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Abstract

Efficient extraction and accurate analysis of lipophilic brevetoxins (PbTxs), produced by the harmful algal bloom (HAB) species Kare-
nia brevis, are essential when assessing the toxicological potential of this dinoflagellate. One of the most commonly used brevetoxin
extraction methodologies employs C18 solid-phase extraction (SPE). In this study, C18 SPEC discs were tested for extraction of spiked
PbTx-3 in seawater and naturally produced brevetoxins from K. brevis. Quantification of brevetoxin in the extracts was determined using
four independent methods: receptor binding assay (RBA), radioimmunoassay (RIA), neuroblastoma (N2A) cytotoxicity assay, and
liquid chromatography/mass spectrometry (LC/MS). In addition to quantification of the brevetoxin concentration, LC/MS analysis pro-
vided identification of individual congeners and each of their hydrolyzed products. SPEC disc extractions prepared from sonicated cul-
tures of non-brevetoxin-producing Karenia mikimotoi cultures spiked with PbTx-3 yielded extraction efficiencies of 108, 99, and 125% as
determined by the RBA, RIA, and N2A cytotoxicity assay, respectively. In SPEC disc extracts of brevetoxin-producing K. brevis (isolate
SP3) cultures, LC/MS analysis yielded the highest total concentrations, possibly due to the concurrent detection of hydrolytic brevetoxin
congeners that accounted for up to 20% of the congener profile. Relative to the brevetoxin concentration as determined by LC/MS, the
RBA, RIA, and N2A cytotoxicity assay detected 73, 83, and 51% of the total brevetoxin concentration. Stability experiments demon-
strated that brevetoxins remain stable on the SPEC discs for at least 30 days, making this extraction method suitable for shipboard
collections.
© 2007 Elsevier Inc. All rights reserved.
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Harmful algal blooms of the toxic dinoflagellate Karenia
brevis (formerly Gymnodinium breve and Ptychodiscus bre-
vis) are prominent in the U.S. Gulf of Mexico along the
west Florida shelf [1] and along the coast of New Zealand
[2]. Economic losses in the United States attributed to this
toxic algal species exceed U.S. $38 million annually, due
primarily to contamination and mortality of fishery
resources as well as to lost tourism revenues [3]. The harm-
ful effects of K. brevis result from production of potent neu-
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rotoxins called brevetoxins (PbTxs)' that bind with high
affinity to site 5 of voltage-gated sodium channels (VGSCs)
[4]. On binding, brevetoxins cause a shift in the threshold
potential for channel activation concurrent with inhibition

' Abbreviations used: PbTx, brevetoxin; VGSC, voltage-gated sodium
channel; NSP, neurotoxic shellfish poisoning; SPE, solid-phase extraction;
RBA, receptor binding assay; RIA, radioimmunoassay; ELISA, enzyme-
linked immunosorbent assay; N2A, neuroblastoma cytotoxicity assay;
LC/MS, liquid chromatography/mass spectrometry; BSA, bovine serum
albumin; PBS, phosphate-buffered saline; EDTA, ethylenediaminetetra-
acetic acid; SIM, selected ion monitoring; ANOVA, analysis of variance;
amu, atomic mass units.
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of the inactivation, resulting in enhanced Na™ ion influx
and excitotoxicity [4,5].

Brevetoxins associated with blooms of K. brevis can eli-
cit various effects on marine organisms and humans. Cell
densities as low as 10° cells/L have been documented to
cause acute respiratory irritation from wave action that
aerosolizes the brevetoxins from lysed K. brevis cells,
whereas slightly greater concentrations of more than
5x10° cells/L can induce neurotoxic shellfish poisoning
(NSP) in humans ingesting contaminated shellfish [6,7].
Cell densities of more than 10° cells/L can result in massive
fish kills, and cell densities of more than 10° cells/L also
cause water discoloration [6].

K. brevis samples collected for brevetoxin analysis often
require processing for concentrating these lipophilic toxins
and eliminating interfering matrices. The most commonly
used methods for extracting brevetoxins from seawater
are solid-phase extraction (SPE) techniques such as those
that employ C18 columns or SPEC discs [8]. Multiple
methods can be used for quantifying either individual
brevetoxin congeners or composite brevetoxin-like activity
such as a receptor binding assay (RBA) [9], a radioimmu-
noassay (RIA) [10-12], an enzyme-linked immunosorbent
assay (ELISA) [13], a neuroblastoma (N2A) cytotoxicity
assay [14], and liquid chromatography/mass spectrometry
(LC/MS) [15].

In this article, we characterize the SPEC disc methodol-
ogy for extracting brevetoxin from brevetoxin-producing
cultures of K. brevis and PbTx-3 from spiked nontoxic cul-
tures as detected using four analytical methods: RBA,
RIA, N2A cytotoxicity assay, and LC/MS. We demon-
strate that this SPE method can extract multiple brevetoxin
congeners, including the recently identified brevetoxin
hydrolytic congeners, and is readily applicable for field
sampling.

Materials and methods
Cultures

All experiments employed batch cultures of either
Karenia mikimotoi (strain NOAA-2, isolated by S. Morton,
Marine Biotoxins Program, Charleston, SC, USA), origi-
nating from the east coast of Florida, or K brevis (strain
SP3, isolated by T. Villareal, Marine Science Institute, Uni-
versity of Texas at Austin, TX, USA), originating from the
Texas Gulf coast. Cultures were grown in f/2 seawater
medium with added selenium [16] under 70 to 100 pE/
m?/s on a 16:8-h light/dark cycle at 20 °C. Samples were
removed from exponentially growing cultures for experi-
mental analysis, and cell concentrations were determined
by light microscopy using a Palmer-Maloney counting
chamber.

To assess the efficiency of the brevetoxin extraction
method, cultures of the non-brevetoxin-producing K. miki-
motoi were used as a matrix control. Whole cultures were
disrupted on ice with a probe sonicator (Branson Sonifier,

model 450, Branson Ultrasonics, Danbury, CT, USA) by
pulsing at 40% output for 3 x 1-min intervals. Complete
cell lysis was confirmed microscopically. One-half of a son-
icated culture was spiked with a final concentration of
350 ng/ml PbTx-3 standard reference material (Calbio-
chem, San Diego, CA, USA). The remaining half of this
culture served as an unspiked control, and an equivalent
amount of the methanol vehicle (0.035%, v/v) was added.
Subsamples of both the brevetoxin-spiked and vehicle con-
trol cultures were stored frozen at —20 °C for direct (i.e.,
no extraction) analysis of brevetoxin in the seawater.

To evaluate the extraction and measurement methods
using naturally produced brevetoxin, exponentially grow-
ing cultures of K. brevis (strain SP3) were sonicated as
described above and processed accordingly. Additional ali-
quots of sonicated samples were stored at —20 °C for direct
analysis of brevetoxin in the seawater.

Standard solid-phase SPEC extraction of brevetoxins

SPE of brevetoxins from sonicated cultures of toxic K.
brevis and PbTx-3-spiked cultures of K. mikimotoi were
performed using C18 SPEC discs (Varian Chromatogra-
phy, Lake Forest, CA, USA). SPEC discs are 47 mm
C18AR SPE discs consisting of two glass fiber filters
encasing C18 resin. Discs were supported using an
Empore six-station vacuum manifold (Varian Chromatog-
raphy) and preconditioned with 20 ml of methanol (100%)
followed by 20 ml of high-purity Milli-Q water. Sonicated
culture samples (10 ml of spiked or nonspiked K. mikimo-
toi or 40ml of brevetoxin-producing K. brevis) were
applied to the discs and filtered at a flow rate not exceed-
ing 50 ml per minute, allowing adsorption of brevetoxin
onto the CI8 resin (maximum vacuum pressure = 35 kPa).
Salts and debris were removed with 60 ml of Milli-Q
water, and the discs were dried for 5 min. Using the stan-
dard extraction protocol, brevetoxins were eluted with
20 ml of methanol (100%) and then dried by centrifuga-
tion using an SC210A SpeedVac Plus (Thermo Savant,
Milford, MA, USA). Dried extracts were resuspended in
I ml of methanol and stored at —20 °C until analyzed
for brevetoxin by the methods described below. It should
be noted that extensive studies of elution solvents and
drying techniques have shown methanol to be a superior
elution solvent, although some loss of brevetoxin can
occur during the drying process. However, toxin profiles
remained relatively constant during these procedures
(data not shown).

Modified solid-phase SPEC extraction of brevetoxins

For examination of toxin stability on the SPEC discs for
long-term storage (i.e., 1 month) following shipboard col-
lections, a modified elution protocol (i.e., modified extrac-
tion) was used. After filtration of the sample, discs were
rinsed and dried under vacuum as described above for
the standard extraction protocol; however, brevetoxins
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were not eluted immediately with methanol but instead
were stored frozen at —20 °C. Following a specified time
period (0, 7, 15, or 30 days), triplicate discs were extracted
in 50-ml centrifuge tubes by the addition of 20 ml methanol
and incubated on a shaker (60 rpm, Titramax 100, Hei-
dolph Instruments, Cinnaminson, NJ, USA) for 20 min
at room temperature. The methanol extract was removed
and dried as noted above. Day 0 SPEC discs extracted
using the modified shaking SPEC extraction protocol were
frozen at —20 °C for 1 h.

Brevetoxin measurement by receptor binding assay

The brevetoxin RBA is a functional bioassay in which
an unknown quantity of nonradiolabeled brevetoxin (stan-
dards or samples) competes with radiolabeled brevetoxin
(PHJPbTx-3, Amersham Biosciences, Piscataway, NJ,
USA) for the site 5 receptor of the VGSC. Crude mem-
branes prepared from rat brain provide the biological
receptor [9,17]. The assay was performed in a 96-well plate
format, and all samples were run in triplicate. Here 5 pl of
sample extracts or PbTx-3 standards was diluted in 30 pl of
ice-cold brevetoxin binding buffer (50 mM Hepes buffer
[pH 7.4], 130 mM choline chloride, 5.5 mM glucose,
5.4 mM potassium chloride, 0.8 mM magnesium sulfate,
1 mg/ml bovine serum albumin [BSA], and 0.01% Emulo-
phor-EL 620) just prior to the addition of 35pul of
[*HJPbTx-3 (1.51 nM final) and 140 pl of the rat brain
membrane preparation (1 mg protein/ml). For each assay,
competition standard curves for assay calibration were
generated using PbTx-3 (Calbiochem) concentrations rang-
ing from 107> to 10~'" M (final). After incubating for 1 h at
4 °C, the contents of each well were transferred to a 96-well
glass fiber filter mat (PerkinElmer, Boston, MA, USA), fil-
tered, and washed twice with brevetoxin binding buffer
(4 °C). The filter mat was dried on a slide warmer, sealed
in a plastic bag with solid wax scintillant (MeltiLex, Perk-
inElmer), and heated at approximately 60 °C for 1 min or
until the wax scintillant was completely melted. Once
cooled, the mat was counted directly in a microplate scin-
tillation counter (Microbeta 1450, PerkinElmer). Sample
extract concentrations were determined using MultiCalc
software (PerkinElmer, Finland) based on the PbTx-3 com-
petition standard curve run in parallel. Quality control of
each assay was evaluated by testing a known concentration
of PbTx-3 (10.5 nM final). Data are expressed as PbTx-3
equivalents per milliliter.

Brevetoxin measurement by RIA

RIAs were performed using a sheep antiserum prepared
against a PbTx-2—fetuin conjugate [18] as described previ-
ously by Baden and coworkers [11] and Poli and coworkers
[10]. RIAs were run in triplicate tubes (final assay volume
of 500 pul) containing PbTx-3 standard or the sample with
anti-PbTx-2 antiserum (1:4000) and [PHJPbTx-3 (0.4 nM)
in phosphate-buffered saline (PBS) supplemented with

0.01% Emulphor-EL 620 (GAF, New York, NY, USA).
The tubes were placed on a shaker (Titramax 100) and
incubated for 1 h, after which Sac-Cel (Alpco Diagnostics,
Windham, NH, USA) was added to achieve separation of
bound and unbound brevetoxin. Antibodies were filtered
onto 25-mm glass fiber filters, and each assay tube was
rinsed with PBS (3 X2 ml) using a 48-sample Semi-Auto
Harvester (Brandel, Gaithersburg, MD, USA). The filters
were placed in 5.0 ml of ScintiVerse (Fisher Scientific,
Suwanee, GA, USA), and the radioactivity was determined
on a Tri-Carb 3100TR Liquid Scintillation Counter (Pack-
ard—PerkinElmer, Wellesley, MA, USA). Data were ana-
lyzed with GraphPad Prism software (version 4.01,
GraphPad Software, San Diego, CA, USA) by a sigmoidal
concentration—response (variable slope) curve and
expressed as PbTx-3 equivalents per milliliter.

Brevetoxin measurement by N2A cytotoxicity assay

The N2A cytotoxicity assay developed by Manger and
coworkers [14] was used, with some modification [19], to
quantify the toxic activity in extracts from K. brevis and
PbTx-3-spiked K. mikimotoi cultures. This assay is based
on the combined cytotoxic activity of ouabain (0.5 mM),
veratridine (0.05 mM), and sodium channel activator tox-
ins such as brevetoxin. N2A cells were harvested by appli-
cation of trypsin—ethylenediaminetetraacetic acid (EDTA)
solution and plated into a 96-well plate (Costar, Cam-
bridge, MA, USA) 24 h prior to treatment at a density of
30,000 cells/well in 100 ul of RPMI growth medium supple-
mented with 5% fetal bovine serum and 1 mM sodium
pyruvate. After 20 h of treatment with known PbTx-3 con-
centrations, vehicle controls (methanol), or triplicate sam-
ples (1 pl in methanol), cell viability was measured using
the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetra-
zolium bromide) CellTiter 96 nonradioactive cell prolifera-
tion assay (Promega, Madison, WI, USA). Data were
analyzed with GraphPad Prism software by a sigmoidal
concentration—response (variable slope) curve and
expressed as PbTx-3 equivalents per milliliter.

Brevetoxin measurement by LCIMS

LC separations were performed on a Luna C8(2) column
(150 x 2 mm, 5 pm, Phenomenex, Torrance, CA, USA)
using an Agilent Technologies 1100 LC system (Palo Alto,
CA, USA). Mobile phase was water (A) and acetonitrile (B)
with 0.1% acetic acid additive. The LC gradient was as fol-
lows: 2 min 50% B with a linear gradient to 80% at 22 min,
95% B at 23 min and held for 6 min, returned to 50% B at
30 min and held for 7 min prior to the next injection. The
mobile phase flow rate was 0.2 ml/min. The eluant from
the LC was analyzed by an Applied Biosystems/MDS Sciex
4000 QTRAP triple quadrupole/linear ion trap mass spec-
trometer equipped with a TurbolonSpray interface (Foster
City, CA, USA). For quantification of toxin congeners, LC/
MS was operated in positive ion mode using selected ion
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monitoring (SIM). For identification of the toxin congen-
ers, LC/MS was operated either in positive or negative
ion using full scan mode or in positive ion using enhanced
product ion scan mode. Because standards for many toxin
congeners are not available, the data are expressed in
PbTx-3 equivalents per milliliter for quantification pur-
poses. Tons monitored (with corresponding mass/charge
ratios) included PbTx-1 (m/z 867), PbTx-7 (m/z 869),
hydrolytic PbTx-1 (m/z 885), hydrolytic PbTx-7 (m/z 887),
PbTx-2 (m/z 895), PbTx-3 (m/z 897), PbTx-9 (m/z 899),
hydrolytic oxidized PbTx-1 (m/z 901), oxidized PbTx-2
(m/z 911), hydrolytic PbTx-2 (m/z 913), hydrolytic PbTx-3
(m/z 915), PbTx-927 (m/z 927; PbTx-2 adduct), and hydro-
lytic oxidized PbTx-2 (m/z 929).

Statistical analysis

Sample calibration for the RBA, RIA, and N2A cyto-
toxicity assay was performed by sigmoidal concentration—
response analysis using GraphPad Prism software and
expressed as PbTx-3 equivalents. RBA, RIA, and N2A
cytotoxicity assay data are presented as means + standard
deviations. Significant differences between means were
assessed by an analysis of variance (ANOVA) followed
by a Tukey multiple ¢ test with P <0.01 being considered
significant.

Results
Extraction efficiency

The normalized extraction efficiencies of the C18 SPEC
disc method from spiked samples as determined using the
RBA, RIA, and N2A cytotoxicity assay are shown in
Fig. 1. Triplicate extractions of the PbTx-3 spiked into
K. mikimotoi cultures (1.5—4.3x 107 cells/L) using this
method consistently showed near quantitative recovery,
108 &= 11, 99 £ 16, and 1254+ 31% for RBA, RIA, and
N2A cytotoxicity assay, respectively. No significant differ-
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Fig. 1. Brevetoxin (PbTx-3) extraction efficiency using the SPEC disc
method. PbTx-3 was spiked (350 ng/ml final) into sonicated cultures of K.
mikimotoi, a mnon-brevetoxin-producing dinoflagellate. Extracts were
analyzed by RBA, RIA, and N2A cytotoxicity assay. Data (means & SD)
are normalized to the amount of spiked brevetoxin.

ences were observed among the RBA, RIA, and N2A cyto-
toxicity assay detection methods for the spiked PbTx-3. To
assess potential algal matrix issues, matching nonspiked K.
mikimotoi control samples were extracted in parallel but
revealed no brevetoxin-like signal for any of the extracts
at the dilutions used in the brevetoxin spike experiments
(data not shown). Spiked samples that were applied
directly to the RBA (i.e., without SPEC disc extraction)
yielded brevetoxin concentrations representing only
9.5 £+ 6% of the spiked amount. This finding suggests that
seawater/algal matrices must be removed or reduced suffi-
ciently for quantitative recovery and analysis by the RBA.

Extraction and measurement of brevetoxins from K. brevis
cultures

Relative to LC/MS, the RBA, RIA, and N2A cytotoxic-
ity assay detected 73, 83, and 51% of the total brevetoxin
concentration (Fig. 2). LC/MS analyses revealed that
PbTx-2 was the major congener (~56% of the total),
whereas PbTx-3, PbTx-1, and PbTx-7 represented approx-
imately 9, 4, and 1% of the total brevetoxin, respectively
(Table 1). In addition, hydrolytic products of PbTx-3
(~9%), PbTx-2 (~5%), PbTx-7 (~2%), and PbTx-1
(~2%) were also detected by LC/MS and represented
approximately 20% of the brevetoxin in the SPEC disc
extracts (Table 1). Due to the lack of corresponding breve-
toxin congener standards, all data are expressed as PbTx-3
equivalents. Extraction of the separate culture replicates
generally yielded brevetoxin quantities that were directly
proportional to cell densities. One exception where the
brevetoxin quantity was not proportional to cell density
was with the third replicate culture; this lower density cul-
ture produced a midrange brevetoxin response by RIA.
The brevetoxin profile may be influenced by cell density
such that this particular culture contained an unknown
brevetoxin congener(s) not currently detected by LC/MS.

Stability of brevetoxin on SPEC discs

Exponentially growing K. brevis SP3 cultures (40 ml at a
density of 2.9x 107 cells/L) were sonicated and filtered
through SPEC discs. At time 0, one set of SPEC discs
(day 0, standard extraction) were extracted according to
the standard method (see Materials and methods) and a
total of approximately 5.3 pg brevetoxin was detected by
RBA (Fig. 3). A modified extraction protocol was devel-
oped to allow elution of previously frozen SPEC discs. Fro-
zen SPEC discs stored at —20 °C for time periods of up to
30 days revealed no significant differences in brevetoxin
recovery compared with the day 0 values.

Confirmation of brevetoxin hydrolytics
For brevetoxin hydrolytic products, the lactone in the A

ring is opened [20,21]. Their structures were confirmed by
LC/MS on the basis of the following. First, the molecular
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Fig. 2. Total brevetoxin culture concentrations as determined by extraction of K. brevis (strain SP3) cultures using the SPEC disc extraction method
followed by analysis with RBA, RIA, N2A cytotoxicity assay, and LC/MS. Cultures of different cell densities were used: culture 1 =2.2 x 107 cells/L;
culture 2 = 2.6 x 107 cells/L; culture 3 = 6.2 x 10° cells/L. RBA, RIA, and N2A cytotoxicity assay data are means + standard deviations. All data are
expressed as nanogram PbTx-3 equivalents per milliliter of culture (including both intracellular and extracellular toxins).

Table 1

Total culture concentrations of various brevetoxin congeners as deter-
mined by extraction of K. brevis (strain SP3) cultures using the SPEC disc
extraction method followed by analysis with LC/MS

Brevetoxin congener m/z  Culture concentration (ng/ml)
Culture 1  Culture 2 Culture 3
PbTx-1 867 8.43 15.63 3.50
PbTx-2 895 11648 178.63 47.58
PbTx-3 897 17.10 21.58 10.55
PbTx-7 869 2.35 2.55 1.08
PbTx-9 899 0.30 0.50 0.10
PbTx-927 927 13.40 28.23 4.98
Hydrolytic PbTx-1 885 245 4.03 2.08
Hydrolytic PbTx-2 913 7.85 12.18 5.90
Hydrolytic PbTx-3 915 25.55 29.75 5.15
Hydrolytic PbTx-7 887 5.60 6.50 2.28
Hydrolytic oxidized PbTx-1 901 1.48 2.00 0.88
Hydrolytic oxidized PbTx-2 926 4.88 5.45 1.33
Oxidized PbTx-2 911 1.68 2.45 1.43
Total concentration 207.53 309.45 86.80
Percentage hydrolytics 23.03 19.36 20.28

Note. All data are expressed as nanogram PbTx-3 equivalents per milliliter
of culture and include both intracellular and extracellular toxins. Cultures
of different cell densities were used: culture 1= 2.2 x 107 cells/L; culture
2=2.6x 10" cells/L; culture 3 =6.2x 10°cells/L. Detection limits for
each congener in the concentrated extracts were approximately 1 ng/ml,
the equivalent of 0.025 ng/ml culture.

weight of each hydrolytic compound increased by 18
atomic mass units (amu) compared with its parent com-
pound. Second, the negative ion full scan showed the ions’
negative ion character that was consistent with the presence

9-
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Fig. 3. Stability of brevetoxins on SPEC discs. Sonicated cultures of K.
brevis (strain SP3) were filtered through SPEC discs and adsorbed
brevetoxins were extracted using the standard SPEC extraction technique
(day 0) or by a modified SPEC extraction technique (days 0, 7, 15, and 30)
following storage of the discs at —20 °C. RBA data (means 4+ SD) are
presented as the total mass of brevetoxins per disc in PbTx-3 equivalents.

of the carboxylic group. Third, the fragment ion
[M — H,O + HJ" produced via collision-induced dissocia-
tion at the LC/MS interface from each hydrolytic com-
pound [M+HJ" was subjected to collision-activated
dissociation at the second quadrupole and yielded a prod-
uct ion spectrum consistent with that of its corresponding
nonhydrolytic compound. Fourth, the mass spectra of
PbTx-3 and PbTx-2 hydrolytic products matched those
produced by chemical derivatization of PbTx-3 and
PbTx-2 by raising the pH above 10.
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Discussion

K. brevis sample collection and subsequent brevetoxin
quantification often are hindered by relatively low toxin
concentrations in natural material and/or the associated
matrix effects (e.g., seawater, organic matter). Tests using
brevetoxin spiked into the matrix represented by sonicated
cultures of K. mikimotoi, closely related to K. brevis but not
producing brevetoxins [6], revealed that the RBA method
detected only approximately 10% of the introduced toxin
without prior extraction. Adsorption and sequestering of
toxin by cell particles or lipids likely interfered with breve-
toxin detection. The efficient extraction of lipophilic breve-
toxins from seawater and algal matrices, thus, would
appear to be essential for assessing the toxicological poten-
tial of K. brevis. In this study, C18 SPEC discs were char-
acterized for their ability to extract PbTx-3 from spiked,
nontoxic K. mikimotoi cultures and natural brevetoxins
from toxic K. brevis cultures using four independent detec-
tion methods.

The extraction efficiency of the SPEC disc method was
approximately 100% for PbTx-3 spiked into sonicated K.
mikimotoi cultures as detected by the RBA, RIA, and
N2A cytotoxicity assay. Although spike recovery experi-
ments in the current study employed only PbTx-3, our find-
ings are consistent with those of Pierce and coworkers
[22,8], who reported SPEC disc extraction efficiencies
(means 4+ SD based on HPLC detection) for PbTx-3 and
PbTx-2 of 100 £ 14 and 105 + 5%, respectively. Analyses
of spiked sample extracts herein using the RBA, RIA,
and N2A cytotoxicity assay suggest that each assay can
detect the spiked PbTx-3 quantitatively. Because the RBA
and N2A cytotoxicity assay methods are at least 10-fold less
sensitive to the hydrolytic forms of PbTx-2 and PbTx-3 [23],
these data suggest that hydrolysis of the introduced PbTx-3
into less active/potent derivatives was negligible during the
less than 5-min period prior to extraction. This is consistent
with previous experiments indicating that hydrolysis of par-
ent brevetoxins in seawater appears to occur over hours to
days [23]. When naturally produced brevetoxins from K
brevis cultures were stored frozen on SPEC discs for up to
1 month, there seemed to be little loss of toxin or conver-
sion into less active brevetoxin hydrolytics given that
RBA activities remained constant during this time.

In the experiments using cultures of K. brevis, it is clear
that the four independent detection methods are not
equally capable of measuring naturally produced brevetox-
ins. Brevetoxin detection by LC/MS, which does not rely
on toxic activity or antibody cross-reactivity but rather
relies on LC retention times and ion mass/charge ratios,
consistently yielded the highest total brevetoxin quantities.
However, a common impediment for all brevetoxin detec-
tion methods is the absence of specific congener reference
standards. Therefore, quantification relied on expressing
brevetoxin concentrations as PbTx-2 or PbTx-3 equivalents
that, depending on the congener profile, may have over- or
underestimated the real concentration.

Relative to LC/MS values, the RBA, RIA, and N2A
cytotoxicity assay detected 73, 83, and 51%, respectively,
of the total brevetoxin extracted from K. brevis cultures.
Although the RIA is based on binding of a PbTx-2 anti-
body that recognizes multiple brevetoxin congeners, anti-
body binding does not appear to recognize all forms
detected by LC/MS to the same degree. As noted previ-
ously by Poli and coworkers [10], this discrepancy may
be due in part to the presence of the hydrolyzed and oxi-
dized brevetoxin congeners with variable antibody cross-
reactivity. Similarly, the RBA, which involves competition
between unlabeled and radiolabeled brevetoxins for
VGSCs, also yielded lower concentrations relative to LC/
MS, probably due to variable affinities of brevetoxin cong-
eners for VGSCs [24,25]. In fact, our recent investigation of
semisynthesized PbTx-2 and PbTx-3 hydrolytics demon-
strated 25- and 59-fold reductions in binding affinity,
respectively [23]. The same study showed that the N2A
cytotoxicity assay was even less effective at detecting these
two hydrolytics given that the response declined by approx-
imately 900- and 150-fold, respectively, and this would help
to explain the approximately 50% lower brevetoxin concen-
tration compared with LC/MS quantification herein. These
data demonstrate that, unlike the PbTx-3 spiking experi-
ments where all detection methods showed equivalent
quantitative recoveries, mixed brevetoxin congener profiles
produced by K. brevis cultures yield different results
depending on the method used. Specifically, values gener-
ated for the same K. brevis culture extract ranged as fol-
lows: N2A cytotoxicity assay < RBA <RIA <LC/MS.
Therefore, researchers should be cautious in selecting a
detection method and the interpretation of data generated.

Interestingly, a study of brevetoxin detection in shellfish
extracts involving a multilaboratory comparison of the
mouse bioassay regulatory method with the RBA, N2A
cytotoxicity assay, LC/MS, and ELISA was published
recently [26]. Not unlike the current spike recovery experi-
ments, recoveries of PbTx-3 introduced into shellfish
extracts as detected by RBA, ELISA, and LC/MS were
136, 87, and 78%, respectively. For naturally incurred
brevetoxin in shellfish, the RBA and ELISA methods per-
formed well, whereas the N2A cytotoxicity assay was
highly variable and LC/MS, although offering unambigu-
ous structural confirmation, was hindered by lack of refer-
ence standards. In general, these observations on toxin
detection techniques in a shellfish matrix compared simi-
larly with our study, which is the first to evaluate multiple
methods for measuring brevetoxin concentrations in K.
brevis cultures and seawater.

In the current study, the LC/MS method yielded profiles
of many of the known brevetoxin congeners (total of 13),
and this may explain why its toxin concentration values
exceeded those of the other three techniques. Although
expressed as PbTx-3 equivalents, the brevetoxin profiles
of K. brevis cultures based on SPEC disc samples contained
PbTx-2 (~56%), PbTx-3 (~9%), PbTx-1 (~4%), PbTx-2
hydrolytics (~5%), PbTx-3 hydrolytics (~9%), PbTx-1
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hydrolytics (2%), and PbTx-m/z 927 (7%). Although these
findings are generally consistent with other reports [27], it
should be noted that the current study not only included
data for brevetoxin hydrolytics (representing ~20% of total
brevetoxin), but also incorporated both intracellular and
extracellular fractions. We have shown that most hydro-
Iytics are formed on release from the cells into the
surrounding alkaline seawater (~pH 8.2) [23]. Similarly,
Abraham and coworkers [20] found that the majority of
the open-ring, polar brevetoxin derivatives (i.e., hydro-
lytics) were present in the bloom water filtrates, whereas
PbTx-2 and PbTx-1 dominated the cell-rich fractions. It
is likely that measurements of only the intracellular
brevetoxins during the current study would have yielded
closer agreement among the various methods tested.

In conclusion, we have demonstrated that the C18 SPEC
disc method is an excellent one for extracting multiple
brevetoxin congeners, including many hydrolytic forms,
from water samples. The SPEC disc method can be
employed to extract brevetoxins from up to six samples
simultaneously (~15 min/sample depending on volume fil-
tered) and requires only a minimal volume (20 ml) of meth-
anol for preconditioning. Brevetoxins extracted from K
brevis cultures were stable on the SPEC discs when frozen
at —20 °C for at least 1 month. Collectively, these data
show that the SPEC disc protocol is a suitable method
for the in situ collection and subsequent storage of breve-
toxin field samples prior to laboratory analysis. In addi-
tion, we compared four independent detection methods
representing a range of toxin recognition strategies (i.e.,
receptor interactions, antibody recognition, MS) for mea-
suring brevetoxin in K. brevis and seawater. Each assay
can accurately measure spiked amounts of PbTx-3 in SPEC
disc sample extracts and can also be confidently applied to
the analysis of intracellular brevetoxins. Alternatively, cau-
tion must be used in the analysis and data interpretation
when these methods are used for quantification of samples
that may contain a mixed profile of brevetoxin congeners,
particularly the hydrolytic forms that are observed in high
concentrations in extracellular extracts. The absence of
suitable reference standards for individual brevetoxin cong-
eners is a severe hindrance for both quantification purposes
and detection method comparisons where response to indi-
vidual congeners may differ significantly among the detec-
tion methods. Although the LC/MS method appears to
be the best method for identification and quantification
of brevetoxin congeners, it cannot be used to infer biolog-
ical activity and/or toxicity.
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