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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 <0.05, pared t-test. (E) Mouse

in the beaker during an experiment.
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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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Frequency : band pass 40-200 Hz Frequency: band pass 70-200 Hz
_..+_ I * il  IEEEENSEET NN SN ot —— 4
Amplitude :>=0.1 mV Amplitude: =0.15 mV ‘
o] ] T
| L]
Filtered signals (labeled) Filtered signals (labeled)
L (e.g.. 5,297 waves) e ) \ e (e.g., 2,293 waves) e J
\ | J

N ¥

Second screenin,
p g ﬂ 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)

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

Total HTR counts

(e.g.. 2,268 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
False .
Drug Method A Method B osifive False negative Total errors® Total error rate
N HTR counts HTR counts POST detections (%)°
detections
___________________ LSD o 2208 B3 B A1)
____________________ LSZ o A3 W88 se 1409
________________ lePLSD o 84 84 %8 .8 uwe 1598
_________________ IVASD o 13881468 BB B0 378
DOI 4,352 3.861 59 550 1609 13.99
___________________ 26D e 2045 338 Aae A 83T
___________________ MET .M %% s %6 oA 998
4-Aco-EPT 3.323 3.042 30 311 341 10.26
Total 16,582 15.564 420 1,438 1,858 11.20
2 Total errors = [number of false positive detections] + [number of false negative detections]
b 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 .
Peak d Regulat
Drug ?m g,sz;e at peak dose N Method ﬁ:f':lll a 2;1
=0 (mean * SE) ¥
LSD 0.3 107.3*£17 6 A -
LSZ 0.33 80.5+12 A 2022
LSD analogs 1cP-LSD 3 42.0%5.0 6 A 2020
1V-LSD 3.3 107.2%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
phenethylanlines .........................................................................................................................................................
3C-P 11 61.3+8.4 3 Video 2017
BOD 11 523%75 3 Video 2020
MET 3 26.8%F4.2 6 A 2022
MPT 9 16.5+2.9 6 B 2024
tl-yptmrlmes .........................................................................................................................................................
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.

LIEOMAENEIN L TS, b OHBRWEIZHOWT,
$& 5-4% O HTR 2L ORI K OV30 43 0 SAFE HTR %,
Bt R T 5 LSD & HLIZR LT (Fig. 7). 3L AL
@ LSD ZHMITH T, HTR i3 5% 5~15 DI
L, ZO®%EBOTHEISRD 5N, 72770, IcP-
LSD (2B L CiIfh o3y L el L TE— 27 O HE B0
BIE L7z, F7-, LSD RFEMD 5 H 1T-LSD %< 97XTC
DEBREIZBNT, 30 S50 RH HTR $3yUFo A
BN AR L.

% 2
LLHTR BRBRIZB T B~ TR b A—FZ—LOEAME
HTRiZE MIIZR N2V > SR OITEITH Y,
AR TR ARIZHTRARBRZEAT 5 Z & T, #OIHEWIEH

PR B SICB W CHORIERORELTHMEER & LTnx
LT ENAREE feoTe. ARBIFECHE LI~ /X b A—H
—JE1, DO OLSD%E AW RRFEIZRBWT, BT A4kEE
O—FRIZENEI 98.6% % 1V98.5% Td ¥, Halberstadt
LNHEO L2 —HR EFEFREORELZ R L. S5,
BiLkZEATHZ LT, HTROY:-HEMRH RS AIEEIC R > 7.
T, =a2—J NV Ry NI—V AW~ T RN A—F—
DT D AERHEISL, ~ U 2 DRI L D145 bk
EFT 272 0OTFIE), AN LV EYE ) LHTRZFHET 55
EDIR L, BRa RBITFESREIN TN, ZbHIEE
fize Y 7 by =7 REERAIFAN, BRAEBREREOH
PR 72 ik 2 B L 35 72, A L L BRI I RREE
HD. —F, RFEOBIEL, N> RRAT 4 va— LR
EOBIEDEF DA T ) A Ak KIBIZHRET S 2 & 2 ATHE
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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) 1¢P-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

Peak dose Counts /30 min

Previously published HTR data using C57BL/6'%1617-1819)

Drug at peak dose

(mg/ke) (mean)

Peak dose (mg/kg)

Counts /30 min

at peak dose (mean) EDs (ugke)

WLz E£7, BTSN A TH DT, #THE
GIITZAT ) ZENTEDHEWVWSFRDBHSH. 721,
IRIRIE R MEB B O 27 T3, iz, PSS
N— X T E DG A SERITERINT D 2 LT TTE e
o7z, Halberstadt® &, JEWE & EMEICHES < Bilize 2 7
V==V 27 TIE, 100%DO A #ER T 2D 2 & ITRET
HDHERELTNDY), ZD=®, BIETHRHERNREDL D
ZEIFEE LTV, B oBE-CFIN, B, M
TEFROWEHIHEOMD 2 &b —EIZ L T&E Y, =
T —RETHI20%E TMAAHZENTELLEZILN
5. IBIT, L OEY T T —IIBERMEBICR - 7223,
AU, BIETIIEEECF R Z SR, IRIEOBIE % & < 5%
ELZZ EICERTARE R THLLEZS 2 ONAS.
BiEIL, AIERE T BT THATICE T 5 TR
ZRIBIZHIR TE 28000, —EOT T —REFFAFE L
T52 LIk, ITBIREICE T DB & B0 N Z
VARBNFETETH D iR LD, B, RRO
HRIAHIE) OFERVEETIEIMERCH Y, SFOCFEICT
FERUETH o128, SRFEEIIISIFICELTRBY, &
L, HTREBRZE RO T HEN S~ TR M A — 2 —
%, FRCBEA~EIV A D ZLICK DV ERTEZLOTH

>7.

2. HTR OYEF B D Lk

HTR OEMASRE T@E, AEKRmRrHEHIND
50% G %N (Efficacy Dose; EDso) (2L Vil S 528, A
WFECIT A ERRED 3BEICIR DTz 72, EDso DHH
R ChH o7z, T, FHEMITH VTR HTR
KRERoT-HE (BE—27 &) 26 LI, EpH ot
BB DR & bk L=, Table 2 1274 X918, B—
7 AENT LSD Z< MY FHIVHL T =R FNAT I 5%
DIRAREZ R L, ZAUIBE#R O HTR @ EDso 2> HH#EH| T
XHEHomSs EBteha—EH L T,

72, RRKOBBEHTR 3L 5-HToa ZHEERA~DOTEM DR S
DORNZHEBENRH D ETHHRENH LY. T7obb, HHIK
B M5-HToa ZEMRICK L CEWEEZ TG4, 2
HTR R4 W0WH b0 THDH. L, AT
1%, LSD ®° LSZ O Lk oic—7 HEMEL (EMENE
W), o= AEORE HTR B2 WEMRH 5 —
7T, MET @ X 22— 27 HENHEAERVIC S 23000

59, BfE HIR #XDRWER L H Y, W OMIZER
PR SNy o 72 (Table 2). L2sLZRAS, U
Z I VREYOAODHFRMBEICE L T, FEREDO Y —
JRABTHSICH 20 H T, B HTR K TiIlofEf
BEOZENET D &0 BUREWERNE Oz, 4 KOS
PLIlCE#EIEEZHTT D NN-UT XL N 74 30T,
DMT <° DET, DPT D X 9 ICB#IEZFi -/ ) 7& 3
VLT, 5-HToa BRI T 2B L O )23 s
WEINTWDY., SEIOFERIEL, MET & MPT IE, 47
LSRN DO M T ICEHIE A FE 2220 T2, 4-AcO-EPT & 4-
HO-EPT £ ¥ & RFEHTR N D72 < Te o T2 ATREMED B B .

X BT, in vitro \ZBIT D5-HToa 2 BAR~DFRE G B FrE
B LTI, LSD Z>7 =Rk FAT IVHR> MU THI
VEROIEIZENE T HHE L H VI, RIFFETHE LI
HTR O — 7 HEIZ L DEHME L IR R 2EmA R L
7o, ZOERELTE, EEBMERE—TTY —AT
LY T LIZRELS RIR D ZLITMA, HTR 735-HT2a
ZRRASOBRNEIZ T T, NI 3 B IR S
5-HTia R°5-HToc ZBERA~OFES 72 1219, B OFR )N
HTR OFRICEEG L TWD I ERIgEnsg.

3. v U AFZMIC L D HTR DR HDOEN

HTR %, #fER &K ORHH TR MEICERH D Z &
DHLNTWD., FELETE, ~vAET7 Yy bV %
<® HIR ZRTEANHY, ~ 7 ADORMKM, I 5k
MR CHIRZMEICOEWAH D Z L b SN TV DY,
#i 2 1E, DBA/2J~ 7 AL C57BL/6) ~ 7 A L t~_C DOI %
H#0 HTR EtERE < (B —2 HEX EDsoMEVY)
BH HTR 32\ ERMEINTWAY., E£/2, AL
C5TBL/6RHETIH > T, C57BL/6N ~ 7 A L C57BL/6] <
7 A & TIE HTR RUSICRERZENH D). I 51T, Albino
Swiss °° NMRI = 7 A2 Tl HTR EZHIMENZ L 0VREN
TRV, FHEICLDEVIFEZE THD. HTR OLHRMO
BEWVICET 2 A = X AFREH LI INTWRDNR,
TN D5-HToa SZFEBEE RS LTV 2 AlREMED 8 5.
AWFFETIE, BEHO HTR BRIV THERABI O
ICR 7 2% AW, ICR~vY7 A (FZ7u—X Ran=—0D
FMO—2L LT, ZIMTAENEG T, MIEK
OFHEESB TR HERAINTNER, FEILFRITBW
TILIEAZR D C5TBLI6R DN KEH % 5, ICR @
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HTR #RBR~DIEMITHEA T2V, LSD ZEMICET 5
BEHR & ARWF%ED ICR ~ 7V 2ADREREZ IR LI L Z A
(Table 3), £&{A& LT, ICR TiIt'—7 AENCLLEL,
EDsofE & H< 725 EEINDH T2, ICR ¥ A0 HTR
2T CSTBL/6T L WKW Z L VRIE &=, LSD XD
WL, +aRBoBRSAEREZRE LD, Fx bEE
#C HTR @ EDsoZ B H L TEY (86 pgkg) , CSTBL/6]
(Table 3,529 ng/kg) LV bEEL 2D Z L2 HRFETHD
200, —J5C, FRWR O 7o VR TR OB A X SR T
—HLTHEY, ICR T RAZEBWTHIEAREDZER DMK
HRARETH D Z o7z, F7=, 1T-LSD @ EDsolt
780.4 pg/kg LHEINTE VY, RIFFE TR L LSD F
EMOHRT, Kb EDsod@m <, EDTZOIEMERTHV & HE
&5, 4E, 1T-LSD O —2 A&EiI3 mgke 22 T
W REMEN & D 7=, LSD, LSZ > 1cP-LSD, 1V-LSD
> 1T-LSD ONEIZEA 3 R & HERI <41 5.

AR, ICR v U7 RIZ~ 73 N A—& —{EM M ATHE
Th D &AM R 27T 2 L3, 2504
BEHNCF1F D ICR v 7 2D HIR F— & 24775 2 L T,
SO~ T ARMEICET HEOERICERT 5D T
H5.

4.LSD ROZED7u K7 v 7@ HTR FFRME

WG TR o772 LSD RE YD 5 H, NIITEBREEZH
4 51cP-LSD, 1V-LSD F.CMT-LSD 1%, BEHRO SCHkA 5
{LEWE Db OITIEMEITES, BIREIZEANT LSD (21X
WMENTERAT 277 RT v 7 Th D LIS TV
Bz 1E, v BATFHE S9O55E 2 VN = invitro i BRIC XLV, 4R
D NUEHILZ AT 2 LSD REMR K7 » 7 FEIZ CYP1A2
& CYP3A4IZ L - T LSD IS D Z BRI NTH
2. Fi, ZREMET vEARLY YA HTR RBE O
F v MILFEEEREN D, 1P-LSD K TNALD-52I1CB L T,
LSD DE/WREIZIES B DFI15~50%0 HTR % ik%E
T 52 LR, MIETNS LSD I2x THILEW K OV
ORI BIREBEIND Z ENWESNED. EE, 1cP-
LSD, 1V-LSD K CMT-LSD (Z2OW T, 5-HToa AN
BT vA TIEBEETH -2, BEERNES %O~ 7 20
s LSD SR & (F— & Rfiflk, A Fn6HEE BTl
HEERFMEERICB T 2HE) , HTR biFR Ik
7%, a7y 7 ThdI Enmlmgsni. £7-
LSD <X° LSZ & LT — 7 HESHI045E <, /EAMR
FIVEM DGR B ATz, R O R e AT IR E
THHN, BMEFE U< LSD 72 T RH b &y
RTHRIEENTWE, Fa R7 v 7 2%5 L~ T A1
BNTIE, LSD %45 L=HA & ik LT LSD Ol
JEBMEL, HTR #FXOIERANIHL oo alREEN & 5.

INB3FEDIEY D HTR B DORIGELDRZ — 0%, B
BLRLSDObH O LFELT 5 Z Lotz CSTB6R~
72 ERHWTEBEROERFER L b —H L TEY, HIR
DY —713 LSD & [FRRIZHE GHE5~107IZRD b, HRP

MR SN D Z BRIz, 7272 L, 1cP-LSD 2D
VWTCIE, Brandt HOHED EEERIC, B—27 3% (10~
159) IZ¥ 7 FLTWE. b MILEFTOA U F 2=
= VEBRIZEBWT, 1cP-LSD Z1P-LSD & bl L C LSD ~
OMKSENBRZ DIZ WEVWIRERH DD, R
FOFENN HTR KGO E— 7 FEIZ KBS Tnb 2 &
DRI S ju7z.

B o ] iz

INFET, B ¥—TIIfEMR KT v 7 OERRERE
IR L, BRI E B S N MEREEY & L
THREZT 5 BEOREIRIL AR R L TE 7. ATk
ko, AfEENS~ Y A HTR #EBRA Hri- 28 A
L, PERORERCIIMH S > =4 RER DM AT fig
Eipofz. MAKYNL, MBHTICRERZZE L TWed, <7
XA =F—EOBEANLHG T 4 V2 ) T OREIZLY
ITBRAE ORI FEHR L, HEOEMERFMETH D
LWz D, T, ORIERERS LSD R ORMEHIHEY T
RSB H Y, FRZ, AFBTIESH 4 £ 1T-
LSD BB LGl R T v 7EREFER -~ v a MBI
OFED D &) FESRAE LTSk, EEARHGINR L
S>TW5. 5% b, LSD RIZBLT 7= xF LT I %
RNV T HEIVROAORALED T IR N A—F—ik%
TEA LIERBROZATICR Y, EP 728 O EBLUZE R L
<.
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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-KAIT?, Miho SAKAMOTO?, Takatoshi YOHP, Naoyuki ENDOP, Yuusuke SAITOP, Itaru GENMAP,
Makoto UMEZAWA?°, Daisuke WATANABEP, Kosho MAKINO9, 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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