation can be evaluated using an

ultrasonic microscope. © 2017 The Japan Society of Applied Physics

1. Introduction

An optical microscope is often used for the measurement of
biological tissues and an antibody staining technique is often
employed to observe the biological structure. However, such
a measurement process may take a long time because the
staining process takes several hours or days. In addition, the
biological function of matter may be lost completely after
staining.

On the other hand, an ultrasonic microscope makes it
possible to indicate an acoustic characteristic (e.g., elastic
parameter or sound speed) of cells as a two-dimensional
profile.''¥ An acoustic characteristic is an important
parameter for the quantitative characterization of living
tissues. As chemical staining is not necessary, the measure-
ment can be performed without losing the biological
functions of cells.'*'” This reduces cost and time for
staining as well. In addition, ultrasound can be directly
digitized as a waveform three-dimensional structure that may
be estimated by various waveform analyses. In this study,
we will propose the nondestructive measurement of living
cells using an ultrasonic microscope that we developed.
C2C12 myoblast cells will be targeted.

As a requirement for cell measurement, regenerative
medicine using stem cells is being developed markedly.'8!?
When cells are being transplanted, nondifferentiated cells
or tissues should be never included, which may produce
teratomas in vivo.?>?" For such reasons, monitoring cell
differentiation is highly advantageous. This series of studies
is conducted to determine whether a quantitative ultrasonic
microscope can be used to monitor cell differentiation. The
transition of the acoustic impedance of the cells during
differentiation was monitored. In addition, displacement from
the culture film substrate after cell differentiation was
evaluated in order to assess cell growth.

2. Experimental methods

2.1 C2C12 myoblasts

The C2C12 myoblasts used in this study are clones of mouse
myoblasts. These cells remain undifferentiated at the initial
expression of heart and skeletal muscles. The C2CI12

07JF11-1
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Internal bus
Signal A/D board “
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Pulsar - Receiver Trigger
g8 e | PC

Control Stage Driver
—

Mechanical scanning

Fig. 1. (Color online) Schematic diagram of the measurement system.

myoblasts (DS Pharma Biomedical) were cultured in
Minimum Essential Medium Eagle with Hanks’ salt
(HMEM; Sigma-Aldrich M4780 Hank’s MEM) supple-
mented with l-glutamine, 10% fetal bovine serum (FBS),
some vitamins, amino acids, and 0.1 g/L. kanamycin (pro-
liferation medium, PM), and the medium was replaced every
other day. To induce the differentiation of myoblasts into
myotubes, C2C12 cells at an 80-90% confluency were
transferred to HMEM without FBS (differentiated medium,
DM). All cells were cultured and observed in OptiCell™
(Thermo Scientific Nunc), which is composed of two
polystyrene films of 50cm? in culture area and 75um in
film thickness. C2C12 myoblasts were injected and cultured
in the space between the two films.??

2.2 Measurement system

The details of the measurement system that we developed can
be found in Refs. 23-25. As shown in Fig. 1, the scanning
ultrasonic microscope is composed of an ultrasonic trans-
ducer, a mechanical scanning unit, a pulsar/receiver, an A/D
converter (Agilent UI065A Acqiris DC222 8 GS/s), and a
stage controller.

The pulsed ultrasound was focused at the interface
between a cell and the film substrate. The reflection was
received and interpreted into a characteristic acoustic
impedance. The two-dimensional acoustic impedance profile
was obtained by mechanical scanning.

© 2017 The Japan Society of Applied Physics
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Fig. 2. (Color online) Illustration for calibration of the acoustic
impedance.

An acoustic wave was transmitted and received by the
same transducer. The ultrasonic transducer was composed of
a ZnO thin film attached to a sapphire lens (aperture half-
angle: 60°), and its frequency after being driven by an electric
pulse ranged briefly from 100 to 500 MHz. The central
frequency was 300 MHz. The transducer had a focal length of
about 0.288 mm. The measurement was performed with eight
times of averaging (sampling frequency was 4 GSamplings/s)
in order to reduce random noise before being introduced
into the computer. Distilled water was used as the coupling
medium between the film substrate and the transducer.
Two-dimensional profiles of the acoustic impedance can be
obtained by mechanically scanning the transducer.

Figure 2 illustrates the basic concept of determining the
acoustic impedance. The reference waveform is the reflection
from the interface between the film substrate and the culture
liquid, which appears in the field of view, the acoustic
impedance of which is known to be 1.52MN-s/m’. The
target waveform is the reflection from the interface between a
cell and the culture liquid.

The acoustic impedance of the target substance, Zirget, 1S
determined by comparing these two reflections as

Starget Zsub - Zref

1
Stef  Zsub + Zref
Ztargel = = = = subs (1)
1+ Sta.rget . Zsub - Zref
Sref Zsub + Zref

where Sper and Sieer are the reference and target signals, and
Zqup and Z ¢ are the acoustic impedances of the film substrate
(2.46 MN-s/m?) and cultured liquid (1.52 MN-s/m?), respec-
tively. By considering the oblique incident component of the
ultrasonic wave, the longitudinal wave acoustic impedance is
obtained by using the result of sound field analysis in order to
obtain a more accurate value.

2.3 Investigation of low-acoustic-impedance area of
the measurement result

Figure 3 shows the acoustic impedance profiles of undiffer-
entiated and differentiated C2C12 myoblasts and their
corresponding histograms. In the profiles, the regions
measured at around 1.52 MN-s/m? correspond to the culture
liquid. Cells are normally higher in acoustic impedance than
the culture liquid.”>>=Y However, some regions after differ-
entiation induction are measured at a significantly low
acoustic impedance. Hence, some comparisons of waveforms
from different points of the measurement result were
performed as shown in Fig. 4(a). Firstly, the waveform of
the culture liquid, which is defined as the reference wave-
form, was extracted from point 1. Then, target waveforms
from a cell (point 2) and a significantly low acoustic
impedance area (point 3) were extracted. Consequently,
subtractions between both target waveforms with the
reference waveform were performed as shown in Figs. 4(b)
and 4(c). From Fig. 4(c), it is clear that the residual waveform
obtained from the subtraction of the target waveform from
the cell and the reference waveform was relatively larger
than that in Fig. 4(b). Here, we can conclude that some
interference must have happened in the target waveforms of
an area with a significantly low acoustic impedance. Hence,
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(Color online) Acoustic impedance profiles of undifferentiated and differentiated C2C12 myoblasts, and their corresponding histograms.
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Fig. 4. (Color online) Some comparisons of waveforms from different
points. (a) Acoustic impedance profile measured at the 10th day after
differentiation induction. (b) Comparison of target waveforms from point 1
and high-acoustic-impedance area (point 2). (¢) Comparison of target
waveforms from point 1 and significantly low acoustic impedance area
(point 3).

in order to eliminate interference, the waveform was sub-
jected to the waveform analysis described in the next chapter.

3. Compensation of acoustic impedance

3.1 Interference due to nonperfect contact of cells to
the film

C2C12 myoblasts have such a characteristic that F-actin
coagulates through differentiation and grows into a tissue
with a contractile ability through the expression of various
proteins.?6=3D Cell contraction will create a gap between the
cell and the film substrate during differentiation. Figure 3
illustrates that, at such a stage, the cells are not perfectly
in contact with the film substrate. For this reason, the
interference of reflected waves may occur, leading to an error
in acoustic impedance estimation. At such a point, it can be
assumed that the reflection wave S is composed of two
different reflection components (S; and S5).

Figure 5 illustrates the compensation of the acoustic
impedance. S; is very similar in both shape and intensity to
the reference wave S, which is the reflection from the
interface between the film substrate and the culture liquid. S,
which can be considered the reflection from the interface
between the culture liquid and the cell, is relatively small
in intensity, as there is only a small difference in acoustic

S0 = 58— g A5

afSs) afsE) aftsE) aftsiE) aftsiE) afsi) |
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Water
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Fig. 5. (Color online) Illustration for compensation of the acoustic
impedance.

impedance at the boundary between materials. In addition,
these two wave components are opposite in polarity, because
the acoustic impedance is high in the culture film, low in the
culture liquid, and relatively high again in the cell.

The acquired waves can be separated into these two
components by an appropriate waveform analysis. The
acoustic impedance of the cell would be evaluated using
the separated reflection intensities.

It is assumed that the acquired waveform can be described
as a linear combination of the components as

S(r) =51+9,, 2)
Sy = PrexplAi(t—t1) — Bi(t — 11)*]

X cos[2xzfo(t — 11)], 3)
Sowy = PaexplAi(t —t1) — Bt — 11)*]

X cos[2xzfo(t — )], “4)

where P; and P, are the intensities, A; and A, are the
attenuation constants, f; is the central frequency of the pulse
(fo = 300MHz), ; and S, (cm?/kg) are the coefficients of
compressibility for the media, and #; and 7, are the delay
times. These parameters (Py, P, Ay, Aa, p1, fo, t1, and t,) can
be determined by the gradient descent method. f; and f, are
set as constants with a value of 0.1cm?/kg to improve the
analysis speed. In performing the gradient descent method, a
partial derivative is applied to a function, and it searches
the local minimum (or maximum) of the function. The
reproduced waveform S, is modified as

— 50 _ gy (&)
@ 3) ) k k k o |
oP\"  oPY oAl 0AP o o
where k is the repetitive number and « is the learning rate. Zoot — Zeub
The parameters are determined so that the difference between 1= Zoot + Zewn So (6)
the waveform reproduced by Eq. (2) and the practically Zre _S;
acquired waveform is minimized. 5, = Jareet — Frel g 7

3.2 Compensation of acoustic impedance
The compensation of acoustic impedance was performed by
solving

07JF11-3

Ztargel + Zref

where S is the transmitted signal, and Zy,;, and Z . are the
acoustic impedances of the film substrate (2.46 MN~s/m3)
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Fig. 6.

and cultured liquid (1.52MN-s/m?), respectively. T is the
echo transmittance represented as
— 4ZsubZret'
Zoub + Zeer)?
By simultaneously solving Egs. (6)—(8) and considering

that S; and S, are in opposite phases, the cell acoustic
impedance Z,g at the gap is shown as

(8)

1+ % ' %Ezb —ZZ?cr

1 subZref
Ziarget = Zref- 9
target S2 Zg[]b — Z?ef ref ( )

! Sl 4ZsubZref
3.3 Displacement of cells from the culture film
As illustrated in Fig. 5, it is considered that, in the low-
acoustic-impedance region in Fig. 3, cells are not perfectly in
contact with the film substrate. Therefore, the time lag At of
the two reflection components was calculated by using #; and
t,. The displacement distance d (um) is shown as

1
d=—--c-At,
2

(10)
where ¢ is the sound speed (¢ = 1500m/s) through the
culture liquid and Ar is the time lag of the two reflection
components (At =1t, — t)).

4. Results and discussion

Figure 6 shows the profiles measured before and after
compensation in the low-acoustic-impedance region, and
the distance of displacement calculated by using the above-
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(Color online) Profiles measured before and after compensation of acoustic impedance and the displacement distance.

mentioned method. After compensation, the region where the
acoustic impedance was originally low showed an acoustic
impedance of around 1.65-1.75 MN-s/m>. This would be a
reasonable acoustic impedance of cells.”?—3? A significantly
high acoustic impedance area appeared around the nucleus.
This high-acoustic-impedance area was assumed to be due to
F-actin, which protects and supports the nucleus. In addition,
the distance of displacement was around 0.8-2.0pm.
Although the spatial resolution in the lateral direction
determined by the diffraction limit is expected to be as high
as Sum at 300 MHz, note that the gap distance of 0.8—-2 um
between the cell and the film substrate was successfully
assessed, as the spatial resolution in the depth direction is
generally much higher than that in the lateral direction at a
sufficient sampling speed.

Changes in acoustic impedance accompanied by differ-
entiation were evaluated by the compensated profiling
method. Intracellular changes with differentiation in a single
cell have been reported; however, the change in differ-
entiating cell population is unknown. Our evaluation first
provides the tools to clarify this. Figure 7 shows the
transition of the acoustic impedance of cells for 10 days
after shifting to DM. This graph represents the ratio of the
relatively high acoustic impedance area to the total cellular
area in the measurement area. The threshold was changed
from 1.55 to 1.70 MN-s/m? at an interval of 0.01. When the
acoustic impedance was set at 1.68 MN-s/m?, the transition
rate of the area was measured and is as shown in Fig. 7;
hence, this value was determined by the threshold value. As
shown in this graph, the ratio of the high-acoustic-impedance
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to the total cellular area. Each point shows the average area ratio and standard
deviation of eight samples (*P = 0.07).
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Fig. 8. Elapsed day transition of the average displacement. Each point
shows the average displacement of eight samples.

area tended to decrease. The asterisk in the graph shows a
tendency to decrease as determined by Student’s r-test
(P =0.07).

This change would be consistent with the change in the
intracellular condition of F-actin, which is one of the
important factors in cell development. In undifferentiated
cells, F-actin exists abundantly in the periphery of the
nucleus. During differentiation, myoblast cells simultane-
ously fuse together to form a myotube. F-actin would defuse
within the cytoplasm temporarily. The areal ratio would be
reduced after the loosening of F-actin. After cell fusion,
F-actin would reassemble in the vicinity of the nucleus and
the parenchyma in order to support the cell membranes.
Therefore, the ratio of high acoustic impedance would
increase as the cells differentiate after the 10th day.

Moreover, Fig. 8 shows the transition of displacement
between the cells and the basal film for 10 days after shifting
to DM. It tended to increase with a constant rate during
differentiation, suggesting the formation of a three-dimen-
sional structure.

However, these measurements were disturbed by the
existence of non-negligible noise. For this reason, it is
necessary to suppress vibration and reduce noise in order
to increase the calculation accuracy of the displacement
distance.

07JF11-5

5. Conclusions

The differentiation of C2C12 cells was assessed by means of
an acoustic microscope. An ultrasonic beam was transmitted
across a plastic film substrate on which cells were cultured,
and the reflection was interpreted as the acoustic impedance
and displacement of cells from the culture film. This
quantitative measurement was considered perfectly non-
invasive to cells, as well as it made it possible to continuously
monitor the change in acoustic response through the differ-
entiation process.

The acoustic impedance was often determined to be
extremely low when the reflection intensities from the cell
and reference material were simply compared. A waveform
analysis made it possible to assess the displacement between
a cell and the film substrate, which is also a factor for
monitoring the degree of differentiation. In such a case, the
acquired waveform was composed of two different reflec-
tions. During cell differentiation, the change in the section
of impedance was measured, suggesting the loosening of
F-actin in the cells. The waveform analysis made it possible
to assess the displacement between a cell and the film
substrate. The displacement was successfully assessed to be
0.8-2um, as the spatial resolution in the depth direction is
generally much higher than that in the lateral direction at a
sufficient sampling speed. This method would be a good tool
for monitoring the degree of differentiation.

The results suggest that monitoring the transition of the
acoustic impedance is useful for evaluating the differentiation
of muscle fibers. Furthermore, the displacement was found to
be reflected by the three-dimensional conformation of the
organ.
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An ultrasonic microscope is a useful tool for observing living tissue without chemical fixation or histochemical processing. Two-dimensional (2D)
acoustic impedance microscopy developed in our previous study for living cell observation was employed to visualize intracellular changes. We
proposed a brain tumor model by cocultivating rat glial cells and C6 gliomas to quantitatively analyze the effects of two types of anticancer drugs,
cytochalasin B (CyB) and temozolomide (TMZ), when they were applied. We reported that CyB treatment (25 ug/ml, T = 90 min) significantly
reduced the acoustic impedance of gliomas and has little effect on glial cells. Meanwhile, TMZ treatment (2 mg/ml, T = 90 min) impacted both cells
equally, in which both cells’ acoustic impedances were decreased. As CyB targets the actin filament polymerization of the cells, we have concluded
that the decrease in acoustic impedance was in fact due to actin filament depolymerization and the data can be quantitatively assessed for future
studies in novel drug development. © 2017 The Japan Society of Applied Physics

1. Introduction

Gliomas are the most common and serious type of brain
cancer and arise from glial cells, which are the supportive
cells for neurons, and their incidence is increasing over
time.” It is an umbrella term for various glial tumors:
astrocytoma, oligodendroglioma, ependymoma, and glioblas-
toma.?” They are characterized by highly proliferative growth
and malignancy, which make up approximately 30% of all
brain and central nervous system tumors and 80% of all
malignant brain tumors.?’ Therefore, combined therapy is
vital, for instance, treating patients with a combination of
surgery, chemotherapy, radiotherapy, and immunotherapy, as
this may prolong patients’ survival while reducing morbidity.
Despite intensive research, the prognosis for glioma patients
remains poor."*> Although many novel anticancer drugs are
constantly sought, most of them have proven to be toxic to
even normal cells or organs. Thus, it is essential to determine
the effect of each drug on cell viability.

Two common anticancer drugs, cytochalasin B (CyB) and
temozolomide (TMZ), were used in this study to quantita-
tively investigate their effects on the constructed brain tumor
model. CyB is a type of cell-permeable alkaloid mycotoxin,
which can be extracted from the fungus Helminthosporium
dematioideum.® Tt targets actin filaments, a major component
of the cytoskeleton that controls cell mobility and morphol-
ogy, by inhibiting network formation in actin polymerization.
This causes the cytoskeleton to depolymerize, and hence
reduce the cell membrane integrity.”® Meanwhile, TMZ is
an imidazotetrazine derivative that is also a novel oral
alkylation agent commonly used in brain cancer treatment for
glioblastoma multiforme and astrocytoma.” It damages the
DNA of cancer cells by alkylating guanine bases of cancer
cell DNA because cancer cells proliferate faster than normal
cells, which make them more sensitive to DNA damage. It
is a modestly effective anticancer drug that also displays
significant toxicity.!®!" Moreover, zinc (Zn) was used in
this study to help us distinguish between normal cells and
cancer cells. It is critical for cell growth, development, and
differentiation.'® Moreover, it is required for DNA synthesis,
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RNA transcription, cell division, and tissue repair and
growth.!” Many reports have suggested that Zn is involved
in cancer development, and it has been widely recognized
that the leucine zipper is upregulated in most cancers.'¥
Increased concentration of Zn in most tumors indicates that
7Zn accumulation occurs in cancer cells.!>"!'? Hence, we
employed Zn as a cancer-cell-accumulating metal in this
study to identify cancer cells.

Nonclinical studies that investigate the effects of anticancer
drugs using cultured cells play an important role in new
drug development. Optical microscopy is often used to
determine the effects of drugs in these types of experiment
by evaluating morphological changes of the cells. For that
reason, it can only distinguish between living cells and dead
or damaged cells. Therefore, we propose an ultrasonic
microscope for cell observation that targets cell morphology
based on their elasticity, as it is reported that the elasticity
is different between healthy cells and cancer cells.'® It is
a powerful tool for the live observation of intracellular
conditions.!” We have observed nuclear and cytoskeletal
distributions of rat cerebellar tissue, glia cells, glioma cells,
and C2C12 cells, and their dynamical changes in cultured
living cells. It has been employed in the observation of living
tissue, which works quickly and nondestructively without
chemical staining.”?’=% In this study, two-dimensional (2D)
acoustic impedance microscopy that was developed in our
previous study was employed to aid us in the quantitative
observation of the brain tumor model, before and after the
anticancer drug injection. The acoustic impedance images
obtained through this observation visualize the intracellular
conditions of the brain tumor model under treatment with
anticancer drugs. Therefore, the observation can be made
quickly without damaging cells as it does not require
staining. These features enable the development of a novel
evaluation system for drug screening.

2. Experimental methods

2.1 Cell culture
Glial cells were extracted from a model animal VGAT-Venus
rat cerebellum PO-P2 (P = postnatal), whereas C6 glioma
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Fig. 1. Schematic diagram of measurement system. Typical acoustic

waveform reflected from target (a).

cells*) were obtained commercially (DS Pharma Biomed-
ical). The extracted glial cells were genetically labeled with
the endogenous fluorescent protein Venus®? to visualize their
position in a culture vessel. Cell cultivation was carried out in
a commercial culture vessel, OptiCell™ (Thermo Scientific
Nunc). It was composed of two polystyrene films in which
each film has a thickness of 75 um and the gap between the
two films was 2 mm. All cells were proliferated in Minimum
Essential Medium Eagle with Hanks’ salt (HMEM) supple-
mented with 4 g/L p-glucose, 10% calf serum, and 0.1 g/L
kanamycin, and the medium was replaced every other day.
2.2 Brain tumor model

A glia—glioma brain tumor model was constructed by
cocultivating both glial cells and gliomas in the same culture
vessel to quantitatively analyze the effects of anticancer drugs
when they were applied to the brain tumor model.>®

2.3 Anticancer drugs

Two types of anticancer drugs commonly used in cancer
treatment, CyB (25 ug/ml) and TMZ (2 mg/ml), were used in
this research to investigate their effects on the constructed
glia—glioma brain tumor model. Additionally, zinc sulphate
(ZnSOy, 400 uM) was applied as a cancer-cell-accumulating
metal that helps us to distinguish between normal cells and
cancer cells.

2.4 Acoustic impedance microscopy

Figure 1 illustrates the schematic diagram of the observation
system employed in this research, which was established in
our previous study. The transducer consists of a flat ZnO
as piezoelectric material attached with a sapphire lens of
(assumed uniform) half curvature of 60°. Its aperture
diameter and focal length (from the bottom of the lens) were
0.43 and 0.29 mm, respectively.?>>¥ The central frequency
of the transducer was designed as 320 MHz. Acoustic pulse
wave spreading (200-400 MHz) was focused on the interface
between the cell and the substrate, and sent through the
substrate. The acoustic wave transmitted and received by the
same transducer was focused on the interface between the
substrate and the specimen. OptiCell™ containing cultured
cells was placed above the transducer, which mechanically
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Fig. 2. Basic concept for calibration of acoustic impedance assuming
perpendicular incidence.

scanned the specimen by attaching it to a stage driver while
maintaining the focal point on the rear surface of the film.
The reflection from the surface was subsequently interpreted
into a 2D profile of reflection intensity. All the measurements
were performed at room temperature. Figure 2 shows the
basic concept of calibration, in which the signal reflected
from the target is compared with that reflected from the
reference material. If the incident angle was approximated to
be perpendicular to the substrate, the target signal compared
with the reference signal can be interpreted into acoustic
impedance as

1+ % 1— :;tgl . ?sub - ?ref
sul + ¢
T = Zap = — % Zap, (1)
£ tgt St t Zsub - Zref
1 =28 ) e
SO Sref Zsub + Zref

where Sy is the transmitted signal, Sy and S are reflections
from the target and reference, and Zy, Zys, and Zy, are the
acoustic impedances of the target, reference, and substrate,
respectively. As for the substrate, polystyrene film (Zy,, =
2.46Nsm™) was chosen, and for the reference material,
culture medium (Zer=1.52Nsm™) was employed. This
equation was practically corrected by considering the focused
sound field.?”

In this research, we measured a coculture system with glial
cells and C6 glioma cells. ZnSO,4 and the anticancer drugs
CyB and TMZ were injected into the OptiCell™ after the
setup for experiment. The treatment time for glial cells and
gliomas was 120 min each and 90 min for cocultured cells.
2.5 Statistical analysis
Each experiment was repeated 3 times for each drug. More
than 10 pieces of both glial cells and glioma cells in each
OptiCell™ treated with each drug were subjected to
observation and analysis using the acoustic impedance
profile. Data are reported as means + standard deviation.
All experimental procedures were approved by the commit-
tees for the use of animals in Toyohashi University of
Technology and the Prime Minister’s Office in Japan.

3. Results and discussion

Acoustic observation using high-frequency ultrasound is
almost noninvasive because it does not change the cellular
impedance even in continuous irradiation for 90 min. The
mean values for the acoustic impedance of both cells were
approximately 1.61 Nsm™. Treatment with 25ug/ml CyB
decreased the intracellular acoustic impedance of both glial
cells and glioma cells for 120 min (Fig. 3). This suggests that
long-lasting CyB treatment would cause damage to both
types of cells. In contrast, 90 min of CyB treatment to glia—
glioma coculture showed that the impedance of glioma
cells was more decreased than that of glial cells (Fig. 4).
Moreover, the impedance change of both cells was
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Fig. 3. (Color) Acoustic impedance changes with CyB treatment

(25 mg/ml). (a) and (b), glial cells, and (c) and (d), glioma cells. (a) and (c)
show untreated cells, and (b) and (d) show cells treated with CyB for

120 min.

100 pm

Fig. 4. (Color) Acoustic impedance changes with CyB treatment in glia—
glioma coculture. The red square shows a typical glial cell, and the green
square shows glioma cells. (a) Untreated coculture, and (b) coculture treated
with CyB for 90 min. (c) Venus fluorescent image, and (d) phase contrast
light microscopy image.

normalized and shown in Fig. 5. The impedance of glioma
cells was decreased by about 1.5%, while normal glial cells
showed little change. We also used confocal microscopy to
confirm the position of glial cells inside the culture vessel
as they were labeled by endogenous fluorescence. Green
fluorescence proteins were observed when the specimen is
excited by laser light. In addition, the glioma cells with
decreased impedance did not disappear or die. Almost all the
cells were present even after 90min of CyB treatment.
However, the cytoskeletal structures of the glioma cells were
damaged. On the other hand, 2mg/ml TMZ treatment for
90min slightly decreased the acoustic impedance of both
cells (Fig. 6). The impedance of glioma was decreased by
about 1.0%, whereas that of normal glia was decreased by
about 0.5%. TMZ is reported as the most sufficient antitumor
drug and administrated clinically, while it is not harmless to
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Fig. 6. (Color) Acoustic impedance changes with Zn treatment and TMZ
treatment (2 mg/ml) in glia—glioma coculture. The red square shows a typical
glial cell, and the yellow square shows glioma cells. (a) and (c), untreated
coculture, and (b) and (d), coculture treated with TMZ for 90 min.

normal cells. Summarized data of the impedance changes
following anticancer treatments are shown in Fig. 7.

Acoustic impedance microscopy (AIM) developed from
our previous studies was employed in this study by
interpreting the reflection intensity into 2D acoustic impe-
dance. This system is suitable for the observation of
biological soft tissue (rat cerebellar tissue) and cells (rat-
derived glial cells, glioma cells, C2C12 cells) as the internal
structure of cells, mainly the cytoskeleton, can be clearly
observed and indicated considerably by high acoustic
impedance. This enables us to elucidate the drug mechanism
within the cells, which provides us with new insights for drug
screening.'®? Thus, the effects of Zn and the anticancer
drugs CyB and TMZ on the aforementioned brain tumor
model were quantitatively analyzed to help us develop a new
observation system for drug screening.

Long-lasting CyB treatment (7 = 120 min) causes cytotox-
icity to even normal cells. Glioma cells proliferate faster than
glial cells, and hence are more affected by CyB treatment that
promotes actin filament depolymerization by binding to F-
actin. Recent studies showed that the cytoskeleton partic-
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Fig. 7. Acoustic impedance changes with Zn treatment and anticancer
drug treatment. No T, no treatment; Zn, Zn treatment; CyB, 90 min CyB
treatment; TMZ, 90 min TMZ treatment. All data were normalized with the
impedance of untreated samples.

ipates in various vital cellular activities, such as gene
expression, cell movement, division and proliferation, and
the transition to cancer. Therefore, rapidly dividing glioma
cells undergo rapid F-actin polymerization. Once CyB binds
to F-actin, it inhibits the superposition of G-actin, and hence
depolymerization occurs, which decreases the integrity of
the cytoskeleton.”***? However, when we treated glial cells
with CyB long enough, the cytotoxicity of CyB towards glial
cells was observed as the impedance of the glial cells
decreased. This is because when normal cells treated with
CyB proliferate, they are also affected by its inhibitory effect.
The damaged cells can be observed in the 2D acoustic
impedance image with lower impedance. When we shortened
the treatment time to 90 min in the glia—glioma coculture,
CyB showed little to no effect toward normal glial cells as
the impedance did not change much after treatment. This
suggests that AIM can be used as a monitoring system that
can observe intracellular changes in living cells in real time.

In the glia—glioma coculture, both CyB and TMZ showed
inhibitory effects on glioma cells because they decreased
intracellular impedance. However, TMZ also affected normal
glial cells, as it interferes with DNA replication by alkylation.
It mainly targets cells with a high proliferation rate, such as
cancer cells and normal cells that proliferate frequently, such
as bone marrow and gastrointestinal tract cells.””!!41=) In
this case, glial cells were extracted from a model animal on
PO-P2, which have a high proliferation rate, and hence were
sensitive to TMZ treatment. We chose TMZ because we
wanted to observe changes around nuclei, which house
chromosomes, by AIM. Nevertheless, the acoustic impe-
dance image only showed shrunken cells, suggesting that
both cells were damaged. No significant changes around the
nucleus were observed, as we anticipated.

On the other hand, Zn treatment showed a prominent
result. Zn is an essential trace element, which is critical for
nucleic acid replication and cell proliferation and is involved
in cancer development.'>'**) Many research studies have
shown that the concentration of Zn in tumors increased,
indicating Zn accumulation in cancer cells.'’>"'? We
confirmed the accumulation of Zn in both cells as the
impedance increased, especially around the cell nucleus. This
suggests that the accumulation of Zn enhanced the reflection
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signal, which increased the acoustic impedance. Moreover,
this suggests that AIM can be used for intracellular dynamics
observation by carefully choosing the right indicator, such as
Zn in this case instead of TMZ.

4. Conclusions

This study shows that acoustic impedance microscopy helps
us to reveal the intracellular changes in living cells upon drug
application without invasion. This is unprecedented in any
other observation tools that are commonly used in potential
anticancer drug development and cancer treatment, which
require biopsy, cell staining, immunochemistry, and many
other procedures. We are very optimistic that this study will
provide us a simpler approach in potential anticancer drug
screening before clinical trial. Potential anticancer drug
candidates are usually tested on a huge number of animals
before they are used in clinical trials. However, our result
suggests that acoustic impedance microscopy would be
more useful to decrease the necessity of conducting animal
experiments. Furthermore, the visualization of the intra-
cellular changes may aid us in elucidating both the mechanism
of anticancer drugs and the physiological behavior of cancer
cells. Consequently, acoustic impedance microscopy would
help us to improve the current anticancer drug development.
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ABSTRACT

Prenatal valproic acid (VPA) exposure is a well-known animal model of autism spectrum disorder (ASD)
that produces alterations in embryonic and adult neurogenesis as well as adolescent/adulthood
neurobehavioral phenotypes. However, the effects of prenatal VPA exposure on neural network
excitability, especially during the synaptogenic period around eye opening, are not fully understood. In
this study, we orally administered VPA (300 mg/kg) to pregnant Wistar rats on gestation day 15 and
subsequently performed field potential recording in the CA1 area of hippocampal slices obtained from
control (saline-exposed) and VPA-exposed rat pups between postnatal day (PND) 13 and PND18. In
control slices, we observed an abrupt enhancement of stimulation-dependent responses including
population spike (PS) amplitudes and field excitatory postsynaptic potential (fEPSP) slopes at PND16,
which coincided with the average day of eye opening. In contrast, VPA-exposed pups exhibited delayed
eye opening (PND17) and gradual rather than abrupt increases in PS amplitudes and fEPSP slopes over the
duration of the synaptogenic period. We next investigated the involvement of ambient GABA
(y-aminobutyric acid) in PS generation using bicuculline methiodide (BMI), a GABA type A (GABA,)
receptor antagonist. In control slices, BMI enhanced PS amplitudes during PND14-15 (before eye
opening) and had little effect thereafter during PND16-17; a subsequent regression model analysis of BMI
ratios (the ratio of PS amplitudes in the presence and absence of BMI) indicated a possible developmental
change between these periods. In contrast, almost identical regression models were obtained for BMI
ratios during PND14-15 and PND16-17 in the VPA-exposed group, indicating the absence of a
developmental change. Our results suggest that prenatal VPA exposure accelerates the development of
hippocampal excitability before eye opening. Moreover, our experimental model can be used as a novel
approach for the evaluation of developmental neurotoxicity.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

mood stabilizer that has been reported to increase the risk of
autism spectrum disorders (ASD) in children when women take

The impact of exogenous chemical substances on childhood
neural development, also known as developmental neurotoxicity,
is an important social issue (Andersen et al., 2000; Grandjean and
Landrigan, 2006). Valproic acid (VPA) is an antiepileptic drug and
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VPA during early pregnancy (Chomiak et al., 2013). Similarly,
rodent models of ASD have been established using prenatal
exposure to VPA; in VPA exposure-based models, offspring exhibit
autism-like behaviors including impaired social interactions and
repetitive behaviors (Markram et al., 2008; Rodier et al., 1997;
Roullet et al., 2013; Schneider and Przewlocki, 2005). In addition to
neurobehavioral phenotypes, ASD model animals exhibit alter-
ations in embryonic and adult neurogenesis (Juliandi et al., 2015).
It has been reported that prenatal exposure to VPA suppresses
early neurogenesis in fetal rat brain due to a prolongation of neural
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progenitor cell proliferation (Go et al., 2012), and that early
postnatal one-week (7-14 postnatal days) exposure to VPA also
perturbs neuroblast production and postnatal neurogenesis (Foti
et al., 2013). However, it is not well known whether prenatal
exposure to VPA also affects neural network formation especially
during the synaptogenic period.

Neural activity is a critical regulator of neural network
development. It was recently demonstrated that spine density is
remarkably increased in the hippocampal CA1 area of mice
between postnatal day (PND) 11 and PND21, i.e. during the
synaptogenic period (Johnson-Venkatesh et al., 2015). Interesting-
ly, when intrinsic neural activity was suppressed by overexpres-
sion of Kir2.1, an inwardly rectifying K* channel, increases in spine
density during the synaptogenic period were abolished. Thus,
neural network activity in the hippocampal CA1 area is necessary
for healthy neural development during the synaptogenic period
including around eye opening.

Chloride conductance due to ambient concentrations of GABA
(y-aminobutyric acid) also plays a role in regulating neural
network excitability during postnatal neural development (Cellot
and Cherubini, 2013; Kilb et al., 2013). Ambient GABA originates
from the spillover of neurotransmitter escaping the synaptic cleft
and from astrocytes via a non-vesicular Ca®*-independent process
and mediates tonic inhibition via extrasynaptic GABA type A
(GABA,) receptors. However, there is little evidence demonstrating
effects of prenatal exposure to toxicants including VPA on ambient
GABA-mediated inhibition of neural network excitability.

In the present study, we used a model of prenatal VPA exposure
and evaluated effects on neural network activity in the hippocam-
pal CA1 area during the synaptogenic period using hippocampal
slices from PND13-18 rat pups. We not only observed the ability of
prenatal VPA exposure to abolish development-associated
enhancements in stimulation-dependent neural responses, but
also confirmed the ability of prenatal exposure to influence
ambient GABA-mediated inhibition even prior to eye opening.

2. Material and methods
2.1. Animals

Adult Wistar/ST rats were purchased from Japan SLC Inc.
(Japan). Rats were housed in plastic cages on paper chip bedding
(ALPHA-dri, Shepherd Specialty Papers, USA) and maintained on a
12 h light/dark cycle (light period: 07:00-19:00) in a room with
controlled temperature (23+1°C) and relative humidity
(50 +£15%). Animals were given free access to food (CE2, CLEA

Pregnant dams

A b
GD o0 15 21

vaginal VPA
plugs/smears administration

PND 0

Hippocampal
slice
preparation

Evaluation

Stimulus-response |
relationship

Effectof BMI |
on PS amplitudes

JapanInc., Japan) and filtered water (TCW-PPS filter, Advantech Co.,
LTD., Japan) dispensed in glass water supply bottles.

The proestrus stage was verified with an impedance checker
(MK-10B, Muromachi Kikai Co., Ltd., Japan). When the observed
impedance was >3 k() female rats were provided with a male rat
for mating. The presence of a vaginal plug or sperm in the vaginal
smear the following morning confirmed coition, and it was
regarded as gestation day (GD) “zero” (Fig. 1). Pregnant rats were
randomly divided into two groups: a control group and a VPA
exposure group.

VPA was purchased from Wako Pure Chemical Industries, Ltd.
(Japan), dissolved in physiological saline (Otsuka Pharmaceutical
Co., Ltd, Japan), and orally administered to dams (300 mg/kg) on
GD15 under 5% isoflurane gas anesthesia (Pfizer Japan Inc., Japan).

All dams gave birth on GD21, and the date of birth was defined
as PNDO. If there were more than 10 pups in a litter, the litter size
was adjusted to 10 pups on PND1. Litters of less than 10 pups were
not adjusted. All pups were housed with their dams during the
lactation period. Rat pup body weights were measured on PND1,
PND7, PND14, and PND21. The day of eye opening was determined
by checking the eyes of pups at 14:00 on each day from PND15-18.

For the electrophysiological study, the control group included
pups from 16 control dams and the VPA-exposed group included
pups from 17 VPA-exposed dams. All studies were approved by the
Ethics Committee on Animal Care and Experimentation and
performed in accordance with the guidelines of the University
of Occupational and Environmental Health, Japan.

2.2. Slice preparation and recordings

Hippocampal slices (600 pm thickness) were prepared from
male pups on each postnatal day between PND13-18 as previously
described (Fueta et al., 2004; Fueta et al.,, 2002). Slices were
perfused with artificial cerebrospinal fluid (ACSF) containing
124mM NaCl, 2mM KCl, 2mM MgS0O,4, 2 mM CaCl,, 1.25 mM
KH,PO4, 26 mM NaHCOs3, and 10 mM glucose; saturated with an O,
95%|/CO, 5% gas mixture; and stored in a thermostatic bath
(27.6°C). The perfusion rate of ACSF was 1ml/min for all
experiments.

Population spikes (PSs) and field excitatory synaptic potentials
(fEPSPs) were simultaneously recorded from the CA1 area of
hippocampal slices using glass microelectrodes (Fig. 2A). For slices
obtained during the period from PND13-15, PSs were recorded
from the area between the pyramidal cell layer and the alveus. The
recording positions for PSs and fEPSPs were similar between the
control and VPA-exposed groups. Bipolar stimulation electrodes

Pups (in lactation period)

PND 14 15 16 17

Fig. 1. Scheme of the experimental design.
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Fig. 2. Stimulation/response (S/R) relationships for population spike (PS) amplitudes and field excitatory postsynaptic potential (fEPSP) slopes recorded from the
hippocampal CA1 area of rats that were prenatally exposed to valproic acid (VPA). (A) lllustration depicting the procedure of fEPSP and PS recordings from CA1. Responses
were evoked with a stimulating electrode placed in the stratum radiatum. Thick lines on the left traces indicate how measurements of fEPSP slopes and PS amplitudes were
taken. (B, C) In control rats (left graphs), the S/R relationships for both fEPSP slopes and PS amplitudes were enhanced between PND15-16. Data were collected from 14 to 22
slices obtained from pups of 4-5 different litters. In VPA-exposed rats (right graphs), these relationships were gradually enhanced between PND13-18. Data were gathered
from 10 to 17 slices obtained from pups of 5-6 different litters. The x-axis is stimulation intensity and the y-axis is size of the fEPSP slope or PS amplitude. Data represent the
mean =+ standard error of the mean. The numbers in parentheses shown with data plot legends are the ones of slices tested for the control and VPA-exposed groups,

respectively.

made of stainless wires (50 wum in diameter) were placed on Shaffer
collateral/commissural fibers ata distance of about 250 pwm from the
fEPSP recording electrodes. Stimulation-response relationships
were observed with stimulation intensities from 10 to 600 pA.
The stimulation interval was 2 min in order to avoid the measure-
ment of overlapping stimulation effects. Between PND14-17,
experiments evaluated the effects of bicuculline methiodide (BMI,
Tocris Bioscience, UK.), a GABA, receptor antagonist, on the
generation of PSs. Average PS amplitudes in response to 600 LA
stimulation were recorded in triplicate (with 2 min intervals) in the
absence and presence of BMI; after PS measurements in the absence
of BM], slices were perfused with ACSF containing BMI (1 wM) for
10 min and subsequently tested. Pups were obtained from at least
two different dams, and a total of 3-4 slices per rat pup were tested.
Accordingly, we examined 14-22 slices obtained from pups of 4-5
different litters for the control group, and 10-17 slices obtained from
pups of 5-6 different litters for the VPA-exposed groups.

2.3. Distribution analysis

Histogram distribution and nonlinear regression analyses of
BMI ratios (PS amplitude in the presence of BMI divided by that in
the absence of BMI) were conducted using GraphPad Prism
software (GraphPad Software, Inc., USA).

2.4. Statistical analysis

Litter sizes and sex ratios as well as pup body weights and the
day of eye opening are expressed as the mean =+ standard deviation
(SD). Electrophysiological results are expressed as the
mean =+ standard error of mean (SEM), where n refers to the
number of hippocampal slices tested. Statistical differences
between the control and VPA-exposed groups were determined
using two-sided Student’s t-tests or Mann-Whitney U tests at a
significance level of P < 0.05.

3. Results

For the purpose of our study, the time of eye opening in our rat
models was needed to confirm. In consequence, the average day of
eye opening was significantly delayed in the VPA-exposed group
compared to the control group (P<0.01, Table 1). We also
examined general toxicity induced by one-time prenatal VPA
exposure at GD15, and found that there were no significant
differences between the control and VPA-exposed groups in terms
of litter size, litter sex ratio, or changes in pup body weight.
Moreover, the number of pups that died before experimentation or
weaning was not significantly different between groups (control
group, 2 of 206 pups; VPA-exposed group, 4 of 195 pups).
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Table 1
Litter sizes and sex ratios as well as pup weight gain and the day of eye opening for
the control and VPA-exposed groups.

Control VPA-exposed

Litter size of dams 120+2.0 (21) 13.0+3.0 (20)
Sex ratio of pups (percent of males) 485+0.1 (21) 49.5+0.1 (20)
Male pup weight (g)

PND1 6.0+ 0.6 (55) 5.7+04 (53)

PND7 149+16 (54) 141+13 (47)

PND14 301+19 (47) 286+22 (45)

PND21 5024+43 (20) 46937  (23)
Day of eye opening 165+06 (67) 173+0.7  (77)

Data represent the mean + standard deviation. Numbers in parentheses are total
numbers of dams/pups examined.

" P<0.01, compared to the control. Abbreviations: PND, postnatal day; VPA,
valproic acid.

Next, to investigate neural network excitability during the
synaptogenic period, we studied stimulation-response (S/R)
relationships for fEPSP slopes and PS amplitudes using hippocam-
pal slice preparations, in which the cytoarchitecture and synaptic
circuits of the hippocampus are largely retained. S/R relationships
exhibited two different stages; similar degrees of stimulation-
dependent responses were observed in control pups between
PND13-15. However, responses (fEPSP slopes and PS amplitudes)
were suddenly augmented on PND16, which seemed to correspond
with eye opening. Responses were maintained at an enhanced
level for fEPSP slopes and slightly enhanced for PS amplitudes
between PND17-18 (Fig. 2B, C).

In contrast, a gradual enhancement of S/R relationships was
observed between PND13-18 in the VPA-exposed group, and did
appear to correspond with eye opening. Therefore, we reanalyzed
fEPSP slopes and PS amplitudes in response to a stimulation
intensity of 600 wA, which evoked the maximal responses. PS
amplitudes obtained from the control group showed an abrupt
increase between PND15-16, whereas those from the VPA-exposed
group again demonstrated a gradual increase over the period
examined, with significant differences at PND14 and PND15
compared to the control group. A similar but smaller developmen-
tal change was observed in the fEPSP slope, with a significant
difference between the control and VPA-exposed groups on PND15
(Fig. 3).

Next we investigated the effect of BMI on PS generation in order
to elucidate the role of ambient GABA in postnatal PS generation.
Fig. 4 shows the effect of BMI on PS amplitudes in the control group
before eye opening (PND14-15) and after eye opening (PND16-17).
PS amplitudes were enhanced in the presence of BMI during

fEPSP slope
10 1~
g ++
S 8 -
E
g 6 -
o
o 4
n
ﬂ_ﬂ 2 === control
—@=— VPA-exposed
0 T

13 14 15 16 17 18

postnatal day

PS amplitude (mV)

PND14-15 (Fig. 4A, left), but this enhancement was attenuated
during PND16-17 (Fig. 4B, left). The mean BMI ratios (ratio of the
PS amplitude in the presence of BMI to that in the absence of BMI)
were 1.80 &+ 0.17 (n = 13) for PND14-15 and 1.14 & 0.04 (n = 10) for
PND16-17. Histograms of BMI ratios (Fig. 4A and B, right) and
nonlinear regression analyses revealed a clear developmental
change in the probability distribution of BMI ratios for PS
amplitudes (Fig. 6, left).

In contrast, for the VPA-exposed group, PS amplitudes
generated in the presence of BMI showed small or little increases
during both the PND14-15 and PND16-17 periods (Fig. 5A and B,
left). The mean BMI ratios were 1.34 +0.14 (n=17) for PND14-15
and 1.14 + 0.05 (n = 17) for PND16-17. Moreover, histograms of BMI
ratios and nonlinear regression analyses (Fig. 5A and B, right) were
almost identical between the PND14-15 and PND16-17 periods,
suggesting attenuation of the developmental change observed in
the control group (Fig. 6, right). We also investigated the responses
to BMI for fEPSP slopes, but minimal (non-significant) BMI
responses and alterations in developmental change were observed.

4. Discussion

In this study, we investigated the effect of prenatal VPA
exposure on the development of neural network activity in the
hippocampal CA1 area during the synaptogenic period, including
during the period of eye opening. A single dose of VPA (300 mg/kg)
was orally administered to dams on GD15 and was not noted to
affect dam maternal behavior or fetal/neonatal mortality. In animal
models of ASD, VPA is often administered repeatedly or earlier than
GD11.5 prior to closure of the neural tube (Rodier et al., 1997).
Therefore, the most effective period for observing the effects of
prenatal VPA exposure as it relates to ASD may be earlier than
GD15.

Brain slice preparation is a well-known laboratory technique for
electrophysiology and pharmacology research. Since local neuro-
nal circuits remain intact in brain slices, this neurophysiological
preparation is useful for studying neurotoxicity (Fountain et al.,
1992) as well as the specific effects of neurotoxic agents on
synaptic transmission and plasticity (Varela et al., 2012; Wiegand
and Altmann, 1994). The electrophysiological strategy used in the
present work has been previously implemented to study the
effects of prenatal/perinatal ethanol exposure (Puglia and Valen-
zuela, 2010), lead (Carpenter et al., 2002; Sui et al., 2000),
polychlorinated biphenyl exposure (Altmann et al., 1998; Carpen-
teretal., 2002; Kim and Pessah, 2011), and toluene exposure (Chen
et al.,, 2011). Thus, we deemed the present model to be useful for

PS amplitude
12 4
10
8 4
6 ++
41 %

=O== control

2 1 —8— VPA-exposed
0 .

13 14 15 16 17 18

postnatal day

Fig. 3. Developmental changes in field excitatory postsynaptic potentials (fEPSPs) slopes and population spike (PS) amplitudes in the control and valproic acid (VPA)-exposed
groups. One-time prenatal exposure to VPA (300 mg/kg) led to postnatal increases in fEPSP slope and PS amplitude at PND15 and during PND14-15, respectively. There were
no between-group differences in excitability between PND16-18. The stimulation intensity was 600 pA. * indicates P < 0.05 using a Student’s t-test. ++ indicates P < 0.01

using a Mann-Whitney U test.
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Fig. 4. Development-associated changes in population spike (PS) amplitude responses to BMI in the control group. (A) At PND14-15, application of the GABA, receptor
antagonist BMI to hippocampal slices during recording remarkably increased PS amplitudes; the mean BMI ratio was 1.80 (n =13, 95% confidence interval = 1.44-2.16). (B)
Increased PS amplitudes in response to BMI application were not observed at PND16-17; the mean ratio was 1.14 (n =13, 95% confidence interval = 1.04-1.24).

evaluating excitatory/inhibitory function and developmental
neurotoxicity after VPA exposure.

Our first main finding was that stimulation-dependent
responses for fEPSPs and PSs in the hippocampal CA1 area showed
two different periods of development in normal pups; one from
PND13-15 before eye opening on PND16, and another after eye
opening from PND16-18. S/R relationships for neural excitability in
the CA1 area exhibited drastic enhancements after eye opening.
Alternatively, we did not observe clear discrimination between
stimulation-dependent responses before and after eye opening in
the VPA-exposed group; enhancements in stimulation-dependent
CA1 excitability were observed on PND14 and/or PND15 in the
VPA-exposed group compared to the control group, and gradual
changes were observed in the subsequent postnatal days. In other
words, prenatal VPA exposure appeared to accelerate develop-
mental changes in neural excitability that otherwise appeared in
association with eye opening in healthy pups.

Ambient GABA is a critical factor that regulates neural network
excitability. Therefore, we also investigated the involvement of
ambient GABA in PS generation using BMI, a GABA, receptor
antagonist. On PND14 and PND15 before eye opening, PS
amplitudes evoked in the presence of BMI were greater than
those in the control condition, suggesting a possible role for PS
inhibition by ambient GABA. On PND16 and PND17 on or after eye
opening, BMI had little effect on PS amplitudes. These results
indicated that ambient GABA was involved in suppressing neural
excitability in the CA1 area during neural development prior to eye

opening. The centering of this developmental change around the
event of eye opening is consistent with a previous report that
demonstrated notable increases in spine density on PND15
(Johnson-Venkatesh et al., 2015).

In contrast, BMI had little effect on PS generation before or
after eye opening in the VPA-exposed group. Indeed, nonlinear
regression models of distribution histograms obtained during
PND14-15 and PND16-17 were virtually identical. These
results suggest that prenatal exposure to VPA may eliminate
ambient GABA suppression of neural excitability prior to eye
opening, and are consistent with the observation of enhanced
stimulation-dependent responses at PND14 and PND15 in the VPA-
exposed group. Accordingly, prenatal exposure to VPA may
accelerate neural development in CA1 area during the synapto-
genic period.

Ambient GABA-mediated tonic inhibition in hippocampal
neurons is synergistically modulated by two GABA transporters
(GATs): GAT-1 located on presynaptic membranes and GAT-3 on
astrocytes (Egawa and Fukuda, 2013; Kersante et al., 2013). GAT-1
is predominantly responsible for GABA reuptake under resting
conditions; alternatively, GAT-3 plays an important role in
controlling hippocampal cell excitability during neural activation
(Kersante et al., 2013). Therefore, our findings raise the question of
whether developmental changes in evoked PS responses to BMI
were related to alterations in the expression and/or function of
GATs in the CA1 area during development. Further investigations
are in progress to address this issue.
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Among several hypothetical mechanisms underlying ASD, the
disruption of excitation/inhibition (E/I) balance in neuronal
circuits has been proposed as a unifying explanation for the
complexity and diversity of ASD presentations arising from genetic
(Gkogkas et al., 2013; Gogolla et al., 2009; Rubenstein, 2010;
Rubenstein and Merzenich, 2003) and environmental factors
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(Rubenstein and Merzenich, 2003). Although the precise mecha-
nisms of altered E/I balance after prenatal exposure to VPA have not
been fully elucidated, this effect has been replicated in several
rodent studies. Rinaldi et al. showed that prenatal injection of VPA
(500 mg/kg, intraperitoneally) increased N-methyl-p-aspartate
(NMDA) receptor subunit protein expression in the whole brains
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Fig. 6. Developmental alterations in nonlinear regression models of BMI ratios for population spike (PS) responses. Data from right figure panels of 4 and 5 were re-plotted

and summarized for the control (left panel) and VPA-exposed groups (right panel).
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of pups and enhanced NMDA receptor-mediated synaptic currents
in neocortical slices obtained from pups during PND12-16 (Rinaldi
et al.,, 2007). These authors further reported that prenatal VPA
exposure induced local circuits hyperconnectivity and enhance-
ments in both excitatory and inhibitory systems in the sensory
cortex (Rinaldi et al., 2008). Banerjee et al. reported that a single
intraperitoneal injection of VPA (600 mg/kg) at GD11.5 impaired
postnatal GABAergic synaptic transmission using slice prepara-
tions of the auditory cortex from PND23-45 offspring (Banerjee
et al., 2013).

To the best of our knowledge, this is the first report to describe a
possible role for GABA-mediated inhibition in the development of
evoked PSs during the synaptogenic period around eye opening.
Moreover, our data suggest that prenatal exposure to VPA and
potentially other developmental neurotoxicants at specific points
of the gestation period can accelerate this developmental change.
Changes in PS amplitudes evoked from hippocampal slices during
prenatal development, especially in the presence of BMI, may be
useful as an index for the normal development of neural circuits; to
this end, our assay may have utility for testing other candidate
drugs/chemicals affecting neural network formation during
synaptogenic period. Studies with other known toxicants including
organometallic compounds and pesticides are in progress to
determine whether similar developmental alterations can be
observed using the current experimental approach.

5. Conclusions

In summary, we report that one-time prenatal exposure to VPA
at GD15 produced enhancements in stimulation-dependent
responses for fEPSP slopes and PS amplitudes in the CA1 area of
offspring, and moreover altered offspring PS amplitude responses
to BMI. Taken together, prenatal VPA exposure may transiently
alter E/I balance, resulting in the acceleration of neural develop-
ment before eye opening. This effect corresponds with the
hypothetical mechanisms underlying ASD; that is, the disruption
of E/I balance in developing brain circuits. Although further
investigations are required, our results provide an approach for
studying effects of chemicals on neural network formation, which
is one of important endpoints for the evaluation of developmental
neurotoxicity.
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