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FOOTNOTES
1The views of the authors do not purport po reflect the positions of the
Department of th Army or the Department of Defense.
270 whoa correspondence should be addressed. Telephone number: (301) 663~
71381
3Abbreviations used: STX, saxitoxin; TTX, tetrodotoxin; HEPES, N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid; EDTA,
ethylénediaminetetraacetic acid; CPDA-1 plasma, citrate~phosphate-dextrose-

adenine-1 human plasma.




ABSTRACT
An assay is described which detects saxitoxin (STX) and tetrodotoxiﬁ
(TTX) by their competitive displacement of ‘?H]-saxitoxin from its receptor in
rat Srain membranes. The assay has a sensitivity of .15 ng STX/ml and .8 ng
TTX/=1 for buffer samples. The assay was also applied to detection of these
toxins in unextracted human plasma and found to have a sensitivity of .5 ng
STX/:l.and .6 ng TTX/ml. The competitive displacement assay appears to be the

most sensitive procedure yet for detection of STX and TTX.
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INTRODUCTION

Saxitoxin (STI)3 and tetrodotoxin (TTY) are among the most lethal non-
protein toxins known <LD§93 ~10 .gz/kg, i.p., mouse; ref 1). STY is one of the
"paralviic 3shellfish  poisons™ produced by dinoflazellates of the genus
> or:anisis can contaminate shellfish during periods of mass
prolifapration ("Hlooms"). Between 19?1 and 1977, some 170 human cases of
paralytic shellfish poisoning (none fatal) were reported in the U. S. and
Europe (2,3). Thnus, STX is a worldwide concerﬁ both to the public health
communitr (Y4) and the shellfish industry (5). TTX, found in the ovaries,
egzs, and liver of the puffer fish, is a public health concern only in Japan
whera puffer {ish is regarded as a delicacy (6). TTX poisoning kills about
100 per=ons annually in Japan (8).

STX and TTX have the same mechanism of action; both binq to a common
receptor associated with sodium channels in nerve and rnuscle membranes (7).
This binding prevents action potential propagation which is central to nerve
impulse conduction and musele contraction (6).

This paper describes a simple and sensitive method to detect these toxins
based on their ability to competitively displace &ﬁﬂ -labeled saxitoxin from
it3 receptor in rat brain membranes. The assay i3 easily capable of detecting
ng/ml levels of STX and TTX in isotonic buffer and in unextracted human
plasma, making it the most sensitive method yet for detecction of these

texins. Tnis assay may have applications in the scrrening of potentially

m

towxic shellfisn, in pharmacokinntic studies of STX and TTYX blood

concentritions in laboratory animals, and a3 a diagnostic or forensic tool in

sucpnctaed cases of 3TYX or TTX poisoning in humans.,




MATERIALS AND METHODS
Saxitoxin used to develop standard curves was obtained as a generous gift
from Dr. Edward.Schantz, University of Wisconsin. Saxitoxin for[?ﬁ}—labeling
was obtained from the Edgewood Arsenal, Aberdeen Proving Ground, MD 21010.
Tetrodotoxin was purchased from Calbiochem. N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES) was purchased from Sigma. Citrate-phosphate-

dextrose-adenine-1 (CPDA~1) human plasma was obtained troﬁ the Walter Reed

Army Medical Center blood bank, Washington, DC. EDTA-anticoagulated humén

plasma was obtained from the U. S. Army Medical Research Institute of
Infectious Diseases clinical laboratory, Frederick, MD 21701.

Rat Braip Membranes. Ten male . Sprague-Dawley rats (250-300 g) were

individﬁally killed by CO, asphyxiation. The brains were removed, suspended
each in 20 ml of .32 M sucrose, 5 mM sodium phésphate, pH 7.4 (buffer A), and
homogenized'with 10 strokes of a motor-driven Teflon glass homogenizer running
at 900 rpm. The homogenate was centrifuged at 1000 x g for 10 min. The
supernatant was saved while the pellet was resuspended in 20 ml of buffer A
per brain and recentrifuged at 1000 x g for 10 min. The supernatants were
pooled and centrifuged at 12,000 x g for 20 min. The pellet was retained
being careful to exclude the dark, densely-packed material at the. bottom
(mitochondria). The total pellet from 10 brains was suspended in 250 ol of
buffer A and centrifuged at 12,000 x g for 20 min. The pellet was suspended
in approximately 5 times its volume of buffer A and was separated into 1 ml
aliguots in é ml disposable Eppendorf centrifuge tubes. Approximately fifty 1

ml aliquots were obtained from the homogenization of ten brains. These




samples were quick-frozen in liquid N2 and stored for several months at
-70°C. The concentration of protein per ml for each batch of membranes was

t al. (3). Membrane concentrations

determined using the procedure of Lowry,
were typically 8-10 mg protein/ml, depending on the batch of membra+es.

[38]—quitoxin. STX was tritium-labeled by New England Nuclear Corporation

and subsequently purified by high voltage paper électrophoresis according to
the procsdure of Ritchie, et al. (9). Fractions eluted from the 'paper
electrophoretogram were analyzed for {3H}—STX using the fluorimetric procedure
of Bates and Rapoport (10). Fractions containing {?H]-STX were pooled and the
final concentratién of STX was again determined uscing the Bates and Rapoport
procedure. The radiochemical purity of ghe [39]—STX was determined to be 33%
using the procedure of Catterall and Morrow (i1). The specific acﬁivity of

the [?é]_STX was found to be approximately 3.3 Ci/mmol. [3é}—STX Was stored at

-20°C for up o 6 months.

2

tandardization of Eﬁj =S5TX and Membranz Concentrations for the Competitive

Displacement Assav. ‘The concentration of [3H] ;STX to be used with a
particular batch of membranes was standardized based on the ‘}é]—STX specific
binding curve, obtained as follows. Rat brain membranes were suﬁpended at 17
mg protein/ml in 1.5 ml of 20 =M HEPES, 140 mM NaC1, 6 =M EDTA, pH 7.5 (buffer
B) containing @H]-STX ranging from .11 to 10.6 nM. Parallel samples were
prepared centainins an additional 5 uM unlabeled 3TX. All samples were
allowed to equisidrate at 4°C for 1 h. Samples were then filtered through
Whatman GF/F filcers and the filters rapidly washed in 10 ml ice—coid isotonic
HZPES  buffer, The membrane-bound @H] -ST{ trapped on each filter was

quantitated by immersing the filter in 10 ml scintillation fluid and

k)

enunting. The specifically-bound EH]‘STX was determined bv subtracting




non-specifically bound [3‘1] =3STX (measured in the presence of 5 y M STX) from

. the total bound [3.‘{] -STX (measured in the absence of 5 uM STX) according to

published procedures (11,12). The concentration of [3H] ~3TX used in the

'competitive displacement assay was that which saturated two-thirds of the

specific saxitoxin receptors when meambranes were suspended at .17 mg
protein/ml.‘ For the membranes used to produce the data in this paper, this

concentration of [33] -STX was 1.45 nM.

Procedure for the Competitive Displacement Assay. Samples of isotonic buffer

containing STX or TTX were analyzed as follows. One-half ml of buffer sample
was combined with .5 ml [33‘_‘ -STX (at a concentration determined by the above
standardization procedure) followed by .5 ml of rat brain membranes (.5 mg
protein/nol); [31‘1]--6'1'1( and membranes were suspended in buffer B. Assay
mixtures were incubated at U4°C for 1 h (enough time to reach Yinding
equilibrium), One ml of each mixture was then t‘il‘tered through a Whatman GF/F
filter and washed rapidly witbh 10 ml ice-cold isotonic buffer B. The filter
was added to 10 ml scintillation fluid, allowed to equilibrate at rocm
éemperature for 1 h, and counted for 2 min to determine the amount of
menbrane-bound (3(4] ~3TX. All buffer samples were analyzed in duplicate. The
amounts of membrane-bound [3&1—_} -STY for both determinations were averaged and
expressed ’as a fraction of [3H] ~STYX beund in the presence of buffer
containing no unlabeled toxins; i.e., B/B°. 89 was determined as the average
of six determinations with blank buffer. B/BY values for each sample were
comparad to a standard displacement curve obtained by measuring 4 [3}{] -STX

binding in the presence of standard solutions of STX or TTX in buffer.




Samples of huxzan plasma containing STX or TTX were analyzed as above with

the following exceoptions. Prior to being assayed all plasma samples were
filtered through Whatman GF/F filters to remove cells and other insolubi-
materials. Plasma samples for random analysis were prepared in individual
samples of EDTA-anticoagulatad human plasra. B® was determined using a pooled

sample of EDTA-anticoagulated plasma containing no toxin. Standard plasma

samples were prepared using a pooled sample‘ of CPDA-1 human plasma.




RESULTS

r— ——— ———— o———— ——

. Detantion of STX. and TTX in Isotonic Buffer, Figure 1a illustrates the
displacement of PH]—STX from rat brain membranes by unlabeled STX in buffer
3. Zach assay saapie consists of .5 ml buffer containing the indicated
csoncantration of unlabeled toxin + .5 ml [ﬁa ~STX (a concentration which
saturated 273 of the STY receptors) + ,é ml membranes (.5 mglprétein/mij.

7 ’
Membrane-bound L’HJ -STX was measured using a rapid filtration procedure

described in Methods. The error bars in Figure 1a depict the mea.. +/~ 2

standard deviations on 6 determinations. The bars extend +/- 5% from the mean
indicating good precision in our [35]-STX binding measurements. The useful

range of this displanement curve for detectien of STX is between .15 and 10

_ng/ml corresponding to B/Bo values of .9 and .2.
Figure 1b shows the displacement of {}H]-STX'from rat brain membranes by
TTX in isotonic HEPES buffer. Displacement of EH]-STX by TTX occurs at
sligzhtly higher concentrations of TTX and over a broader concentration range
than observed for STX. Nevertheless, the TTX standard curve still has a

useful range of .8-70 ng TTX/ml.

The accuracy of the assay for buffer sambles was determined byianalyzing
random samples containing STX or TTX. The STX samples ranged from .70 to 9.50
.ng/ml; TTX samples ranged ‘from 1.7 to 54.8 ng/ml. 'In. representativg

experiments the mean ratio of STXapparent to STX;opyal Was 1.16 +/~ .14 (1 SD;

3
u

19) and the mean ratio of TTXapparent to TTXopyal Was 1.08 +/- .10 (1 3D;

3
it

(Ve

~
.

Datantian of STY and ITX in Human Plasan. To be a useful technique, the

competitive dinplacement assay muat be capable of .detecting STX and TTX in

compiax mixtures. We decided, therefore, to apply the assay to detection of




se toxins in human plasma. Figures 2a and 2b show the displacement of
2yl e . . ~ o
Lﬁ]-o;i from rat brain membranes by STX and TTX in CPDA-1 human plasma. The

n~up periormed on the toxin-spiked plasma samples prior to being

o]
3
Vo
"
[9]
ot
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ot}

assayed was filtration through Whatman GF/F filters to remove cells and other
>luble material, As Figure 2 indicates, the competitive displacement assay

is axtremely sensitive at detection of STX and TTX in human plasma, even with

the m;nx:al clezn-up of wusamples. The wuseful range for detectiion cof STX
(Fijure 2a) is .5 to 40 nz 3T7X/ml plasma. The useful range for detection of
10 (Figure 2b) is .6 to 110 ng TTX/ml plasma.

The accuracy of the assay in plasma samples was determined by analyzing
random sanples of EDTA-anticoagulated plasma containing STX or TTX. Each
sample consisted of plasma taken from a different individual which had been
spiwed with a  known amount of ‘toxin. STX samples were within the
conzentration range W70 to 9.50 ng STY/ml; TTY camples were within the range

1.1 to 534.3 ng/ml, In representative experiments the mean ratio of

STK:::arnnt to ST a1 was 1.10 +/- .10 (1 SD; n = 9) and ths mean ratio of
TTIzppar@nt to TTX e yq1 WAS .85 +/~ .06 (1 SD; n = 8).




DISCUSSION
The competitive displacement assay is the most sensitive procedure yet
for the detection of STX or TTX (Table 1). This assay is able to accurately
quantitate ng/ml levels of these toxins in isotonie buffer and in human

plasma. t is a simple procedure requiring a liquid scintillation counter as

the only major item of equipment. Thus, the competitive displacement assay is

b -

10

a technique for detecting STX and TTX which should be within the capabilities

of many laboratories.

The competitive displacement assay détects STX and TTX by their specific
binding to the sodium channel. The procedure is analogous to an immunoassay
which datects compounds by their specific binding to the IzG molecule.l The
displacement assay, however, Eas tWwo advantages over an immunoassay: 1) it
does not require the tedious and sometimes difficult development of toxin-
spécific antibodies, 2) it détects these toxins 6ot on molecular antigenicity
but oﬁ thg basis of binding to the sodium channel, a chéracteristic morea
direetly related to toxizity.

The prim ry'lihitatioﬁ of this assay 13 that 1t cannot distineguish one
sodium channel blocke~ from another; i.e., STX‘froh TTX. Furthermore, this
assay cannot distinguish SfK from the other "STX-1like" rparalytic shellfish
poisons produced hy dinoflagellates of the gznus Gonvaulax (13). Ancther
limitation -of . the assay is imposed because monovalent cations affect the
hindinz ¢f STX to its receptoer (1), makin~ it more difficulti to analyuze

samples of variable salt concentraticn; for example, urine,




The competitive displacement assay has several possible applications.
This assay should be applicable to screening shellfish for paralytic shellfish
poisons. he U. S. Fobd and Drug Administration has stipulated that the
maximum allowable concentration of STY in shellfish is 80 ug/100 g shellfish

1. (15), this level of

meat. Under the extraction conditions of Schantz, et
toxicity would result in .4 ug STX/ml extract. The cowmpetitive displacement
assay is capable of detecting 1/1000th of this concentration which means that
shellfish extracts could be diluted 100~ to 1000-fold in isotonic HEPES huffer
and assayed by the same approach used to analyze buffer samples. As evident
from the above paragraph, the results of assaying shellfish could be expressed
as "STZ-equivalent uni:s" with the understanding that paralytic shellfish
poisons in general are teing detcocted and not just STX.

The competitive displacement assay may also have applications in
pharmacokinetic studies of ST{ or TTA concentrations in the blood of
intoxicated laboratory animals. Finally, the displacement assay may have
applications a3 a diagnestic or forensic tool in suspected cases of human STX

or TTY poisoning.

1




12

ACKNOWLEDGEMENTS
The authors thank SPU Roger P. Pickering for his outstanding technizal

assistance, Ms. Marian Bloxton for typing the manuseript, and Drs. Jchn

Hewetson and John 0'Brien for their review of the manuseript.




REFERENCES
3ower, D. J., Hart, R. J., Matthews, P. A., and Howden, M. E. H.
(1981) Clin. Texiecnl. 18, 813-865. |
Hushes, J. d. (1372) in Toxic Dinoflazellate Blooms (Taylor; D. L., and
Selizer, H. H., eds.), Vol. 1, ps. 23-28, Zlsevier/lorth Holland, New
Tork.
Luthy, J. (1973) in Toxic Dinoflagellate Blooms (Taylor, D. L., and

Seliger, H. H., eds.), Vol. 1, pp. 15-22, Elsevier/North Holland, New

Clem, J. D. (1979) in Toxic Dinoflagellate Blooms (Taylor, D. L., and

Selizer, H, H., eds.), Vol. 1, pp. 33-3%, Elsevier/North Holland, New

Lutz, R, A., and Ineme, L. S. (1979) 4in Toxiec Dinoflagellate 3Bloenms
(Tayler, D. L., and Selircer, H. H., eds.), Vol. 1, pp. 476-433,
Elseviar/North tolland, New York.

Kao, C. Y. (17296) Phrarmacol. Rev. 18, 907-1049,

Ritehie, J. M., and Rogart, R. B. (1977) Rev. Phvzinl. Biochem.

Pharmacol. 79, 1-30.

Lowry, O. i., Rouehrouch, N, J., Farr, A. L., and Randall, R. J.

/\
N
)
J
L
-
Je
.
fes
ke
2

1. Chen. 193, 265-275.

Ritchie, J. M., Rosart, R. B., and Strichartz, G. R. (1970) J. Phvsiol.

Bat-s, Ho A., and Rapsport, H. (1975) J. Aar. Food Chem, 23, 237-210,

Cattorall, W. A., and Merrow, C. S. (1973) Proe, Natl. Acad. Sci. 75,

13




14.

15.

17.

18.

19.

20.

Xruegar, B. K., Ratzlaff, R. W., Strichartz, G. R., and Blaustein, M.
P. (1979) J. Memdrane Biol. 50, 287-310.

Hall, S., Reichardt, P. B., and Yeve, R. A. (1980) Biochem. Biophys.

Res. Coma. 97, 649-653,

Weisele, J. 3., and Barchi, R. L. (1978) FEBS Lett. 95, 49-53.

Schantz, . J., McFarren, Z. F., Schafer, M. L., and Lewis, K. H.

(1958) J. Assoc. Off. Agr. Chen. B1, 160-168.

Sullivan, J. J., and Iwaoka, W. T. (1983) J. Assoc. Off. Anal. Chem.

66, 297-303.

Gershey, R. M., Neve, R. A., Musgrave, D. L., and Reichardt, F. B.
(1977) J. Fish. Res. Board Can. 34, 559-563.

MoFarren, £. F., Schantz, E. J., Campbell, J. E., and Lewis, K. H.
(1953) J. Asanc. Off. Azr. Chem. 42, 399-104,

Shoptauch, M. H., 8upkley, L. J., Ikawa, M., and Sasner, J. J. (1978)
Toxicon 16, 509-513.

Munez, M. T., Fischer, S., and Jaimovich, E. (1976) Anal. Biochem. T2,

320-325.

14




FIGURE LEGENDS

FIG. 1. [3H] -3TX displacement from rat brain membranes by unlabeled STX
(A) and unlabeled TTX (B) in isotoni- buffer, pH 7.5. One-half ml of buffer
containinz the indicated concentration of toxin, .5 ml [3H] -STX (4.35 nM), and
.5 ml rat brain membrznes (.5 mg protein/ml) were combined and incubatad at
92 for 1 h. The buffer for all three components was 20 mM HEPEs; 180 oM
NaC1, 6 mM EDTA, »H 7.5. After the 1 h incubation, [3H] -STL binding to
membranes was determined as described in Methods. Bguffer z membrane—bgund{3H]
-3TX in the presence of buffer containing toxin; Bobuffer = membrane-bounde]
-3TX in the presence of buffer without toxin. ' Cireles without error bars
indicate single dotzrminaticns. Circles within erﬁof bars are the mean of six
determinations. The error bars indicate +/- 2 standard doviations,

FIG. 2. [_331 -3TX displacement from rat brain membranes by unlabeled STY
74) and unladbeled TTX (3) in human plasrr;-a. Unlabeled STX and TTX were added
*o aliquots of CPDA~1 human plasma. Each sample of toxin-spiked plasma was
filtered thoush a Whatman GF/F filter to remove cells and other insoluble
material. One-n2lf =l of plasma containing the indicated concentration of
toxin, .5 ml [35{] -3TX (4.35 nM), and .5 ml rat bdrain membranes (.5 =g
protein/ml) were combinad and incudated at 4°C for 1 h. [3.‘1] ~STX and rat

brain membranes wers suspended in 20 mM HEPES, 140 mM NaC1, 6 mM EDTA, i

7.5. After the 1 h incubation, [3!‘] -53TX binding to membranes was determined

1}

as descrited in Hethods, leasmn membrane-bound [3?{]—.‘5'1‘)( in the presence of

= membrane-bound EBH] -3T¥ In the presence of

P : fo}
Tam= i ¥e win: T
plazma containing toxin,; 3 nlasma
plasma without toxin. Cirecles withont error bars indicatz single
deterninations. Cirnles  within  error bars are the nmean of  six

detarminaticas. The error bars inticats /- 2 stondard daviations.,
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. TABLE 1 ' 3
/ ,
/ i
v : SEINSITIVITY OF ASSAYS FOR SAXITOXIN AHD TETRODOTOXIN
Azsay Minimum detectable Minimum detectable
concentration of concentration of
saxitoxin . tetrodotoxin
Competitive displacement .15 ng/mid .8 ng/ma
assay (this paper)
Sullivan and Iwaoka (16) .5 ng 2.8 ' K
Bates and Rapoport (10) 1.5 ng/mlp- |
Shoptaugh et al. (19) 20 ng S1d i
Gershey 2t al. (17) 200 ng/m2
Schantz et al. (15) 200 ng/ml2 200 ng/ml2 ‘
(mouse bioassay) )
MeFarren et al. (18) " 500 ng/mi2 j
Nunez et al. (20) ‘ 64.2 ng/mld
2 Measured in buffer.
b Measured in seafood extract.
£ Sensitivity not given in terms of concentration.
4 Measured on a TLC plate.
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