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hexahydroindolo-[4,3-fg]quinoline-9-carboxamide (LSD),
[(2S,4S)-2,4-dimethylazetidin-1-yl1][ (§R)-6-methyl-9,10-
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Fig. 1. Chemical structures of hallucinogens used in this study
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Fig. 2. System for detecting HTRs in mice using a magnetometer.
(A) Appearance of the magnetometer consisting of six
beakers, six acrylic cylinders, six video cameras, a data
acquisition device (AC converter) and a laptop PC. (B)
Small neodymium magnet is attached to the central region
of the scalp (dorsal view). (C) Mouse head covered with
dental cement (side view). (D) Comparison of HTR counts
between 2 recovery periods (2 and 7 days) following the
surgery without any administration of agents. Data are
expressed as mean + S.E. *p < (.05, pared t-test. (E) Mouse

in the beaker during an experiment.
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X, ZEOBIEEY 7PV S D 7w, B %
ELRA Y Y —= U TS KRR AT 5 & ) iR
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fifi 2 5205 L 7= (Table 1). 8O D IR D Ll B 5, BiE
T, AT EGBREEICE S RHOES T T —5R3
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Fig. 3. Dose-dependent effects of DOI (A) and 2C-D (B) on the HTR (Video method).
(left) Time-course of the HTRs induced by DOI and 2C-D in 5-min time blocks (N = 3/group). Data are shown as group means
+ S.E. (right) Total HTR counts of DOI and 2C-D recorded over the 30-min time period using the high-speed camera (N =

3/group). Data are expressed as mean + S.E. *p < 0.05, Steel test.
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Fig. 4. Comparison of the HTR counts detected by the magnetometer recording and video scoring.

(A) HTR counts per 10 minutes assessed by video scoring in four dose-dependent groups for DOI (left) and LSD (right) (N =

6/group). Data are expressed as mean = S.E. *p < 0.05. (B) Correlation between HTR counts obtained from magnetometer

recordings (Method A) and video scoring (N = 24). Pearson r values and significance (p < 0.05) are indicated.
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Method A Method B
Raw waveform Raw waveform
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( (
Frequency : band pass 40-200 Hz Frequency: band pass 70-200 Hz
H H - -
Amplitude :>0.1 mV Amplitude: >0.15 mV
Filtered signals (labeled) Filtered signals (labeled)
L (e.g., 5,297 waves) tUe \ e (e.g:, 2,293 waves) e
\ || J

x4 2

Second screenin
~ g ~ Total HTR counts
manually sort the wavelets based on the criteria (e.g.. 2,293 HIR)
Waveforms difficult to be
distinguished from noises and
other behaviors

Confirm video recordings

(e.g., 134 waves)

)

N
e

(e.g., 38 waves) l (e.g., 2,230 waves)

Total HTR counts

(e.g., 2268 HTR)

Fig. 5. Flowchart of the magnetometer signal analysis conducted in this study. Examples of signal counts at each analysis step are shown
in parentheses (LSD experiment; data from 42 mice across seven groups). In Method A (left), raw data filtered in two phases
(representative waveforms are shown on the top). HTR candidates are identified through automated screening using a band-pass
filter and amplitude cutoff (shown as blue circles), and then their waveforms are manually verified against the criteria (see main
text), followed by video-based validation if necessary. Many false-positive signals are collected in the first screening. In Method B
(right), raw data are filtered only by a band-pass filter and a cutoff amplitude. The labeled signals (blue circles) are then counted

directly. Not only grooming and jumping behaviors, but also unclear HTRs with low frequency and amplitude can be excluded.
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Table 1. Analysis of Method B’s performance in detecting HTR

Method A
HTR counts

Method B

HTR counts

Fa!s:e False negative . Total error rate
positive . Total errors b
. detections (%)
detections

4-Aco-EPT .
Total 16.582 15.564 420 1.438 1.858 11.20
 Total errors = [number of false positive detections] + [number of false negative detections]
®Total error rate = [total errors] + [Method A HTR counts] * 100
Table 2. HTR data of hallucinogenic new psychoactive drugs (“Kiken drugs”) and reference compounds
Counts/30 min .
Drug P:;kg/io;e at peak dose N Method %:i}lat;c;rrl
g (mean * SE) y

LSD 0.3 107.3+17 6 A -
LSZ 0.33 89.5%*12 6 A 2022
LSD analogs 1cP-LSD 3 42.0%5.0 6 A 2020
1V-LSD 33 107.2*13 6 A 2022
1T-LSD =3 79.0%£10 6 A 2024
DOI 10 287.8%+29 6 A -
2C-D 11 93.0+19 3 Video 2015
pheneﬂlylamines .......................................................................................................................................................................................
3C-P 11 61.3+8.4 3 Video 2017
BOD 11 52.3%75 3 Video 2020
MET 3 26.8+4.2 6 A 2022
MPT 9 16.5%2.9 6 B 2024
h-yptalnilles .......................................................................................................................................................................................
4-AcO-EPT 9 210.7%+34 6 A 2020
4-HO-EPT 3 128.3%20 6 A 2023

All HTR tests were performed from 2019 to 2024 irrespective of the regulation years of each drug.

HBAEDBAERBIM L TWA, IS OB EIZ >N T,
Fe5-4% O HTR B ORI K V30 45 i 0 SRS HTR $ %,
Pt BRI T o D LSD & 3RIZ/R L7e (Fig. 7). 1EZ& AL
@ LSD ZHMZF T, HTR Hid#x 5% 5~15 5D
ML, ZO®%BOT2EmMARD bz, 72720, 1cP-
LSD (ZR L Tl o3My & el L T v — 27 O HBLR0R
BEHE L 7o, F72, LSD RIEMD 5 6 1T-LSD #FR< 97XTC
DHBRHEIZIBNT, 30 53O F%T HTR 23 UF o [
B HRRE R LTz,

% £
LHTR RBRIZBIT B~ R b A—Z —EDERME
HTRIZE MICIER S0 - A OITEITH Y
AFE TR AR7-HTRRBRZEAT 5 2 & T, #OIEYIEH

P ZE B IS B W T ER OF M4 GG EE & LTinx
HTEMAREE ol AR THE LI~ R N A—X
—ik1E, DOIKULSDZE AW MGEICBWT, BT 4%kE
O—FHRIZZNEI 98.6% K% 1N98.5% T ¥, Halberstadt
LNHEO LI R L FEFREOREZ R L. 51T,
BiEZEATSH Z LT, HTROF-HERIH A ATREIC A~ 7.
P4, =a—J %y hU—=I 2V SR h A—H—
DTG D H B HIEIRR, ~ U A DBRERIC X 2 H51% % br
EFT 27O FIEY, ANZ L Bl HLHTRZ LT 25 )7
DR &, Bk I FEPIREINTWD R, ZhbiEE
fiZey 7 b =7 ROEE R ARG, BRAEMHRR DR
FIR 7R FNk 2 LB & § 5 7200, BN L Rk SRR I X BERE S
bbH. —J, AWEOBEIL, N RRART 4 NE— LR
WEDORBIMEDEF DT ) A Ak KIGICKRET D 2 & 2k
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Fig. 7. HTR data of LSD analogs. Time-course (left) and total counts (right) of HTRs induced by (A) LSD, (B) LSZ, (C) 1cP-LSD,
(D) 1V-LSD and (E) 1T-LSD(N = 6/group). Data are shown as group means = S.E *p < 0.05, Steel test.
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Table 3. Comparison of the peak doses and counts of HTR tests for LSD analogs between ICR and C57BL/6 mice

Counts /30 min

Previously published HTR data using C57BL/67'%16:17:1819)

Drug Pzi;/io;e at peak dose ] ] Counts /30 min ]
g (mean) Peak dose (mg/kg) at peak dose (mean) EDso (ug/kg)
22 TSR~ .
..................... 02 3B 32
. S - S 2046
.................................................................................................................................................. L. | S .
3 780.4

L7z, F, SRS v L TH LD, HETHE
GUIRTZAT ) ZEMNTE DL LW RIRBHSH. 72721,

ICHRNE K MK B B oW 2R cx 3, £, Bk
=3 TR EDOBIME A SERIZERINT D Z LT TE e,
-7z, Halberstadt > &, JEHH & IRMEICEE S < Bz X7
V== 27 TIE, 100%D %2R 5 2 & IXRET
HDHEHRELTNDY)., FDi7=, BIETHREERNEL D
ZEIFEE LTS, B oEE-C T, [RIE IR, )
EFMOWEHHEOMD 2 &2 —EICLTE D), =
T —RETVHN20%ETHZD I ENTEEBEZDN
L. EBIL, L OHEY T T —IXBRERIZR - 7228

ZAUE, BIETCIREEECE A S, RN o BfE A < AR
ELTZ CICBRT 2RLRERTHLIEEZOND.

BiEIL, AERE T AIEICH AR TR IC B 5 T RO mER
ZRIBIZHINCE 2800, —EDTT —RE AL
THZ LK, [TEMRAEICRT 580N & EfEtED T
VARENFHE A TR D LR Ln. T, JIRRO
AIFH Y OFEEU T IME I H Y, SRIoTEE T
EEMECTH o7, SMOFEIITSHICELTEY, &
L, HTREBRZ RO ET A EN S~ T R N A =2 —
1%, BRCBE~UID R D LICK DV ERTEXZHDTH

~7-.

2. HTR OERTREE D LEg

HTR OERGRE @S, AERmRrHH I
50% A %0 (Efficacy Dose; EDso) (2L W FHli S 528, A
FFSECIE A B EN 3FECR ST 728, EDso D& H
R Ch o7, 22T, FEMITHB TR HTR A
RERSTEHE (E—=27 &) 25 i, EpyHoraxt
BB O S Z e L7=. Table 2 1R k21, ©—
JMET LSD R< M) FEZI VR T =22 TFAT IR
DONEICAR EZ 7R L, ZAUIBEHR O HTR @ EDso 7> HH#EH]T
EHEAOmS BBt —H L Tz,

F72, KORBHTR & 5-HToa ZHEERA~OTEMED IR &
ONCHHEAR S 5 LT 2MERH LY. Tbb, HLHIE
W 5-HToa Z BRI H L CRWIEE 28T 54, B
HTR #N %< b2 b0THD. L, KHFFET
i, LSD X° LSZ O ko lz v —7 FHEMELS (GEMHER &
W), o —7 EORR HTR b2 WEYndb 5 —
5T, MET O X 5128 —27 &S EEEKOIZ S b

59, B HTR HDRnWiEM L H Y, M OMIZE%
PEIFRRO Lo 7= (Table 2). LrL7ans, FU T
X3 UREYOAO>OWEHMEICEA L TiE, FRED L —
JRETHSTICH bbb, B HTR K TliXlofEf
FEOFENAET D &V BIEEWERNE Dz, i Os
MACEHRIEEZ TS D NN-PTILXL ) 72 20T,
DMT <° DET, DPT O X ) IC@HILEFi/=/a\ h Y 7% 2
Y EHART, 5-HToa ZBERITT D BN L O ) A3 s
WEINTWDD., SEIOFSIE, MET & MPT IE, 47
LSO G ICEWIEE FE 222\ 28, 4-AcO-EPT & 4-
HO-EPT £V & BFEHTR 3 D72 < 7o o T2 ATREMED 8 5.

X BT, in vitro (2B 55-HTow ZHE~DOFEEH M
B L TIE, LSD 2> 7 =X F AT I V%>R 74
VRONEIZEWE T AHE D H DI, RIFRETHE L L
HTR O — 7 HEIZ XD EHMRE &38R 2 HmE R L
oo ZOERE LT, SEEBAMERRFR—DT Y —NT
LEM T LICRELS BB Z LITNAY, HTR 735-HTaa
ZRRAOBFNETZ T T, NI 2 B IR RS
5-HTia R°5-HTaoc ZHEA~ORES 72 81219, B O TR A
HTR OFFRICHG L TWA Z ENRIREND.

3. U ZAEMIT LD HTR DR HEDEN

HTR 1%, EFEM & ORI TSI EZRN H D 2 &
NEHN TS, FERHEETE, ~ v ATy L%
<® HTR ZRTHEENRH Y, <0 AORMME, X512
HAHEM CTHIRZIEICE RS L Z &b HESNTWVD.
Bz 1E, DBA/2J~ 7 AL C5TBL/6] ~ & A & L~_C DOI 4%
L0 HTR =t E < (B — 27 &S EDsodMEWY)
B HTR 32V ERHEINTWDY. Fi2, HLU
C57BL/6 R TdH->Th, C5TBL/6N <17 A L C5TBL/6] <
7 A &L TIE HTR IGICKERENH HY. EHIZ, Albino
Swiss = NMRI ¥ 7 2 TI& HTR EZMEAMEN 2 L AVREN
THEVY, RHICEDEVTEE THSD. HTR OREH O
EUVIZBET 2 AT = XAEREH LN STV,
MO 5-HToa ZZ B E BT LTV 2 AlREMED 8 5.
AWFFETIE, BEH O HTR SRR WCTHEHABIO D 70
ICR vV AZHWz., ICR v VA |Z/a—ARag=—0
RIED—D2L LT, B CAFERRG THDHTI-0, WK
OFERD B TR SN TV D23, SEBEFIEIC B
TIXUTAR D CSTBLI6RDFEA N KL E % S, ICR O



238 Ann. Rep. Tokyo Metr. Inst. Pub. Health, 76, 2025

HTR RER~OTE LA TV, LSD REWICET 5
BEH & RIFED ICR ~ 7 ADREREZ I LI 2 A
(Table 3), &fAL LT, ICR TlItE—7 AENARLREL,
EDsofE b i< 725 EES N D728, ICR v AD HTR
B PEIT C5TBL/6T & W AR L AVRIE S U7z, LSD (2D
WTIE, +a28oGHERERE LD, Hx HEE
T HTR @ EDsoz B LTEY (86 ugkg) , C57BL/6I
(Table 3,529 pg/kg) LV HEMHE 2D Z L2 MHERETHD
0 —J5C, FEMRIOFERIA 22 AF SR E OB X R BT
—#HLTHEY, ICR ¥V AZBWTHIERMBED AR OR
HAWFRETH B Z LNy T-. F£7-, 1T-LSD @ EDsol
780.4 pg/kg EHEINTED Y, RFFE TR L7 LSD %K
FEOFT, kb EDsoE <, FDTOTEMERTI & HE
M&Ehs. 4ME, 1T-LSD O v — 2 f&E133 mgkg 2B 2 T
WA REMERS & D 7=, LSD, LSZ > 1cP-LSD, 1V-LSD
> 1T-LSD DNEIZ/EH 258 EHERI SN 5.

AWFZEIE, ICR =7 AT~ 73 R A—X —iEAN i Al
Th b & amd MR ARt 5 L i, 2H0L]
BHNCFITD ICR v 7 2D HIR F— & #5775 2 & T,
LEHO~ T AZHEICET HMEOERICE#RT 260 T
H5.

4.LSD KD a FJ v 7' d HTR #H3iE
AWFGE TR -T2 LSD RFEMD 5 5, NN ESIEE A
45 1cP-LSD, 1V-LSD K TMT-LSD i, BE#HO k6,
{LEWED S OITEMETE S, BEHIZAENT LSD it
WMENTERT2 78 K7 v 7/ Th o EHERES T .
B 2%, & NI SO4 i & Nz invitro RBRIC K W, 4FE
O NIE#IEZ A3 5 LSD KGR N7 » 73 FIT CYPIA2
& CYP3A4IZ L - T LSD 2 &N D Z &R Tn
. Flo, ZRIEMEET v A9~ U A HTIR BRBRE O
Z v ML EEEHIE NS, 1P-LSD K NALD-52ICB L T,
LSD DEMREIZIE-S B )10#)15~50%0 HTR %3538
T5HZ LR, MIETNAS LSD I THEILEW K 0%
ORBY BB END Z LG I N2, FEEE, 1cP-
LSD, 1V-LSD M (RIT-LSD (22T, 5-HTaa SZ &R
BT vA TIEBEETH - 7228, EIERNERS% o~ 7 2
a5 LSD MRt & (F— 4 KBk, A Fi6E L Bt
EMFHRTFME R ICB T 2WE) , HTR bk
7280, A R7 v 7 ThdI ERmmmBIsini, £z,
LSD *° LSZ &bl L T — 7 FE2KI1065mE <, EAMR
FIVME A 2SR DAV, IR O E B AR AT IR S
THHA, B LR U< LSD 720 Tha < MG b &y
ERTHRHEIN T, e Ry 7 &2k LIt~y A I
BWTIE, LSD Z2#5 LizA & ik LT LSD Ol HiE
FERMEL, HTIR FROERANTHL 2o aliEER H 5.

I BIFEDEY D HTR FDOREEE(L D7 — 0%, B
BLRLSDO b O LFEEIT 5 Z En3hoTz. C5STB6R~
A& HWTEBEROERFER B —H L TEHY, HIR
DE—271X LSD & [EFRIZEGA£5~1057 183D B, HR

MRHEND Z ENRBINIZ. 72720, 1ecP-LSD I
WIS, Brandt HOHED EFEERIS, B—27 3% (10~
15437) IZ¥ 7 FLTWe. b MILEPFTOA > F 2 _X—
3 VEBRICEBWTC, 1eP-LSD (Z1P-LSD & Hifis L C LSD ~
DOMAKIRPEEZ DIZK DEVIRERH DD |, R
HOENA HTR SISO B — 7 FEFIZ KBS TV E Z &
DRI ST

B b ) iz

INET, B ¥ —TIIEHR R T v 7 OA KRR
ML, HEAREEDEREHIE BN MERERED & L
THREZT ) BORFERIL AR LT E . AR Cik~
7ok oI, BSFmAEEN S~ U A HTR WA #7218 A
L, HERORER T S = SR VEH D3 REAT AT HE
Lotz BAKYNE, TSR AL QW v
X IA=F—EOEANLHG T A NE ) T OFRGEITLY
ITERAE OB A FEI L, B> EM2RFHIETH D
EWVWZ D, AR, FRIERERFD LSD SRORMHIEY X
HRAICEEIMERICH 0, FRZ, KATEAT 4 F0 1T-
LSD LG NT v 7 HHEN~ v a o bIR
OFED 2 &) FFES A LTSk, EEARBHISR L 2
STWb., 5% b, LSD RIZBLT 7= xTF LT I V%
RNV THEIVROAORANLEFD T I A —F —ik%E
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Application of the Murine Head-Twitch Response Assay to the Regulation of Hallucinogens Circulating
in Illegal Drug Markets: Methods and Examples

Mari NAKAMURA?, Ayaka KAWAI?, Kyoko HIRAMATSU?, Akemichi NAGASAWA?, Kyoko HATAOKA?, Sakiko NOMURA,
Kiyomi IKUSHIMA®?, Ai MAENO?, Masao YOSHIDA? Takako YAMAZAKI?, Daisuke TERAOKA? Kazue TANAKA?,
Yoko ICHIKAWA-KAIJI?, Miho SAKAMOTO?, Takatoshi YOH?, Naoyuki ENDOP, Yuusuke SAITOP, Itaru GENMADP,
Makoto UMEZAWA®°, Daisuke WATANABEP, Kosho MAKINOY, Hideyo TAKAHASHI®, Toshinari SUZUKI?,

Motoki HOJO?, and Akiko INOMATA?

Since 2005, the Tokyo Metropolitan Government has regulated numerous novel psychoactive substances (NPS), also known as “Kiken
drugs,” as Governor-Designated Drugs based on their chemical structures and toxicological profiles. While most NPS toxicities have
been assessed through behavioral toxicity tests in mice and in vitro pharmacological tests, standardized assays for hallucinogens remain
lacking. Here, we report a newly implemented head-twitch response (HTR) assay in mice to evaluate hallucinogenic NPS. HTR is a rapid
head movement induced by hallucinogens in rodents, difficult to count visually. Initially, behaviors were quantified by replaying recorded
videos at slow speed for the NPS surveillance project. To increase throughput, we adopted a magnetometer method based on
electromagnetic induction, achieving ~99% accuracy compared with video scoring but still requiring laborious video analysis. We then
developed a simplified filtering approach, enabling semi-automatic analysis. This method offers a balanced solution for rapid and accurate
NPS regulation, significantly reducing analysis time despite a slightly higher error rate. Using HTR tests, 15 substances were regulated
by fiscal year 2024. Furthermore, a comparative analysis of emerging LSD-like prodrugs—1cP-LSD, 1V-LSD, and 1T-LSD—showed
hallucinogenic activity, though weaker than LSD.

Keywords: illegal drug, hallucinogens, head twitch response, HTR, LSD, tryptamine, phenethylamine, prodrug, magnetometer
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