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Introduction

Paralytic shellfish poisoning (PSP) is a serious food safety 
problem worldwide, triggered by the appearance of non-
peptide neurotoxins produced by several species of Alexan-
drium genus and two specific dinoflagellates species, Gym-
nodinium catenatum and Pyrodinium bahamense. These 
compounds are accumulated in filter-feeding mollusks and 
located in their digestive tract, with the consequent risk of 
human consumption. This poisoning is characterized by 
neurological symptoms such as paralysis, dizziness, head-
ache, and respiratory arrest, owing to the mechanism of 
action of this group of toxins, the blockage of sodium chan-
nels in excitable cells that interferes with the normal nerv-
ous transmission (Botana 2014; Lehane 2001).

PSP toxins are a group of more than 57 tetrahydropu-
rines, closely related among them, and represented mainly 
by saxitoxin (STX; Wiese et al. 2010). STX basic structure 
is a 3,4-propinoperhydropurine which can be modified by 
addition of hydroxyl, carbamyl, N-sulfocarbamoyl, or sul-
fate groups (Fig. 1), producing several STX-analogues with 
different chemical properties and variations in potency. 
However, they share the same mechanism of action. Based 
on the relative potency of each STX-analogue, by means of 
their effect in sodium channels (Vale et al. 2008) and in the 
mouse bioassay (MBA), the European Food Safety Author-
ity (EFSA) published the toxicity equivalency factors (TEF) 
of 15 PSP toxins, being the most potent NeoSTX, dcSTX, 
STX, and GTX1 (Fig. 1; EFSA 2009a). The legal limit for 
this group of toxins is 800  µg of STX equivalents/kg of 
meat or four mouse units/kg of meat, which corresponds to 
18 µg of STX as the lethal amount needed for a 20 g mouse 
in 15 min (Vale 2014). For many years, the MBA has been 
the reference monitoring method for hydrophilic toxins and 
among them for PSP toxins detection (AOAC 1990). The 
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MBA protocol was standardized and validated by inter-
comparative studies; however, it is actually not considered 
as an appropriate tool due to the high variability between 
tests, the poor specificity and the limited detection provided 
(EFSA 2009b). Moreover, nowadays, the European legis-
lation established that, following the experimental animal 
health protection, new methods are needed to better fit the 
“ThreeRs” rule (replacement, reduction, and refinement in 
experimental animal use; Hess et al. 2006). Based on this, 
different laboratories have developed analytical methods 
such as in vitro assays (cell receptor, enzymatic-based, 
and immunoassays; Fonfria et  al. 2007; Fraga et  al. 2012; 
van den Top et al. 2011; Velez et al. 2001) and/or chemical 
methods [high-performance liquid chromatography (HPLC) 
with ultraviolet, fluorescence, or mass spectrometry detec-
tion] (Ben-Gigirey et  al. 2012). The European legislation 
allows the use of chromatographic analysis for saxitoxin 
and analogs (AOAC 2005). The use of analytical meth-
ods for PSP has been improved with a postcolumn method 
(AOAC 2011a), and the precolumn method has been 
extended (Turner and Hatfield 2012). The final interpreta-
tion of the values of these chromatographic analysis requires 
the conversion of each analog concentration to an equivalent 
amount of the reference compound, saxitoxin, by means of 
the use of the toxic equivalent factor or TEF (Botana et al. 
2010). The use of TEF may be avoided by using functional 
assays that show the combined effect of the toxins on the 
targeted receptor, but up to now only one functional method 
based on a receptor binding assay has been approved by the 
AOAC as an official method (AOAC 2011b).

In this context, TEFs are essential to translate the analyti-
cal results obtained by chromatography methods into toxic 
values, since this technology provides a toxic profile of the 
sample but does not inform about its toxicity. As mentioned 
above, TEFs are calculated as the ratio of the relative toxicity 
of a PSP analog and the reference compound of the group, 
STX. Actually, in isomeric analogs, as gonyautoxin (GTX) 
1,4 and GTX 2,3, the highest TEF is used, leading to an 
overestimation of the final toxicity in HPLC versus MBA. 

Moreover, when no certified standard is attainable the refer-
ence compound is used instead and the same toxicity value is 
given to both compounds. Therefore, while analytical meth-
ods are the official standard procedure for PSP detection, the 
availability of pure and certified standards of each analog, as 
well as the access to reliable TEFs, is crucial.

The values previously obtained in our laboratory, by flu-
orescent and electrophysiological methods, of the blockade 
of sodium channels by PSP were the source for EFSA TEFs 
for PSP toxin screening (Perez et al. 2011; Vale et al. 2008). 
Since these data were obtained in primary neuronal cul-
tures from mice, the availability of TEF values calculated 
in human Nav channels would provide more accurate refer-
ences to complete the routine analytical methods in human 
food security. Nonetheless, electrophysiological recordings 
assays, which has been essential for the advances in ion 
channel properties studies, are a harsh method that requires 
highly training operators and provides a low ratio of data 
generation, which turn patch clamp into a disadvantageous 
system for high throughput screenings. In the last years, 
different automated electrophysiology platforms have been 
released to the market to fulfill the pharmaceutical indus-
try requirements with optimum results (Castle et al. 2009; 
Dunlop et al. 2008; Graef et al. 2013; Spencer et al. 2012).

The aim of this study was to obtain the toxicity equiv-
alent factors of available PSPs toxins using an automated 
electrophysiology platform in different commercial avail-
able human Nav transfected cell lines, on the basis of pre-
viously data obtained in our laboratory by manual patch 
clamp in mice neurons. This approach confirms the useful-
ness of this functional method to obtain reliable TEFs in 
human targets and provides a fast and reproducible method 
for high throughput screening.

Materials and methods

Chemicals and solutions

Plastic tissue cultures dishes were purchased from Falcon 
(Madrid, Spain). Fetal calf serum, Dulbecco’s modified 
Eagle medium/F12 nutrient mixture (DMED/F12), glu-
tamax, minimum essential medium, nonessential amino 
acids (MEM NEAA), and G418 were purchased from 
Gibco (Glasgow, UK). Detachin™ was purchased from 
Genlantis (USA).

The certified PSP standards were STX-dihydrochloride, 
dc-STX, Neo-STX, dcNeo-STX, GTX 1&4, dc-GTX 2&3 
and GTX 5 were obtained from the Institute for Marine 
Biosciences, National Research Council of Canada, and 
GTX 2&3 and C1&2 were obtained from LaboratorioC-
ifga, Spain. All other chemicals were of reagent grade and 
purchased from Sigma.

Fig. 1   Chemical structure of saxitoxin and relative potency of STX 
and analogues calculated by EFSA
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Stable mammalian cell line expressing hNav

HEK-293 cell line stably transfected with hNav 1.1, 1.2, 
1.3, 1.4, 1.5, 1.6, and 1.7 were kindly provided by Dr. 
Andrew Powell (GlaxoSmithKline R&D, Stevenage, UK). 
Cells were cultured in DMEM/F12 medium supplemented 
with glutamax, MEM NEAA (1 % w/v) and 10 % of fetal 
bovine serum. G418 was added at a final concentration 
of 0.4  mg/ml. Cells were incubated in a humidified 5  % 
CO2/95 % air atmosphere at 37  °C until reach a 80 % of 
confluence. Then, cells are incubated at 30 °C for 24–48 h 
before electrophysiological measurements. Medium was 
replaced every 2–3 days and split once a week.

Automated Patch clamp electrophysiological recordings

All cells were recorded in whole-cell patch clamp configura-
tion using an IonFlux 16 system (Fluxion, California, USA) 
and the corresponding Ionflux 16 software for cell cap-
ture, seal formation, whole cell obtaining, data acquisition 
and analysis. Cells maintained at 30  °C for 24–48 h were 
washed twice with Ca2+- and Mg2+-free phosphate-buffered 
saline (PBS) and harvested with 5 ml of Detachin™ solu-
tion. After cell detachment, cells were resuspended in extra-
cellular solution containing (mM): 2 CaCl2, 1 MgCl2, 100 
Hepes, 4 KCl, 145 NaCl, 10 TEA-Cl, and 10 glucose. pH 
7.4 and 320  mOsm. Electrophysiological recordings were 
carried out at room temperature (±22 °C) in a 96-well Ion-
Flux microfluidic plate. Briefly, Ionflux 16 is an automated 
patch clamp platform based in a microfluidic system where 
cells in suspension are captured by suction into ensem-
ble recordings arrays formed by 20 individual microchan-
nels for cell voltage clamp in parallel, each of which will 
trap one cell. Once that the recording assay is full, suction 
is applied to obtain the whole-cell configuration by cellular 
membrane breakage (Spencer et al. 2012).

For Na+ measurements in hNav channels, INa was evoked 
by depolarizing to −10 mV for 50 ms after a 100 ms step to 
−120 mV from −90 mV holding potential (Vh). The intra-
cellular solution composition for INa recordings was (in 
mM): 100 CsF, 45 CsCl, 10 Hepes, five NaCl, five EGTA 
corrected to pH 7.1 using CsOH. The contaminating effects 
of resistance and capacitance currents were compensated 
electronically by the software. Leak resistance is measured 
by introducing a short 20  mV pulse at the beginning of 
each sweep and measuring the current difference. (Spencer 
et al. 2012). A sampling frequency of 10 kHz was used.

Toxicity equivalent factor estimation

TEF values for each PSP analog were obtained from IC50 
data as the ratio between the IC50 obtained with parent 
compound STX and the IC50 obtained with the analog.

Statistical analysis

Data analysis was performed using GraphPad Prism 5. 
All the assays were carried out at least three times. Dose–
response curves were analyzed using nonlinear regression. 
All data are shown as the mean ± SEM.

Results

We had previously demonstrated that electrophysiologi-
cal recordings provided a good correlation between in 
vivo PSPs potency and its in vitro sodium current inhibi-
tion in cerebellar neurons (Perez et  al. 2011). In these 
neurons, Nav 1.2 and Nav 1.6 are the prevailing sodium 
subunits (Schaller and Caldwell 2003). The human Nav 
1.6 sodium channel is widely expressed in neurons and is 
the major voltage-gated sodium channels at nodes of Ran-
vier, but also in dendrites and synapses (Caldwell et  al. 
2000). Although it is also expressed in the peripheral nerv-
ous system, its larger presence in the central nervous sys-
tem makes general classifications to include them among 
brain-type voltage-gated sodium channel. Nav 1.2 is also a 
brain-type channel expressed in the central nervous system 
whose channelopaties produced an increased susceptibility 
to seizures (Savio-Galimberti et al. 2012). In this work, we 
want to reproduce the toxicity equivalent factor of available 
PSPs standards in a Nav 1.6 and a Nav 1.2 stably transfected 
cell line by electrophysiological recordings in an auto-
mated patch clamp platform to later compare it with dif-
ferent sodium channel types to find the most suitable for 
high throughput screenings and the more suitable TEFs for 
analytical data interpretation.

Firstly, we studied the effect of nine PSP standards 
over the voltage-dependent sodium currents (INa) in these 
two human sodium channel subunits, Nav 1.6 and Nav 1.2. 
For this, electrophysiological recordings were done in an 
automated patch clamp system to obtain the half maximal 
inhibitory concentration (IC50). As shown in Fig. 2a, STX 
elicited a dose-dependent inhibition of INa with practically 
the same IC50 for both subunits, 1.09 nM [95 % confidence 
interval (CI) 0.66–1.8 nM] for Nav 1.6 and 1 nM (95 % CI 
0.56–1.8  nM) for Nav 1.2. Accordingly, in Nav 1.6 cells 
dcSTX inhibited with a similar potency the sodium cur-
rent with an IC50 of 1.13 nM (95 % CI 0.55–1.3 nM). The 
NeoSTX standard showed a slightly higher potency with 
an IC50 of 0.86 nM (95 % CI 0.63–1.1 nM), whereas the 
analog dcNeoSTX was the least powerful of this group 
yielding an IC50 of 4.36 nM (95 % CI 2.54–7.46 nM). Like-
wise, these values were comparable with those obtained 
in Nav 1.2, where NeoSTX was also the most powerful 
(0.39  nM, 95  % CI 0.28–0.53  nM), followed by dcSTX 
(4.09  nM, 95  % CI 2.36–6.79  nM) and finally again, 
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dcNeoSTX with the highest IC50 of the group, 9.9  nM 
(95 % CI 5.78–17.12 nM).

The GTX group was also evaluated (Fig.  2b), and as 
before, the IC50 obtained for both subunits was near the 
same values. GTX 1,4 inhibited INa with an IC50 of 0.76 nM 
(95  % CI 0.49–1.1  nM) and 1.8  nM (95  % CI 1.19–
2.86  nM), respectively, for Nav 1.6 and Nav 1.2. Slightly 
higher values were obtained for GTX 2,3, 7.2 nM (95 % CI 
4.5–11.3 nM) and 2.55 nM (95 % CI 1.5–4.35 nM), respec-
tively, and a less powerful inhibition was seen in the case of 
dcGTX 2,3, with 41.8 nM (95 % CI 29.2–59.8 nM) for Nav 
1.6 and 20.05 nM (95 % CI 13.46–29.88 nM) for Nav 1.2. 
However, the values calculated for GTX 5 were remark-
able different for both subunits. While the IC50 for Nav 1.6 
was 9.41 nM (95 % CI 5.01–17.7 nM), this toxin blocked 
Nav 1.2 currents with an IC50 seven times higher than the 
observed in Nav 1.6, 69.8  nM (95  % CI 46.84–104  nM). 

Likewise, the C1,2 standard also displayed a significant 
variation between these two subunits. The value for Nav 
1.6 was again almost seven times lower than the one for 
Nav 1.2, 11.15 nM (95 % CI 7.45–16.7 nM), and 76.15 nM 
(95 % CI 39.42–147.1 nM; Fig. 2c).

With these estimations the TEFs for both Nav subunits 
were calculated and compared with the values proposed 
by EFSA, which are a combination of TEFs obtained in 
cerebellar neurons (Vale et al. 2008) and MBA (Oshima 
1995; Fig. 3), and the recently calculated TEFs for sev-
eral PSP standards with the acute toxicities after oral 
administrations in mice (Munday et  al. 2013). Even 
though for almost all the PSP standards the values were 
similar, the relative potencies obtained with Nav 1.6 cells 
were closer to the values previously determined in ani-
mals, specially to those previously obtained in cerebellar 
neurons, which constitute the main source of EFSA TEFs 

Fig. 2   Dose–response curves for PSP standards of a STX, dcSTX, 
NeoSTX, and dcNeo, b GTX 1,4, GTX 5, GTX 2,3, and dcGTX 
2,3 and c C1,2 on voltage-dependent sodium currents expressed in 

HEK293 hNav 1.2 and 1.6. Values are the mean ± SEM of four inde-
pendent experiments
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(Fig. 3c). These data indicate that NeoSTX and GTX1,4 
have a higher toxicity risk than STX and dcSTX, which 
support previous data after oral administration (Munday 
et al. 2013) showing that the GTX1,4 mixture could have 
a larger TEF value than the assigned by EFSA. However, 
if we only focused in the data obtained with the four PSP 
toxins used in oral administration by voluntary consump-
tion and gavage in mouse, we can observe that the linear 
correlation in both assumptions had a better correspond-
ence with Nav 1.2 data (Fig.  4). This is due to the high 

oral toxicity of NeoSTX, especially observed in the vol-
untary consumption, and the lower values of dcSTX ver-
sus the showed ones in Nav 1.6. Therefore, it can be con-
cluded that the values obtained in the automated patch 
clamp platform in Nav 1.6 transfected cells exhibited a 
great correlation with the values obtained in vivo and 
published by EFSA. However, a more exhaustive study 
with the nine PSP toxins used in the present work in oral 
administrations could point out a better suitability of the 
Nav 1.2 subunit.

Fig. 3   Linear relationship 
between the in vitro potency 
of PSP standards obtained in 
HEK293 hNav 1.6 cells (a) or 
in hNav 1.2 (b) versus the toxic-
ity equivalent factors for PSP 
published by EFSA. c Com-
parative results of the toxicity 
equivalents factors calculated by 
EFSA, the observed after oral 
administration and the obtained 
in cerebellar neurons in manual 
patch clamp versus the obtained 
in HEK293 Nav 1.6 and 1.2 in 
automated patch clamp

Fig. 4   Linear relationship 
between the in vitro potency 
of PSP standards obtained in 
HEK293 hNav 1.6 cells (a, b) 
or in hNav 1.2 (b, c) versus data 
obtained in oral administrations
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Among the 10 mammalian Nav subunits, Nav 1.2 and 
Nav 1.6 belong to the neuronal or brain-type and are 
expressed mainly in the central nervous system; hence, 
we decided to perform a comparative study in different 
Nav subunits expressed in various tissues. We studied four 
neuronal-type channels, the previously studied Nav 1.2 
and Nav 1.6, and moreover the Nav 1.1 and Nav 1.3. The 
Nav 1.4 (mainly presented in skeletal muscle), the Nav 1.5 
(the cardiac specific subunit) and an isoform predominant 
located in the peripheral nervous system, Nav 1.7 (Savio-
Galimberti et al. 2012). All of them were stably expressed 
in HEK-293 cells. In Table  1 and Figs.  4, 5 and 6, the 

values of the nine PSP IC50 standards for the seven Nav 
subunits tested are summarized.

It is remarkable that in the neuronal-type subunits all 
the values are always lower than 157 nM, being the highest 
value the elicited by dcSTX in Nav 1.3 currents (156.5 nM, 
95 % CI 90.52–270.6 nM), but most of them are in the low 
nanomolar range (Fig.  5). However, the cardiac subunit, 
Nav 1.5 that is also the only tetrodotoxin-resistant type ana-
lyzed (Fig. 6; Catterall et al. 2005), presented considerable 
higher IC50 for STX, dcSTX and dcNeoSTX, all of them 
around 200  nM and only a low concentration of 5.5  nM 
(95 % CI 3.02–10.02 nM) for NeoSTX. Most surprising are 

Table 1   IC50 values and TEF 
for each Nav channel

IC50 values (nM, n ≥ 3 cells) 
for nine PSP standards. TEF 
calculated for each PSP 
standard and each Nav subunit 
with STX IC50 value as the 
reference value for each subunit 
(TEF) or TEF calculated with 
STX IC50 in Nav 1.6 as the 
reference value for all the other 
subunits (TEFNav1.6)

Nav subunit PSP standard Nav 1.1 Nav 1.2 Nav 1.3 Nav 1.4 Nav 1.5 Nav 1.6 Nav 1.7

STX

 IC50 2.3 1 13.4 1.88 212.6 1.09 408

 TEF 1 1 1 1 1 1 1

 TEFNav1.6 0.47 1.09 0.008 0.58 0.005 1 0.002

dcSTX

 IC50 33.43 4.01 156.5 11.65 221.6 1.13 88.5

 TEF 0.07 0.25 0.08 0.16 0.96 0.96 4.6

 TEFNav1.6 0.03 0.27 0.007 0.09 0.005 0.96 0.01

Neo

 IC50 0.36 0.38 4.7 0.71 5.5 0.86 81.6

 TEF 6.4 2.63 2.85 2.6 38.6 1.2 5

 TEFNav1.6 3 2.8 0.23 1.5 0.2 1.2 0.01

dcNeo

 IC50 1,700 9.94 563 1,240 291.4 4.4 1,240

 TEF 0.001 0.1 0.024 0.001 0.73 0.25 0.33

 TEFNav1.6 0.0006 0.11 0.001 0.0008 0.003 0.25 0.0008

GTX1,4

 IC50 2.4 1.85 8.3 3.29 14.77 0.74 43.9

 TEF 0.96 0.54 1.6 0.57 14.4 1.4 9.29

 TEFNav1.6 0.45 0.59 0.13 0.33 0.07 1.4 0.002

GTX5

 IC50 147.2 69.8 155.9 10.13 19.92 9.4 100

 TEF 0.015 0.014 0.08 0.18 10.7 0.11 4.08

 TEFNav1.6 0.007 0.02 0.007 0.11 0.05 0.11 0.01

GTX2,3

 IC50 10.88 2.55 20.8 5.78 54.88 7.2 1,500

 TEF 0.2 0.39 0.64 0.32 3.87 0.15 0.27

 TEFNav1.6 0.1 0.43 0.05 0.19 0.02 0.5 0.0007

dcGTX2,3

 IC50 54.88 20.05 61.4 114.4 64.59 41.8 130

 TEF 0.04 0.05 0.22 0.01 3.3 0.02 3.1

 TEFNav1.6 0.02 0.05 0.018 0.009 0.017 0.02 0.008

C1,2

 IC50 271.8 76.15 53.2 2,093 82.1 11.5 3,700

 TEF 0.008 0.013 0.25 ND 2.6 0.09 0.1

 TEFNav1.6 0.004 0.02 0.02 0.0005 0.01 0.09 0.0002
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the data obtained with the GTX group in Nav 1.5 (Fig. 6b), 
where GTX 1.4 has an IC50 of 14.77 and GTX 5 of 
19.92 nM (95 % CI 7.89–27.63 and 8.63–45.9 nM, respec-
tively). Additionally, the other two GTX components, GTX 
2,3 and dcGTX 2,3, showed IC50 with concentrations below 
70 nM that are still significantly lower than those observed 
by STX, dcSTX, and dcNeo.

The subunit expressed in the skeletal muscle, Nav 1.4, 
provided instead the expected IC50 values for PSP stand-
ards (Table 1; Fig. 6), where the parent compound elicited 
an inhibition of sodium currents with an IC50 of 1.88 nM 
(95 % CI 1.1–3.20 nM; Fig. 6a), similar to the previously 
obtained 2.8 nM, calculated in the rat Nav 1.4 expressed in 
CHO cells instead than in HEK cells as in the present work 
(Walker et al. 2012).

Finally, Nav 1.7 was the only subunit mainly expressed 
in the peripheral nervous system of the seven subunits 
analyzed (Fig.  7). This TTX-sensitive subunit provided 
the highest IC50 for all the PSP toxins tested. The parent 
compound, STX elicited an INa inhibition with an IC50 of 
408  nM (95  % CI 212.1–784.9  nM; Fig.  7). This value 
is 400 times higher than the one obtained with the other 

TTX-sensitive subunits and even two times higher than that 
obtained with the TTX resistant subunit Nav 1.5. These data 
are in agreement with previously reported values in this 
subunit in a comparative study between Nav 1.7 and Nav 1.4 
and their, respectively, affinities for STX and TTX, where 
Nav 1.7 showed a significant major response to TTX than to 
STX (Walker et al. 2012). Furthermore, the IC50 obtained 
for dcNeo, GTX2,3, and C1,2 was all in the micromolar 
range for this specific subunit (Fig. 7), which clearly turn 
this Nav 1.7 subunit in the less sensitive to the PSP toxins.

Discussion

Nowadays, with the change of the European legislation 
and the establishment of the chromatographic methods as 
substitutes for MBA in PSP detection, the use of reliable 
TEFs is a needed tool for food safety controls. TEFs can 
be calculated with the previous knowledge of in vivo toxic-
ity (intraperitoneal administration in mice) or in vitro (with 
mice neuronal channels). Previously, based in the mecha-
nistic action of these toxins, a good correlation between 

Fig. 5   Dose–response curves 
for PSP standards of a STX, 
dcSTX, NeoSTX, and dcNeo, 
b GTX 1,4, GTX 5, GTX 2,3, 
and dcGTX 2,3 and c C1,2 
on voltage-dependent sodium 
currents elicited in the brain-
type subunits hNav 1.1 and 1.3. 
Values are the mean ± SEM of 
four independent experiments
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in vivo and in vitro TEFs was calculated by electrophysi-
ological measurements in cerebellar neurons in our labora-
tory (Perez et al. 2011). However, electrophysiological tech-
niques require expert technicians and a considerable time to 
evaluate huge amount of samples. In the present work, we 
present the TEFs calculated for nine PSPs toxin standards 
in seven different human Nav subunits using an automated 
patch clamp platform which a 96-well system that allow 
the simultaneous analysis of different samples. Moreover, 
the use of HEK293 cells stable transfected with different 
Nav subunits permit us to study the specific effect of each 
standard over the different subunits in order to find the most 
accurate one to the in vivo data. The results summarized in 
the present work allow us to settle that the TEFs obtained 
with the Nav 1.6 subunit possess the strongest equivalence 
with the MBA and those previously obtained in cerebel-
lar neurons, being the relative potency of PSP standards 
GTX1,4  ≈  NeoSTX  ≈  STX  >  dcSTX  >  dcNeo  >  GTX 
2,3 ≈  GTX5  >  C1,2  >  dcGTX2,3 (Fig.  3). However, the 
Nav 1.2 subunit seems to have a better correlation with the 
data obtained after oral administration in mouse, but a larger 
study with more compounds would be necessary to assert 
which of both subunits has a better correspondence in this 
case. The Nav 1.6 channel has been widely studied and its 

biophysical characterization proved that it produced a tran-
sient and persistent inward sodium current. Nav 1.6 channel 
has a key role in the action potential transmission and mice 
carrying null Nav 1.6 mutations suffering from cerebellar 
ataxia (Kohrman et al. 1996). Despite that the IC50 obtained 
by PSP toxins for all the brain-type subunits (Nav 1.1, 1.2, 
1.3 and 1.6) is all in the low nanomolar range, it is Nav 1.6 
which has the highest parallelism in relative potency with 
the acute administration in mice. Therefore, this Nav subunit 
has proved to be a good tool for PSP screening using the 
own target of this group of marine toxins, the sodium chan-
nel, and using a very sensitive technique as patch clamp but 
without the drawbacks of this assay. The automated plat-
form permits a faster and easier training than manual patch 
clamp and, moreover, the simultaneous analysis of different 
samples. Likewise, the usage of a “ready to use” transfected 
cell line is in accordance with the European legislation in 
experimental animal protection, since these transfected 
cells express great sodium currents with noninterference of 
other channels and fulfilling the refinement, reduction, and 
replacement of animals. Moreover, the use of a human cell 
line and human Nav channel subunits provide us with more 
accurate data for human security, avoiding the possible 
interferences between species and strains.

Fig. 6   Dose–response curves 
for PSP standards of a STX, 
dcSTX, NeoSTX, and dcNeo, b 
GTX 1,4, GTX 5, GTX 2,3, and 
dcGTX 2,3 and c C1,2 on volt-
age-dependent sodium currents 
elicited in the skeletal muscle-
type subunit hNav 1.4 and the 
cardiac-type subunit hNav 1.5. 
Values are the mean ± SEM of 
four independent experiments
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Among the seven human Nav subunits analyzed only 
one tetrodotoxin-resistant was tested, the Nav 1.5. How-
ever, it is reasonable to think that due to the fact that the 
three resistant isoforms, Nav 1.5, 1.8, and 1.9, share the 
same structural modification in site 1 that is responsible 
for the lower affinity to tetrodotoxin and PSPs (Leffler 
et  al. 2005; Sivilotti et  al. 1997), similar data would be 
obtained in Nav 1.8 and 1.9 that will discard these subunits 
as the more accurate ones at least for PSP measurement. 
Furthermore, the tetrodotoxin-sensitive Nav 1.7 is the less 
affected by PSP toxins in this study, with IC50 values mark-
edly higher than the ones obtained in the other subunits. 
While the relative potency relationship of the standards 
follows a common pattern in most of the sodium subunits, 
where the most potent compounds are Neo-STX, GTX 1,4 
or the parent compound STX, only in the cardiac Nav 1.5 
and the peripheral Nav 1.7 this criterion is disturbed and 
even though NeoSTX and GTX 1,4 still appear as the most 

potent standards the parent compound falls to the 5th and 
7th position in Nav 1.7 and Nav 1.5, respectively. In this 
sense, it has been recently proved that the Nav 1.7 subunit 
possesses two aminoacid sequence modifications in bind-
ing site 1 compared with the other tetrodotoxin-sensitive 
subunits that justify its lower binding affinities for STX and 
GTX-3. This mutation appears as primate-specific causing 
marked differences with the affinities of other mammals 
Nav 1.7 subunits (Walker et al. 2012).

Thus, the method described in the present work settled 
that automated patch clamp with the commercial avail-
able transfected human Nav 1.6 cell line represents a great 
instrument to combine with the analytical methods and 
therefore to translate these analytic results into toxic values 
using small amounts of standards and with certainly low 
IC50 values with a high throughput compatible system. The 
fact that the transfected model uses human cells brings the 
use of these TEF closer to human food safety needs.

A summary of all results is presented in Table 1, where 
the TEF for each channel subtype is shown along with the 
corresponding TEF referred to the 1.6 subtype, which pro-
vides the closest value to the animal and in vitro derived 
TEF proposed by EFSA. The analysis of these results sug-
gests that the selection of different channel subtypes for an 
in vitro test would provide totally different results. Also, 
the density of receptor subtypes in the tissues of a given 
strain of animals may explain the differences observed 
sometimes.
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