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KON LT, 8 FEHO T/ R{LEWIC
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7 A k& LT Dunnett’s multiple comparison
test |2V HE U7z, IR A 27 &l
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PH. R 38 BE O AHEAME (2D T, Prism 7 for
Mac OS X: Linear Regression Z{# Jl L CH#HT
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1. £/ 7 IV T AR—F—FLERH
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B IABNERH ORI Z R LT 2 A, #®
R H DAT [H 5 3 T » 5 GBR-12909
(1C50=2.52x10% M)DIER G - & b1 TH
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a-pyrrolidinopentiophenone (a-PVP)

D
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a-pyrrolidinohexiophenone (PV-7)

Fig. 1. Chemical structures of amphetamine-like drug and cathinones.
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Table 1. Inhibition of monoamine transporter uptake by synthetic cathinones.

Drug CPP(score) DAT SERT NET
1 4-FA 75 7.05X10°® 1.56X10* 1.96X10°®
2 4-CMC 70 5.73X10°® 2.18X10* 3.16X10°®
3 3-FPM 85 5.28X10°® 2.93X10* 7.59X10°®
4 NEH 90 1.26X10°® 3.89X10* 3.38X10°®
5 Eutylone 100 8.24X107 9.54X10°® 7.18X10°®
6 MDPV 220 5.21X10% 2.01X10°® 5.52X107
7 o-PVP 198 8.70X10® 5.72X10° 1.79X107
8 PV-7 190 1.22X107 5.60X10* 7.48X107

Effect of synthetic cathinones on neurotransmitter transporter uptake at DAT, SERT or NET. For

transporter bioassay. The 50% inhibitory concentration (ICso, M) values calculated using GraphPad

Prism (GraphPad Software, Inc., La Jolla, CA).
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2207 | $RAH%H R (cPP) .
200-
(3
o 1504
k)
% 100- i o®
50~
DAT: R2=0.934
c I ] 1 1
4 5 6 7 8
DATPFEZE(1/1C50)

Fig. 2.
Correlation between potencies at inhibition of uptake at DAT and rewarding effects (CPP). The linear

regression line is shown using GraphPad Prism 7 (Linear Regression). Correlation (R?) is as follows: DAT:
R?=0.934, SERT: R=0.042, NET: R=0.001.
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Figure 1. Experimental schedule and the expression of microglial marker in the brain

A: Experimental schedule. Vehicle (10 ml/kg/day) or WIN55,212-2 (2 mg/kg/day) was administered i.p. into
mice from P35 to P45. On P70, fresh fecal samples were collected before LPS (0.5 mg/kg) administration. B,
C, D: Western blot analysis of ionized calcium-binding adapter molecule 1 (Ibal) and B-actin in the medial
prefrontal cortex (mPFC), nucleus accumbens (NAc) and hippocampus. The values represent the
mean £ S.E.M. Unpaired Student’s t-test (n = 9). *P <0.05, N.S.: not significant.
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Figure 2. LEfSe analysis of gut microbiota

A: Evolutionary branching diagram obtained from LEfSe analysis. B: The histogram shows the
overrepresented taxa with LDA score of 3.0 or higher. Wilcoxon rank-sum test (n=9). LDA: linear
discriminant analysis. LEfSe: linear discriminant analysis effect size. N.S.: not significant. WIN:
WINB55,212-2.
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Figure 3. Effects of adolescent WIN 55,212-2 exposure on plasma metabolites in the adult mice

A: Volcano plot shows the differential metabolites between the two groups. The X-axis indicates the
and the y-axis

log2-transformed plasma metabolite abundance

were transformed with log2, Wilcoxon Rank

of fold change,

sum  test).
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indicates the
-log10-transformed P value using the Wilcoxon rank sum test. Horizontal lines indicate P < 0.05. Metabolites
with increased or decreased metabolites are marked in red and blue, respectively. The size of the dot
represents the size of the VIP value. Metabolites with P < 0.05 and VIP > 1.0 are marked in text. B: Changes
in metabolic characteristics associated with WIN 55,212-2 group (the relative abundance data of metabolites
C: Spearman correlation between
WINB55,212-2-associated bacteria and WINS5,212-2-associated plasma metabolites. D: Representative taxon
- metabolite correlation diagram. *Prpr < 0.05, *P < 0.05, *P < 0.01. VIP: variable importance in projection.
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Figure 4. An integrated association network representing host-microbe interactions, gut microbiome,
metabolic profiles and Ibal levels in the brain regions

A: Network revealing the association between differentially abundant taxa or metabolites in the WIN
55,212-2 group and vehicle group and Ibal expression in the mPFC and NAc, Spearman correlation analysis
(absolute correlation coefficient > 0.4), nodes represent enriched (red) or depleted (blue) features in the WIN
55,212-2 group compared to vehicle group. The red line connecting the nodes indicates positive correlation
and the blue line indicates negative correlation. Solid lines represent significant correlations (Pepr < 0.05), and
dashed lines indicate suggestive correlations (P < 0.05). B: PICRUSt2 predicted differential pathways
between the WIN 55,212-2 group and vehicle group.
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Fig. 1. Effect of daily treatment of THC on rectal temperature in mice.
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Fig. 2. Effect of SR141716A on tolerance to hypothermic effect of THC after daily treatment in mice.
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Fig. 3. Regulation of gene expression by daily treatment of THC in mice
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through the activation of CB1 cannabinoid
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acids via cannabinoid receptors.
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Fear conditioning
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Fig. 1
Dose-dependent reduction of freezing rate (%) in mice by administration (i.p.) of AB-FUBINACA.
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Fig. 1. Evaluation of dopamine transporter (DAT)-Cre mice. To confirm the expression pattern of Cre in the
DAT-Cre mice, DAT-Cre mice were crossed with Ai9 (Gt(ROSASorA®*)) mice. A, a representative image of
the ventral tegmental area (VTA) DAT-Cre:: Gt(ROSASor”®* mice. tdTomao signals (green, left) were
almostly merged with tyrosine hydroxylase (TH) immune-positive cells (magenta, middle). B, tdTomato
signals were observed in the medial prefrontal cortex (left), the nucleus accumbens (middle), and the central
amygdala (right).
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Fig. 2. Motor activity in an open field upon hM3Dg- and hM4Di-DREADD-mediated activation of ventral
tegmental area (VTA) of DAT-Cre mice. Data were acquired were from DAT-Cre mice transduced with
mCherry (control), hM3Dq, and hM4Di vector. CNO were injected 30 min before the beginning of the test.
hM3Dg-mediated activation of VTAs of DAT-Cre mice by CNO injection tends to increase locomotor activity
in the open filed, compared with control mice and hM4Di-mediated inactivation of VTA of DAT-Cre mice
(Left). Moving speeds were comparable among three groups but move episodes of hM3Dg-mediated
activation of VTAs of DAT-Cre mice tends to be higher than the other two groups.
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Fig. 3. Evaluation of Oxtr-T2A-tdTomato mice and Oxtr-T2A-iCre mice. A, a representative image of
Oxtr-T2A-tdTomato mice. tdTomato-positive (red) are the cells expressing oxytocin receptors (left). A
representative image of Oxtr-T2A-iCre mice. GFP-positive (green) are the cells expressing oxytocin receptors
(right). AAV-PHP.eB vector harboring CBh_FLEX-GFP. GFP expression can be induced by Cre-dependent
inversion. B, functional verification of tdTomato-positive neurons in Oxtr-T2A-tdTomato mice by in vitro
electrophysiological analyses. B1, Schematic diagram of a mouse brain coronal section which shows
placement of recording electrodes in Layer Il and Layer V of the PrL. IL, infralimbic cortex. B,
Representative differential interference contrast (DIC; left), fluorescent (red; middle), and merged (right)
images of a Layer V neuron in the PrL from four-week-old Oxtr-T2A-tdTomato homozygous male are
arranged. Bs, Representative cell-attached recording traces from a Layer Il tdTomato-positive cell in the PrL
Left panel shows the baseline firing rate. Upon treatment of Oxtr agonist, TGOT, the firing rates are
significantly increased as shown in right panel. Scale bar: 10 pA, 1 s. B4, Quantification of spontaneous firing
activities from Layer 1l tdTomato-positive cells in the PrL (n = 6 cells from 6 mice). Light red lines represent
individual neurons’ responses. Red circles with line represent average response. Presence of 1 uM TGOT
significantly increases the firing rate; *p < 0.05 by Wilcoxon’s test. Bs, Representative cell-attached recording
traces from a Layer V tdTomato-positive cell in the PrL. Left panel indicates the baseline firing rate. On
treatment of TGOT, the firing rates are considerably increased as shown in right panel. Scale bar: 50 pA, 1.
Bs, Quantification of firing activities from Layer V tdTomato-positive cells in the PrL (n =6 cells from 6
mice). Administration of 1 uM TGOT considerably increases the spontaneous firing rate; *p < 0.05 by
Wilcoxon’s test.
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Research Subject No.: 1-1
Research Subject Title: Research on the development of new methods to evaluate

adverse effects of new psychoactive substances

Principal Investigator: Masahiko FUNADA, Ph.D.

Section Chief, Section of Addictive Drugs Research, Department of Drug Dependence Research,
National Institute of Mental Health, National Center of Neurology and Psychiatry

In recent years, the abuse of new psychoactive substances, mainly synthetic cannabinoids and cathinones, has
been expanding, primarily among the youth, and has now become a major social problem. The abuse of new
psychoactive substances is associated with psychic dependence, mental disorders, and cytotoxicity, but no
methods currently exist to evaluate their comprehensive harm, including outbreaks associated with their
unpredictable toxicity. This study aimed to investigate the mechanisms underlying the adverse effects of new
psychoactive substances and to develop an efficient evaluation technique for predicting their adverse effects.

Mechanisms underlying adverse effects: We will examine the mechanisms underlying adverse effects
such as psychic dependence and cytotoxicity using animal behavior analysis, biological signals, and cultured
cells, with a focus on synthetic cannabinoids, cathinone compounds, and opioid drugs as new psychoactive
substances.

Evaluation methods for adverse effects: In addition to animal behavior analysis and cell-based evaluation,
comprehensive analysis including computer analysis will be conducted. In order to examine changes in neural
circuits in the brain caused by the chronic use of new psychoactive substances, we will create animal models
to visualize neural circuits in the brain and construct a marker search system to predict risk. By constructing
such a comprehensive evaluation method, it will be possible to detect and predict the danger of new
psychoactive substances rapidly. In addition, by making full use of animal models with visualized neural
circuits in the brain, we expect to provide a seed for the development of therapeutic drugs for addiction and
psychiatric disorders caused by chronic drug use.

Through this research, we aim to establish a system to evaluate the abuse risk and other harmful effects of
new psychoactive substances based on the molecular basis of the expression of their effects. We will also
attempt to search for drug candidates for the treatment of drug-related psychiatric disorders based on the
molecular mechanisms underlying their adverse effects.

Funada et al. established a myotoxicity evaluation model for synthetic cannabinoids using a human
skeletal muscle cell model, and found that toxicity is mediated by cannabinoid receptor type 1 (CBy).
Mishima et al. continuously administered delta-9-tetrahydrocannabinol, the main psychoactive component of
cannabis, to mice and reported the development of tolerance to the hypothermic effect and a catalepsy-like
immobility state, indicating the importance of CB: receptors in the brain. In addition, Sekiguchi et al.
conducted a fear conditioning test and found that the synthetic cannabinoid AB-FUBINACA regulates
inhibitory conditioned fear memory via CB; receptors in the amygdala region. Miwa focused on
dopaminergic neurons to identify the neural circuitry responsible for the hallucinogenic effects of new
psychoactive substances, generated dopamine transporter (DAT) -Cre/tdTomato and oxytocin receptor
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fluorescent tag mice, and activated the ventral tegmental gyrus by chemical genetic techniques. The mice
showed increased locomotor activity and became important animal models for analyzing the role of the
dopamine nervous system and oxytocin receptors in the development of adverse effects caused by new
psychoactive substances.

Using a mouse-conditioned place preference test, Funada and Hashimoto et al. confirmed that cathinones
exhibit central excitatory and psychic-dependent effects. They identified a positive correlation between the
intensities of DAT inhibition and central excitatory and psychic-dependent effects, as assessed by
DAT-expressing cells. The adverse effects of cathinones can be predicted from the functional evaluation of
DAT-expressing cells. Funada et al. showed that CB; receptors are involved in the development of psychic
dependence on synthetic cannabinoids, and that a positive correlation exists between CBs receptor activity
intensity and CB: receptor-expressing cells. The toxic effects of synthetic cannabinoids can be predicted from
the functional evaluation of CB: receptor-expressing cells. Using computer analysis, Kurihara et al. also
examined the validity of activity prediction through docking studies of CB; receptors and ligands, which are
the action points of synthetic cannabinoids. They found that good activity prediction could be achieved by
fixing the binding site of the ligand using hydrogen bonding energy as an indicator. Prediction data by
computer analysis also correlated well with the intensity of psychic dependence and myotoxicity induced by
synthetic cannabinoids, suggesting that it is possible to predict toxicity based on their chemical structure.

These findings indicate that experimental (in vivo) animal data can be predicted from evaluation data
based on cell experiments (in vitro). Therefore, the introduction of an adverse effect prediction system based
mainly on cell experiments could be expected to improve the efficiency of data collection.
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