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ABSTRACT - Tetrodotoxin (TTX) is a potent marine-derived neurotoxin. Existing detection methods for TTX,
such as mouse bioassay (MBA) and LC-MS/MS, are limited by ethical concerns, and low detection thresholds, particularly in
the absence of reference standards. Alternative testing methods are thus critically needed. The Neuro-2a assay is a well-estab-
lished cell-based assay that uses mouse-derived Neuro-2a cells treated with ouabain (O) and veratridine (V), to induce cell death
via excessive Na+ influx. This assay quantitates TTX based on its ability to inhibit Na+ influx, thereby allowing the cells to sur-
vive. In this study, we optimized parameters including TTX treatment conditions and O/V concentrations, to adapt the Neuro-2a
assay for domestic laboratory conditions. The optimal O/V concentrations were determined to be 600/60 pM. We also identified
eight concentration points (50-0.195 ng/mL) that generated a sigmoidal dose-response curve. By conducting 24 replicate exper-
iments, we established six key data criteria to ensure reliability, with EC50 values ranging from 3.824 to 1.268 ng/mL. A com-
parison of inter-laboratory variability revealed that all quality control and data criteria values, except for COV+ and Bottom OD,
showed coefficients of variation (CVs) ranging from 1.31 to 14.92%, confirming the assay's accuracy and reproducibility. In this
study, we also elucidate optimal assay conditions, validated quality control and data criteria for TTX detection using the Neuro-
2a assay in local laboratories. Additionally, we conducted an assay with 4,9-anhydroTTX, a TTX analog, and determined a TEF
value of 0.2098, demonstrating the applicability of this method for detecting TTX and its analogs. This optimized Neuro-2a assay

is expected to serve as an effective alternative to MBA for detecting TTX in domestic seafood products.
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Aol A 18-S 2t Ao, AA AL A
RUHEe] Fg/gdo] FxHrt

TTXE Y3 AA502, AF7H] of 309 £
A (analogues)’F HLE T T, F2 FARZE 4-epi-
TTX, 11-deoxyTTX, 5,6,11-trideoxyTTX, 6,11-dideoxyTTX,
4,9-anhydro-TTX 5°] oH, olE fFAA= st8F +x
oA TTX®F FARE HES HolHME, 54 et &
& 71HdAM = A o= UYEF A'd(voltage gated
sodium channel, VGSC)S AHsl= 358 WAUESS &
06‘]_1:],7) TTXQ/]_ 1 %/\],;‘(‘ﬂv“:__; ]':I,O _]_ E—HO]: =] 0}\]— /Kg%
AN EFH o= ERstH, o= 54 Bt HEolA &
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S0l gk HEo] 7hss thAl AER e Fee] Zasitt
TTXE VGSColl Helz o= Agtate] 4217 Al Eute] &
g Adata, ol S AR 25 715E JAS
= WAUSES 7RI, olgfet 71dS viR e 2, Kogure
5L v ANARAEE M EFQ] Neuro-2a A|EFE
o] &g HIHE MNdakdtt o] W2 ouabain (0)Z
veratridine (V)& 37 Aste] Al W YEF F&E&
ZA83ka, TTX 98] O/V E37F dAgoel| njet MxZ
o] AEEE FH3t= WA otk Jellett T'0 wWEH,
Neuro-2a assayS 53 TTX A& MBAY vl& ¢ =
& U= E Yepfglerd, oF 10ng TTX eq/mLe] A&
SHAIE BT o= MBA® AZE HAIQ 40 g/100 gHth
W=7 =
Neuro-2a assayt 7|&2] MBAZ thalg & & AlE
719k Ao R AFHA Jlon, HZT {HS FAHSE
AlTF-oHEA] (ciguatoxin) A8 49 HEolE €& 7t
Aol EOAAL AT, Viallon 572 Neuro-2a assay
gFstE ZR2EFO /A4S Axsh, e A9
z4ol e AEE &3 =% 7t ZREZS At
STt olet e AT L vIECZ Neuro-2a assays
MY AE 52 AES AT EF AIAHLEA Y] 74
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fA40] thFE AL AT, o]of] E A miElA HFE
Zx(paralytic shellfish poison, PSP)?] A}MA] &4l (saxitoxin,STX)
HZE=S 93 Neuro-2a assaye] 2 =74& sgsty, 4
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< g1k v AP

2 dFoMes 7] &8s STX AEE Alx 7RE 4
H<el Neuro-2a assaye &8st TTX AES SIS WY
13 % %E] 2718 = A3 34 uA F q§]r3}5’—,
AFY 7 HEAHS B Al ARAES AFet
Sk T TTX FAMAIQl 4,9-anhydroTTXE Neuro-2a

assayll 2834 TTX tH] 5445 7EXS(toxic equivalency
factor, TEF) & AFEsISTh ol & B3l 71& 2499
IAS FHslY, Bt A 2o TTX AFES 75
& g e 215 AR ST

Materials and Methods

AJoF XH|

TTX ¥ FE32(6.74ug/mL)S National Research Council
Canada (NRC, Halifax, NS, Canada)oll4] gk 5 70 uL
A 288 5 20°CoA WE AT 4,9-AnhydroTTX
= Alomone lab Al(Jerusalem, Israel)®] CRMS 3}
AFE-3FS9Th Ouabain  octahydrate(O; Sigma Aldrich, St.
Louis, MO, USA)E B+ 33 SFF 83l3td 20 mM
TEZ A FH, 2 AES 98] AFFE 600 uLA
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o] A2oa BASITE Veratridine (V; Sigma
Aldrichy& pH 22 ZAE P 33 SHFE &35
230 pLA A F WEHA(-20°C) ST MTT A2k
Thiazolyl Blue Tetrazolium Bromide (Sigma Aldrich)&
5mg/mLZ PBSol| =<0 ¥, 0.22 um filterE AME-3le] o
ek 5 4Colx] YR ASAT EE Aok AF A
A4 AdE =ol7] Slal A3 A=A
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Neuro-2a assay®] #2138} #42 Kim 579 AF-ellA

Neuro-2a assay A& M X2 ¥
=+

g¥E STX &8 Wis Fxste] IgHAT. 2 o
2] Neuro-2a assay+<= 39 AH AE HE, 54 A, T
B 4o dAZ FAHAG(Fig. 1). & AFolA= 7]
Z= W 277 Mg 24 e s TTX 4&<S 93
oV % TTX §E=5 A3}ttt

Neuro-2a ME Bl ¥ STE £%

AF8-% Neuro-2a M| EZF+= American Type Culture
Collection (ATCC; Manassas, VA, USA)IA -3t wpe-2
F AARAEE A3zt v BiR]= RPMI 1640 (Gibeo,
Waltham, MA, USA)°l 10% Fetal Bovine Serum (FBS;
Gibco), 1% Pen Strep (Gibco), 2 mM GlutaMAX (Gibco), 1%
Sodium pyruvate (Gibco), 2.5 g/mL. Amphotericin B (Gibco)
£ A7t wiAE ARSSITE AlEe 9 F712 Al
FENoH, AE UErt 4B 7IE ool =ed wivit
HFHAIE o83l 1:6 HI&E 3|43t 37°C, 5% CO, &

Nav NaVv*, K*-ATPase

VERATRIONE
MO of coll 4o aoh)

Na*
‘-
a4 Sa ST @D EhEEEE
CpeCOCH @ @ |

DEATH

Principle

Aol wjkstict. T3k 5% FBS ¥iA|E SeedingZHgll 2%
FBS A= S22 3 MTT 223 oA AR8-3Hat.
Neuro-2a assayS ¢34 70,000 cells/mL 5= AlZE
96 well-plated] HES 13 2407 3 S3 =8 A5}
of %7] MAE AJEE(reference cell viability, RCV) #H&
AEEA Y. FEE 2L SmgmLEES] MTT A9
45%-7F 37°C, 5% CO, 2722 A2 & FA¥ formazan
100 pL dimethyl sulfoxide (DMSO) &a1A171 & &3

KR
=
=g 2359,

X X7 & £ &Y

TTX A $% A4 AdFdA= 71 A+ A5E 7]
Wro 2 F% WS AAeith WA 200-0.781 ng/mL &
T2 TTX 9 A2s & M2548 Rkt o] % 200-
0.781 ng/mL, 100-0.0.391 ng/mL, 50-0.195 ng/mL Al 7}A]
FE H9E 7 ol SAIE DA 3] Neuro-2a assay=
AAEATE Kim §70] A WS wah, e A3
LS O/VE AE AFE F5(600/60 uM)E A 3to] 8w 9]
th 7b FEoA Y] AE AEES OV AH7F XFE a5
(COVHE Z27F gle ZH(COVHL R T3] vl E A
b §3% &2 MTT A9k o] &3t SAs19em, ol&
u}

Yoz $YNE FHL PYHIL EC, e EETIA

Ouabain/Veratridine(O/V) Xg] X &=l
Neuro-2a assay®llA] TTX2] UEF Ad A a34= H
7F8F7] 98], Na' /K™ HE AAQl ouabaind} Nat A

NaVv*, K*-ATPase

OUABAIN
0% of ol o aon)
Na*

SURVIVAL
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MTT solution treatment
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Fig. 1. Principle & process of Neuro-2a assay for tetrodotoxin (TTX) detection.
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quality control 71&S ARttt Ad4A e MEEE
Hrrslz]l s, 2+ Aol 247019 microplateZF-E

g

< HolH@m=24)E Ml #A535L, AP 7He] WEAk
2 7t AAA AHEE HolHn=3)E vHeR 743t
At

Neuro-2a assayZ 0]-€3%t 4,9-anhydroTTXe] TEF &ol

TTX 2 4,9-anhydroTTXE 50-0.195 ng/mLe] SE== A
A3kl Neuro-2a assayES HAISIAT. 24 5453 600/
60 uM2] O/VE A st & AlZ HESS Yeplls 53
T S SAseH, ol MEeR &Rk A
A8kl EC,, #hs EZSIth TEF @2 7& 5491
TTX® EC,ol that fARAIR] 4,9-anhydroTTX®] EC,,°
H| &2 Aksiait.

Elolg 24

7t AP FHE HolHE nReR, &g
A& WAsAL Hitgh(mean)?t ¥FH2H(standard deviation,
SD)E ALkt o]gldt HolE= quality control criteria
g AASE d E8FYeH, HE A S (coefficient of
variation, CV%)E &3l A3 2] W4 (repeatability) 2 A
A (reproducibilityy2 71519t} vlolE] #2498 GraphPad
Software 5 (PRISM, San Diego, CA, USA)S AME-3l] 4=
= ATt

Results and Discussion

X9 MIX =/ 2xt
TTXS] AEE5A2] 79 200-0.781 ng/mL F=Z %2
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3 Az, TTXE A2l e hzest f2lu]g o)
£ EhA 2ithFig. 2).

X e & =10 &g
Neuro-2a A& R H8& TTXS] F
< AAsA O/VE AE7} 80% ©
(600/60 pM)E A28l TTX Fee 23S Frsle] 200-
0.781 ng/mL, 100-0.0.391 ng/mL, 50-0.195 ng/mL A}o]¢] 8
N HAZ 247175t Aste] gRE FEE 7S ol
o

afo] &Nk FAHS EE6kAL, EC,w

SAE FAlo] BEHE FETHE 98]
< 58 =&% EC,, 32> 247 6.444 ng/mL, 2.368 ng/mL,
2.594 ng/mLOE AF=¥ 9] o™, 50-0.195 ng/mL Tk th
E TE FET SAbe| shke Aol mEEH, o] &
T e A sk AR AAsIAthFig 3(A).
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Fig. 2. Cytotoxicity of TTX. Neuro-2a cells were seeded in 96-
well plate at 70,000 cells/well with culture medium for 24 h and
treated with TTX in the treatment medium for 24 h under 5% CO,
at 37°C, and absorbance was measured by MTT assay at 570 nm.
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Fig. 3. Establishment of the TTX concentration range and O/V concentration range applying to Neuro-2a assay. (A) Results by treatment
of 200-0.781, 100-0.391, 50-0.195 ng/mL of TTX at an O/V concentration of 600/60 uM. Eight concentrations (50-0.195 ng/mL) were
selected for which the concentration-response graph exhibited a sigmoidal shape for the calculation of EC;, values. Each experimental
data set was conducted in triplicate. (B) The result of Neuro-2a assay of TTX (50 to 0.195 ng/mL), with O/V treatments applied at 600/
60, 400/40, 200/100, and 125/200 uM, respectively. The 600/60 uM group induced 80% cell death and formed a characteristic S-shaped

dose-response.

Table 1. O/V concentrations and the calculated EC,, values of TTX in the Neuro-2a assay from this study and previous literatures

O/V Concentration (LM) EC,,(ng/mL) References
600/60 2.1690
400/40 0.7247 .
200/100 0.8845 This study
120/200 -7.437
100/55 1.4993 Saruhashi S et al.*”
500/44 1.4674 Yotsu-Yamashita, M. et al.>®
1000/50 2.1054 Hamasaki K et al.*®

FE=EA] %o} Neuro-

< AthFig. 3(B)). L3
Zkzko]l O/V Ml & e &7 g JHoENYH =&
EC, 7S 712 EdolA Ryg® oy ¥% v &3} EC,,
32t Bl glS w(Table 1), 600/60 uMZ *]2]A] 2.1690 ng/
mLE 7]E] BIE EC,# 7MY fAbeHAl =&,
600/60 M= 24 O/V A7 T= 7o 2 A3

TIX Z4Z8 Neuro-2a assay®] 7|1E3} & A
< Neuro-2a assay®] A7 F3oxE A3 NS
7Vel7) 93 ksl 71E250] AL, AE Ao
AL ZFo]7] Y3t BF3F =8Ho] X&E I Qo)
A= TTX AES A3 Neuro-2a assay®] 2=
FRE 98 7|FEL AAEAL s
TTX #Z&$§ Neuro-2a assay®] A o ZA=Z &
84 data criteria AF 77 SHE 98, TTX EE545
ARgete] FY AR W 279 AFATE T 2419 Neuro-

M1 ore oft of

(mean)? ETHAHSD)#S ALt A3 (Fig. 4A)-(E)E
ol AlE F7he ARt 2499 e A A
9] mean£2SD 2 Neuro-2a assay2] 273t A1F] 74
S FSHe= data criteria® Y3t 2 A3}, Bottom OD
= ZH meant2SD FQl 0.244 ©]3}E, Top ODZFS FHA
mean+2SD %41 0.707 ©1’4 =2, EC, %< meant2SDo
et 1.268-3.824 ng/mL W Z, EC, @S vz
2 meant2SDOl| 3F3= 0.555-2.035 ng/mL L Z, Hill
slope 1.287 o]’ o= AA A th(Fig. 4(F)). o]t 2
A7 S Ax AP Al A4Y 271 9 ] WE
oz s HAT = e EFUAHS FHaskshe b
EZo] ). wghA] E A7 AE meant2SDE 7%
o2 AF #2748 AA3}Y], Neuro-2a assaye] HAAHS
Bt = e 71ES AAEA
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(A) (B) ©
0.4 2.0 4-
0.3 1.5 o .
a
° ° a o *e * 2 | e e
€ o o L. _e.- ® g
£ st e 3 1] uese e teeten 8 apieseat et
ccn, B L DR PRI CII LT = . T ° O ° °
011 ® o o o0
- . O 0 0.5 14
0.0 T T - T 1 0.0 r r . T \ 0 —T T T T 1
0 5 10 15 2 25 0 5 0 15 20 25 0 5 10 15 20 25
plate number plate number plate number
(D) (E)
5 2.5
A - o 2.0 . O
- ] ) ° o
% 34 * . * ) E 45 . . ° L
S Tav vt e g 40 OeoBocacs P -
§ 2le © ° °® © S 10 . . L] . L]
o [ O .
14 . w
0.5 o
o T T T "
0 5 10 15 20 25 0.0 T T T T 1
plate number 0 5 10 15 20 25
plate number
(F)
Data Experimental
Mean 1SD 2SD 95% CI
Criteria acceptable values (2SD)
Bottom OD 0.132 0.056 0.112 0.020-0.244 0.108-0.156
Top OD 1.015 0.154 0.308 0.707-1.323 0.950-0.108
EC50 2.546 0.639 1.278 1.268-3.824 2.276-2.816
EC20 1.295 0.370 0.740 0.555-2.035 1.139-1.451
Hill slope 2.083 0.398 0.796 1.287-2.879 1.915-2.251

Fig. 4. Data plots per plate numbers for (A) Bottom OD, (B) Top OD, (C) Hill Slope, (D) ECs,, and (E) EC,,. The dashed red lines
represent respective means and the shaded areas signify 1SD and 2SD. (F) represents the experimental acceptable ranges of each data

criteria parameters calculated based on the mean + 2SD.

X Z3Z-8 Neuro-2a assay2] Al

Hlm A7

B Agdae 59 2484 Wl 31 AdA7F TTX
HZE4 Neuro-2a assays TH ¢ A5 A5t A7
N3 A FE AL H71e th(Fig. S(A), Table 2). A8
A H}E‘FOE Neuro-2a assay®] = 7FA] 7| (criteria)
2= __—g,_'].o] stgon, 7t 7129 AHoE Kim 529
A /HDiE] a]- .3 WA quahty control criteriax RCV,
COV™ % COV', **QCOV~ = QCOV™**Z H25m, RCV
o] AL 0.8 o)At S r|EFow AASAUY. COVE
0.3 ©]3}, COVE 0.8 o142l 7S F=3jof slv, QCov*
= ko] (02xRCV E3E ZH0.8xCOV+EZE hHF

p 3 6 4—
(0.8xRCV F4%= 7H02xCOVH+EEE 7h) Atolol $1x]8)

Al U (Intra-lab) 157

ST Aol E ATt A ®E QCOV™
e 7o R sk A 7 WsAdS
A3 CV%C zF 712 A 2.79%0014 26.15% AF
gold = A% TtH(Table 2).
T3 TTX W Neuro-2a assay?] ZHAA A 7]EX]
Ql 6709] data criteria % AF-E SISt ZF data
(EC,, 3%, EC, %k, Bottom ODZ%Y, Top OD3RE, Zj3ze] 7]
<71 9 R* 7He] AEARE CVY% w2 Bk A3, 0.90-
20.85% = =ZE AL, 53] EC, 7 CV%7t 9.61%=
Al el wHEAo] 38 g T ARG olE AHHk
24 9] Ao =EH meant2SD F H
ol& T3l A% data criteria 3L2
AN TH(Table 2). ole} 72 Axs

Qe

A
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Fig. 5. (A) Dose response curve from Intra-lab Neuro-2a assay on TTX for criteria setting experiment. Based on the established parame-
ters, three researchers (1,2, and 3) in a laboratory conducted the Neuro-2a assay under the same conditions. Neuro-2a cells were exposed
to eight concentrations of TTX standard for 24 h, in without OV(OV") and with OV(OV™) conditions at 600/60 uM. Data represent the
mean + SD in triplicate. (B) Dose response curve from Inter-lab Neuro-2a assay for criteria setting experiment. Based on the established
parameters, each researcher in three laboratories (1,2, and 3) conducted the Neuro-2a assay under the same conditions. Data represent the

mean £ SD in triplicate.

Table 2. Results of intra-laboratory Neuro-2a assay on TTX for criteria setting experiments

Criteria researcher Mean SD CV%
Labl-1 Labl-2 Labl-3

RCV >0.9 1.139 1.072 1.072 1.094 0.039 3.53

. cov >0.8 1.209 1.349 1.342 1.300 0.079 6.07

Q“al‘rtz e‘;‘i);tm] cov’ <03 0.089 0.153 0.128 0.123 0.032 26.15

QCOV >0.8 0.929 0.888 0.883 0.900 0.025 2.79

QCOV* - 0.299 0.337 0317 0318 0.019 5.96

Bottom OD <0.244 0.146 0219 0212 0.192 0.040 20.85

Top OD >0.707 0.813 0.948 0.972 0911 0.086 9.41

Data EC, (ng/mL)  1.268-3.824 2255 2.169 2.594 2.339 0.225 9.61

criteria EC, (ngmL)  0.555-2.035 1.443 1.446 1.574 1.488 0.075 5.03

HillSlope >1.287 3.106 3.421 2.774 3.100 0.324 10.44

R? >0.85 0.989 0.974 0.973 0.979 0.009 0.90
T3 TTX HES 938 Neuro-2a assay?] A4 U & ol FA|7F Yol A2 ko] AolRE 2 HEAS H
F/go] R, AW A gl 7S gl QA Ao=m FAdHETh Ol olE #HES BT 7IEA ok
s 2 2450 A3 AE #oh A F2aA TelsA
Th EC, 52l A%, CV%7E 12.77%= Ad o] g
Neuro-2a assay?] AEAl 2H(Inter-lab) Bi5/d U] A ZANA FAIYSNE B33 Neuro-2a assay A3 2
TTX BF54AE AFESIY] 3719 o2 73] Ag4Ad AEA o] =SS &2l tHTable 3). =3¢, inter-lab 28
A FYe 2o® AHS Fste] AFA ZHinter-lab) o] Aztsol AAE 7IE W el Ao 7129 A

HEAS EA48ATHFig. 5(B), Table 3). ZF Quality  HA%E ZAZ= Atk Table 3).

controloll thek HE AL EASH A} AFA 7+ CV% #
L 6.94-5857%Z =ZE A, 7} data criterial FHE 9
CV%E 131-55.17%% YEFSTHTable 3). ¥dwtdo g
CV%7t 30% ol w] HEAdo] &A™ tha =
L& Cvitel #&EE d=e COV'Ed Bottom OD FHo 2,

Neuro-2a assayZ O]-&9t 4,9-anhydroTTXe] TEF &l
£ AFoMe TTX HES 98] &% Neuro-2a assay
£ Z8ato] TTXS} 4,9-anhydroTTX] EC,, 7H2 AH&8l,
o|& vl g TEF @< <lskdieh. 2 A3, TTXS EC,,
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Table 3. Results of inter-laboratory Neuro-2a assay on TTX for criteria setting experiments

Criteria Lab Mean SD CV%
Lab 1 Lab2 Lab 3

RCV >0.9 1.072 0.979 1.150 1.067 0.086 8.02

' cov: >0.8 1.342 1.162 1.155 1.220 0.106 8.69
Q“allrtiyt ecr?;‘m’l cov* <03 0.128 0.117 0.030 0.092 0.054 58.57
QCOV- >0.8 0.883 0.807 0.926 0.872 0.060 6.94
QCOV* - 0317 0.289 0.254 0.287 0.031 10.98
Bottom OD <0.244 0212 0.177 0.056 0.148 0.082 55.17

Top OD >0.707 0.972 0.822 0.968 0.920 0.085 9.27
Data EC, (ng/mL)  1.268-3.824 2.594 2.534 3.174 2.767 0.353 12.77
criteria EC, (ng/mL)  0.555-2.035 1.574 1.563 2012 1.716 0.256 14.92
HillSlope >1.287 2.774 2.869 3.039 2.894 0.134 4.64

R? >0.85 0.973 0.996 0.995 0.988 0.013 131

110
100
90
80
70
60
50
40-
30
20
10

0-—

10~ 100 10° 102

Concentration (ng/mL)

® TTX
4,9-anhydroTTX

Relative absorbance(%)

ECs, (ng/mL) TEF
TTX 4.529 1
4.9-anhydroTTX 21.577 0.2098

Fig. 6. EC,, and TEF of TTX and 4,9-anhydroTTX from Neuro-
2a assay. Neuro-2a cells were exposed to eight concentrations of
TTX and 4,9-anhydroTTX standard for 24 h, in without OV(OV")
and with OV(OV") conditions at 600/60 uM. The ECy, values for
each toxin were calculated using a probit analysis. Data represent
the mean =+ SD in triplicate.

2 4529 ng/mL, 4,9-anhydroTTXE 21.577 ng/mLE =3
o™, TEF 2 0.2098% AH=E 1 tHFig. 6). 715 <
TF92] MBA AFoM= TTXS 4,9-anhydroTTXe] =79
o] z}z} 4,500 MU/mg3} 92 MU/mgS. = TEF 7+ 0.022
Bt} o] %3 Neuro-2a assay’} ThFdh S4
AAIES] A =8 E7tel| frashH, MBAS] Al W
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