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SNX-482, a peptide toxin isolated from tarantula venom, has become widely used as an inhibitor of Cav2.3 voltage-gated calcium
channels. Unexpectedly, we found that SNX-482 dramatically reduced the A-type potassium current in acutely dissociated dopamine
neurons from mouse substantia nigra pars compacta. The inhibition persisted when calcium was replaced by cobalt, showing that it was
not secondary to a reduction of calcium influx. Currents from cloned Kv4.3 channels expressed in HEK-293 cells were inhibited by
SNX-482 with an IC50 of �3 nM, revealing substantially greater potency than for SNX-482 inhibition of Cav2.3 channels (IC50 20 – 60 nM).
At sub-saturating concentrations, SNX-482 produced a depolarizing shift in the voltage dependence of activation of Kv4.3 channels and
slowed activation kinetics. Similar effects were seen on gating of cloned Kv4.2 channels, but the inhibition was less pronounced and
required higher toxin concentrations. These results reveal SNX-482 as the most potent inhibitor of Kv4.3 channels yet identified. Because
of the effects on both Kv4.3 and Kv4.2 channels, caution is needed when interpreting the effects of SNX-482 on cells and circuits where
these channels are present.
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Introduction
Mammalian neurons express many different types of voltage-
dependent sodium, calcium, and potassium channels. The diver-
sity of ion channel properties and expression patterns allows for
complex and finely-tuned regulation of activity in the nervous
system (Llinás, 1988; Hille, 2001). Specific inhibitors of ion chan-
nels are critical tools for understanding the functions of different
channel types. Among voltage-dependent calcium channels, a
variety of small-molecule inhibitors and peptide toxins have al-
lowed discrimination of different components of overall calcium
current and functional roles of particular calcium channel types
(Lacinová et al., 2000; Doering and Zamponi, 2003; McDonough,
2007), and some calcium channel blockers are of clinical interest
(Lewis et al., 2012; Nimmrich and Gross, 2012; Vink and Ale-
wood, 2012). SNX-482 is a peptide toxin originally isolated from
venom of the tarantula Hysterocrates gigas and found to inhibit
Cav2.3 channels with an IC50 of �30 nM, with at least 10-fold
selectivity relative to effects on other calcium channel types
(Newcomb et al., 1998). Subsequently, SNX-482 has been widely

used to identify currents from Cav2.3 channels and to investigate
their functions in cells and circuits (Pringos et al., 2011).

In initial studies on selectivity of the toxin, SNX-482 was
found to have no effect on a variety of potassium currents, in-
cluding native potassium currents in retinal ganglion neurons,
IMR-32 neuroblastoma cells, and cloned Kv1.1 and Kv1.4 chan-
nels (Newcomb et al., 1998). However, in exploring possible con-
tributions of calcium entry through Cav2.3 channels to activation
of potassium currents in midbrain dopamine neurons, we found
that SNX-482 completely eliminated a large component of tran-
sient potassium current corresponding to A-type potassium cur-
rent (IA). Further experiments showed that this effect of SNX-482
was not calcium-dependent and was consistent with direct inhi-
bition of Kv4.3 channels. Cloned Kv4.3 channels were inhibited
with an IC50 of �3 nM. Kv4.2 channels were also affected, but to
a lesser degree and at higher toxin concentrations.

Materials and Methods
Acute dissociation of substantia nigra dopaminergic neurons. Dissociated
dopamine neurons were prepared from 14- to 19-day-old male and fe-
male mice. Mice were anesthetized with isoflurane and decapitated; the
brain was quickly removed into ice-cold solution containing (in mM) the
following: 110 NaCl, 2.5 KCl, 10 HEPES, 25 glucose, 75 sucrose, 7.5
MgCl2, pH adjusted to 7.4 with NaOH and bubbled with 95/5% O2/CO2.
In the same solution, 200 �m coronal slices were cut using a vibratome
(DSK model DTK-1000; Dosaka). The substantia nigra pars compacta
(SNc) was subsequently dissected out of each slice and rinsed in dissoci-
ation solution containing (in mM) the following: 82 Na2SO4, 30 K2SO4, 5
MgCl2, 10 glucose, 10 HEPES, pH adjusted to 7.4 with NaOH.

After dissection, the pieces of the SNc were incubated for 8 min at 34°C
in 3 mg/ml protease XXIII (Sigma) dissolved in dissociation solution.
After enzyme treatment, the tissue pieces were rinsed in ice-cold dissoci-
ation solution containing 1 mg/ml trypsin inhibitor and 1 mg/ml BSA,
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where they were stored until immediately before recording. Cells were
used within 8 h of dissection. Just before recording, chunks of tissue were
gently triturated in dissociation solution using a fire-polished Pasteur
pipette to free individual cells. The resulting suspension was dispersed
into the recording chamber. The cells were allowed to settle for 10 –15
min, after which time the recording chamber was flooded with Tyrode’s
solution. Most recordings were made from neurons isolated from mice
expressing eGFP under control of the tyrosine hydroxylase promoter
(Sawamoto et al., 2001), kindly provided by Dr. Kazuto Kobayashi
(Fukushima Medical University, Fukushima, Japan). This allowed un-
ambiguous identification of dopaminergic neurons. Some recordings
were also made from neurons from wild-type Swiss-Webster mice, in
which case dopaminergic neurons could be identified by their large size
and prominent IA currents. SNX-482 inhibited IA identically in neurons
from wild-type mice and from the TH-eGFP mouse line.

Heterologous expression of Kv4.3, Kv4.2, and Cav2.3. HEK-293 cells
stably expressing Kv4.3 (Eghbali et al., 2002) were kindly provided by Dr.
Ligia Toro (David Geffen School of Medicine at University of Califor-
nia, Los Angeles, CA). Cells were maintained in DMEM with

L-glutamine (ATCC) supplemented with
10% heat-inactivated FBS (Sigma), 100
units/ml penicillin/streptomycin, and 400
�g/ml G418. Cells were kept at 37°C in a
humidified 5% CO2 incubator and passaged
every 4 –7 d. Before electrophysiological ex-
periments, cells were treated with trypsin-
EDTA, plated onto uncoated glass coverslips,
and allowed to settle for 4 –30 h. Immediately
before recording, coverslips were transferred
to the recording chamber containing Ty-
rode’s solution.

Experiments on cloned Kv4.2 and Cav2.3
channels were done using transient transfec-
tion of HEK-293 cells. HEK-293 cells were
maintained in DMEM with L-glutamine sup-
plemented with 10% HI-FBS and 100 units/ml
penicillin/streptomycin. Cells were transiently
transfected 1–2 d before recordings using the
PolyJet DNA Transfection Reagent (SignaGen)
according to manufacturer’s instructions.
Kv4.2 channels were transiently expressed in
HEK-293 cells using plasmids generously pro-
vided by Dr. Jeanne Nerbonne (Washington
University School of Medicine, St. Louis, MO),
and Cav2.3 channels were transiently ex-
pressed in HEK-293 cells using plasmids for
�1E, �2�, and �1b generously provided by Dr.
Gerald Zamponi (University of Calgary, Cal-
gary, Alberta, Canada). In both cases, eGFP
was included as a transfection marker.

Electrophysiological recording. Most experi-
ments used solutions designed to approximate
physiological conditions. Standard external so-
lution was Tyrode’s solution containing (in
mM) the following: 151 NaCl, 10 HEPES, 13
glucose, 1.5 CaCl2, 1 MgCl2, 3.5 KCl, pH ad-
justed to 7.4 with NaOH. For experiments on
potassium currents in the absence of calcium
entry, we used an external solution in which
calcium was replaced by 1.5 mM cobalt, and
in some experiments (as noted in figure leg-
ends) 1 �M TTX was added to block sodium
currents. Experiments on potassium cur-
rents in both native neurons and HEK-293
cells used an internal solution containing (in
mM) the following: 122 K-methanesulfonate,
9 NaCl, 9 HEPES, 0.18 EGTA, 0.036 CaCl2,
0.27 MgCl2, 4 MgATP, 14 creatine phosphate
(Tris salt), 0.3 GTP (Tris salt), pH 7.4. In ex-
periments on cloned Cav2.3 channels, re-

cordings were done in an external solution containing (in mM) the
following: 155 TEA Cl, 5 BaCl2, 10 HEPES, 13 glucose, pH adjusted to
7.4 with TEA-OH and an internal solution containing (in mM) the
following: 126 CsCl, 1.8 MgCl2, 0.09 EGTA, 0.018 CaCl2, 4 MgATP,
14 creatine phosphate (Tris salt), 0.3 GTP (Tris salt), 9 HEPES, pH
7.4. Most experiments using dopaminergic neurons were done at
34°C, with a few done at 37°C (including those in Fig. 5A) and a few at
room temperature (23°C). The results were the same at the different
temperatures, except that inhibition of IA was faster at 34°C or 37°C
(complete within �5 s) than at room temperature (�15 s). Experi-
ments testing the effect of SNX-482 on total noninactivating potas-
sium current (see Fig. 5A) were done using cobalt substituted for
calcium (to eliminate any possible effects from blocking calcium cur-
rent) and with 1 �M TTX to block sodium currents; these experiments
were done at both room temperature and at 37°C and were pooled as
there was no statistically significant difference.

Recordings from cloned channels in HEK-293 cells were done at room
temperature.

Figure 1. SNX-482 inhibits IA in dissociated dopaminergic neurons. A, Currents evoked by depolarization from�88 mV to�38
mV in a dopaminergic neuron before (black) and after (red) application of 500 nM SNX-482. B, Currents evoked by a step to�23 mV
from �88 mV (black) or �58 mV (green) or from �88 mV after application of 500 nM SNX-482 (red), showing inhibition of
holding potential-sensitive IA by SNX-482. C, Currents evoked in an extracellular solution with cobalt replacing calcium before
(black) and after (red) application of 500 nM SNX-482. Recordings at 34°C.
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Recording pipettes were pulled from borosilicate glass (VWR Interna-
tional) using a Sutter Instruments P-97 horizontal puller and wrapped
with Parafilm to reduce pipette capacitance. Pipette resistances ranged
from 1 to 3 M�. Data recorded with the potassium methanesulfonate-
based internal solution have been corrected to reflect a �8 mV liquid
junction potential between this solution and the Tyrode’s solution in
which the current was set to zero at the beginning of the experiment,
measured using a flowing 3 M KCl reference electrode as described by
Neher (1992).

Whole-cell voltage-clamp recordings were performed using a Molec-
ular Devices 700B amplifier (Molecular Devices), a Digidata 1322A A/D
converter (Molecular Devices), and pCLAMP9.2 software (Molecular
Devices). Pipette capacitance and series resistance (70%–90%) were
compensated using the amplifier circuitry. Signals were filtered at 10 kHz
and sampled at 10 or 20 �s.

In most experiments, after a G� seal and whole-cell configuration
were established, the cell was lifted off the bottom of the recording cham-
ber and placed in front of a set of gravity flow perfusion pipes to facilitate
rapid solution exchange. In experiments using toxin concentrations
�100 nM, 1 mg/ml cytochrome C or BSA was added to all experimental
solutions to reduce toxin loss from binding to the tubing. In some exper-
iments on HEK-293 cells, recordings were made with cells attached to the
coverslip, and toxin was applied directly in the bath.

Synthetic SNX-482 was purchased from the Peptide Institute, and
purified recombinant SNX-482 was purchased from Alomone Labs. Pep-
tide from the two sources gave identical results and inhibited Cav2.3
channels with similar potency as originally reported (Newcomb et al.,
1998).

Analysis. Data analysis was done in Igor Pro 6.12A (WaveMetrics)
using DataAccess (Bruxton Software) to read pCLAMP files. Current
records were corrected for linear capacitative and leak current using 5 or
10 mV hyperpolarizing steps to define linear capacitance and leak cur-
rents and then subtracting appropriately scaled currents. In some cases,
correction for capacity transients was imperfect as a result of amplifier
saturation for large voltage steps and 100 –200 �s of the current record is
blanked in the displayed records. In some figures, current records were
digitally filtered with a low-pass filter corresponding to a 4-pole Bessel

filter with a corner frequency of 2 kHz. Data are presented as mean �
SEM; p values were calculated using paired or unpaired Student’s t test or
the Mann-Whitney-Wilcoxon test.

Results
SNX-482 inhibits IA in acutely dissociated SNc
dopaminergic neurons
We began by examining total potassium current in acutely disso-
ciated SNc dopaminergic neurons using whole-cell voltage-
clamp recordings. Prominent A-type current is a hallmark of SNc
dopaminergic neurons (Liss et al., 1999, 2001; Hahn et al., 2003;
Durante et al., 2004). With physiological ionic conditions, a volt-
age step from �88 mV to �38 mV elicited a transient inward
sodium current followed by a large outward current that inacti-
vated over tens of milliseconds, typical of IA in SNc neurons (Fig.
1). In testing for a possible contribution to overall potassium
current from calcium-activated potassium channels, we exam-
ined the effects of a series of calcium channel blockers. Surpris-
ingly, 500 nM SNX-482, a commonly used inhibitor of Cav2.3
calcium channels, inhibited the transient outward current almost
completely (Fig. 1A). Overall, 500 nM SNX-482 reduced the peak
of the total outward potassium current evoked by a step from
�88 mV to �23 mV to 36 � 4% of its control value (n � 8, p �
9.1 � 10�7). The inactivating component of outward current
(defined as the peak current minus the current remaining at the
end of a 1 s test pulse) was nearly abolished by 500 nM SNX-482
(reduced to 7 � 3% of the control value, n � 8, p � 1.5 � 10�8).
The dramatic effect of SNX-482 on potassium current was unex-
pected because R-type calcium channels account for at most
�15% of overall calcium current in these cells (Cardozo and
Bean, 1995; Durante et al., 2004). Also, it would be very surpris-
ing if so much of the overall potassium current were calcium-
activated, and the inactivation kinetics of the current inhibited by
SNX-482 seem to identify it as IA.

Figure 2. SNX-482 inhibition of cloned Kv4.3 and Cav2.3 channels. A, Effect of 3 nM (top) and 60 nM (bottom) SNX-482 on current carried by cloned Kv4.3 channels expressed in HEK-293 cells. B,
Effect of 3 nM (top) and 60 nM (bottom) SNX-482 on current carried by cloned Cav2.3 channels expressed in HEK-293 cells. Recordings at 23°C.
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A defining characteristic of IA is its sensitivity to inactivation
by moderately depolarized holding or conditioning voltages
(Jerng et al., 2004). Consistent with this property, the transient
component of outward current evoked by a step to �23 mV was
completely eliminated by a 1 s conditioning step to �58 mV (Fig.
1B). Application of 500 nM SNX-482 almost completely inhibited
the transient outward current that was sensitive to the depolar-
ized conditioning voltage (Fig. 1B). This suggests that IA is selec-
tively reduced by SNX-482.

IA in SNc dopamine neurons is mediated by Kv4.3 channels
(Liss et al., 2001; Hahn et al., 2003). Kv4 channels associate with
multiple auxiliary subunits, including Kv4 channel interacting
proteins (KChIPs), which regulate the functional properties and
magnitude of macroscopic Kv4 current (An et al., 2000; Hol-
mqvist et al., 2002; Shibata et al., 2003). SNc dopaminergic neu-
rons contain mRNA for both Kv4.3 and KChIP3.1T, but for no

other Kv4 � subunits or for KChIPs 1, 2, or 4 (Liss et al., 2001).
KChIPs are calcium binding proteins, and their modulation of
currents through Kv4 channels includes both calcium-dependent
and calcium-independent actions (Patel et al., 2002). In cerebel-
lar stellate cells, calcium entry through T-type (Cav3) calcium
channels appears to be selectively coupled to KChIP regulation of
Kv4 channels (Anderson et al., 2010), and in CA1 pyramidal
neurons, blocking calcium entry through SNX-482-sensitive
R-type calcium channels has been reported to enhance EPSPs by
reducing availability of Kv4.2 channels (Wang et al., 2014). Ac-
cordingly, the reduction of IA by SNX-482 could, in principle, be
explained if calcium entry through R-type calcium channels reg-
ulated Kv4 function via KChIP3, although, as noted, R-type cal-
cium channels account for only a small fraction of total calcium
current in these cells.

Figure 3. Altered gating of Kv4.3 channels induced by SNX-482. A, Effect of 3 nM SNX-482 on current carried by Kv4.3 channels for test pulses to �23 mV (left) or to 32 mV (middle). Currents at
32 	 mV are superimposed with single exponential functions fit to the inactivating phase (blue traces). Right, Currents at 	 32 mV shown on expanded time scale to illustrate slowing of activation
by SNX-482. Dashed lines with arrows indicate time of peak current (5.5 ms in control and 25.7 ms with SNX-482). B, Conductance–voltage relation of cloned Kv4.3 channels in control (black) and
after application of 3 nM SNX-482 (red). Conductance was measured from peak current evoked from a holding potential of �88 mV using a reversal potential of �90 mV and normalized to the
maximum value in control. Solid black line indicates fit of control data to Boltzmann function, Gmax/(1 	 exp (�(V � Vh)/k)), where Gmax � 26.3 nS, Vh ��9.8 mV is the midpoint, and k � 16.2
mV is the slope factor. Solid red line indicates fit of the data in 3 nM SNX-428, with Gmax � 10.2 nS, Vh � 	 25.4 mV, and k � 16.1 mV. C, Voltage dependence of inactivation of Kv4.3 channels
determined using 1 s prepulses and a test pulse to 12 mV. Peak test pulse current is plotted versus prepulse voltage for recordings in control (black) and after applying 250 nM SNX-482 (red). Solid
black line indicates fit of control data to Boltzmann function, Imax/(1 	 exp ((V � Vh)/k)), where Imax � 6.2 nA, Vh ��56.8 mV is the midpoint, and k � 6.7 mV is the slope factor. Solid red line
indicates fit of the data in 250 nM SNX-428, with Imax � 1.3 nS, Vh � �30.0 mV, and k � 8.3 mV. Recordings at 23°C.
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To test whether the effects of SNX-482 on IA reflect inhibition
of calcium entry, we performed experiments using external solu-
tions in which calcium was replaced with equimolar cobalt. In the
absence of calcium influx, IA was still present, and it was still
completely inhibited by the application of 500 nM SNX-482 (Fig.
1C). Overall, when using external solutions with cobalt com-
pletely replacing calcium, the inactivating component of outward
current evoked by a step from �88 mV to �18 mV was reduced
by 500 nM SNX-482 to 10 � 3% of its control value (n � 11; p �
3 � 10�11). Thus, the reduction of IA by SNX-482 is not second-
ary to inhibition of Cav2.3 channels.

SNX-482 inhibits current through cloned Kv4.3 channels
To test the effects of SNX-482 on Kv4.3 channels in isolation, we
examined currents in HEK-293 cells stably expressing Kv4.3
channels (Eghbali et al., 2002). The transient outward current in
these cells was dramatically reduced by low concentrations of
SNX-482 (Fig. 2A). In collected results, 3 nM SNX-482 reduced
the peak current evoked by a step from �88 mV to �18 mV to
37 � 8% of its control value (n � 6; p � 0.0004). Application of
60 nM SNX-482 reduced peak current to 7 � 2% of its control
value (n � 5; p � 4 � 10�7).

To verify that the samples of toxin we used had the expected
effect on Cav2.3 channels, we examined its effects on currents in
HEK-293 cells expressing Cav2.3 �-subunits and the auxiliary
calcium channel subunits �1� and �1b. Consistent with previous
reports (Newcomb et al., 1998; Bourinet et al., 2001), SNX-482
inhibited the current through Cav2.3 channels (Fig. 2B) with

moderate potency. Under our conditions, 60 nM SNX-482 re-
duced the current to 52 � 14% of its control value (n � 3). Thus,
SNX-482 inhibits Kv4.3 channels �20 times more potently than
Cav2.3 channels.

SNX-482 shifts the voltage dependence and slows activation
of Kv4.3 channels
To explore the mechanism by which SNX-482 inhibits Kv4.3
channels, we examined the effect of the toxin on the kinetics and
voltage dependence of channel gating. Figure 3A shows currents
evoked before and after application of 3 nM SNX-482. In this cell,
current evoked by a depolarization to �23 mV was inhibited
nearly completely by 3 nM SNX-482, but current evoked by a large
depolarization to 	 32 mV was inhibited only partially (to 22% of
control). As suggested by this comparison, SNX-482 shifted the
voltage dependence of activation of Kv4.3 channels to more de-
polarized voltages (Fig. 3B). Overall, 3 nM SNX-482 shifted the
half-activation potential from 	 1 � 1 mV in control to 	 31 �
3 mV in toxin (n � 5; p � 0.001), with little change in slope factor
(15.7 � 0.6 mV in control, 16.7 � 0.6 mV in SNX-482; p � 0.18).
However, the reduction of current is not only the result of the
shift in the voltage dependence of activation because there was
also a substantial reduction in the peak conductance evoked at
strongly depolarized voltages (Fig. 3B). On average, the peak con-
ductance evoked by a step to 82 mV was reduced to 56 � 7% of its
control value by 3 nM SNX-482 (n � 5; p � 0.004).

Activation of Kv4.3 current was slowed by SNX-482 (Fig. 3A,
right). The current evoked by a step from �88 mV to 	 32 mV

Figure 4. Effect of SNX-482 on cloned Kv4.2 channels. A, Effect of 60 nM SNX-482 on Kv4.2-mediated current evoked by a depolarization from �98 to �18 mV. B, Effect of 500 nM SNX-482 on
Kv4.2 current evoked by steps to�28 mV (left) or 32 mV (right). C, Conductance-voltage relation of cloned Kv4.2 channels in control (black) and in 500 nM SNX-482 (red). Conductance was measured
from peak current evoked from a holding potential of �98 mV using a reversal potential of �90 mV and normalized to the maximum value in control. Recordings at 34°C.
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reached a peak at 8 � 2 ms in control but at 27 � 2 ms in 3 nM

SNX-482 (n � 12, p � 2.1 � 10�6). Inactivation was also slower
in the presence of SNX-482. In control, decay of the current at 	
32 mV could be fairly well fit by a single exponential, with average
time constant 46 � 4 ms, whereas in 3 nM SNX-482, the time
constant was increased to 154 � 23 ms (n � 12, p � 0.0007).
SNX-482 also shifted inactivation to more depolarized voltages.
In control, the midpoint of inactivation assayed by a test step to 	
12 mV after 1 s prepulses was �61 � 1 mV, whereas in 250 nM

SNX-482, it was shifted to �32 � 4 mV (n � 6, p � 0.0017).

SNX-482 also inhibits Kv4.2 channels
Kv4.2 channels are expressed in many brain regions and make the
major contribution to somatodendritic IA in hippocampal and
neocortical pyramidal cells, some cerebellar granule cells, and
other cell types (Serôdio and Rudy, 1998; Song et al., 1998; Rho-
des et al., 2004; Chen et al., 2006; Kim et al., 2007). Because of its
enrichment in dendrites, Kv4.2 is thought to participate espe-
cially in integration of synaptic inputs and regulation of action
potential backpropagation (Sheng et al., 1992; Hoffman et al.,
1997). We tested the effects of SNX-482 on cloned Kv4.2 channels

expressed in HEK-293 cells. Kv4.2 current
was inhibited by SNX-482 in a manner
qualitatively similar to Kv4.3 (Fig. 4).
However, higher toxin concentrations
were required, and the resulting inhibi-
tion was less pronounced. Peak current
evoked by a step to �18 mV was reduced
to 84 � 4% of its control value by 60 nM

SNX-482 (n � 9; p � 0.002). This value,
however, underestimates the effect of
SNX-482 early in the depolarization be-
cause SNX-482 markedly slowed the ki-
netics of activation of Kv4.2 currents (Fig.
4A,B), as seen for Kv4.3 channels. In con-
trol conditions, current evoked by a step
to �18 mV reached its peak at 21 � 1 ms,
whereas in 60 nM SNX-482, peak current
was at 34 � 1 ms (n � 9; p � 4 � 10�5).

Similar to the effects of SNX-482 on
Kv4.3, inhibition of Kv4.2 channels was
also voltage dependent (Fig. 4B), result-
ing in a shift in the voltage dependence
of activation (Fig. 4C). However, the
change in the midpoint of activation was
smaller for Kv4.2 channels than for Kv4.3
channels. On average, 500 nM SNX-482
shifted the midpoint of Kv4.2 activation by
13.7 � 1.9 mV (n � 6, p � 0.0009).

For Kv4.2 currents evoked by large de-
polarizations, SNX-482 had relatively little
effect on peak current but slowed activation
(Fig. 4B, right). Inactivation was also
slowed, and the result was a “crossover” of
the current, so that late in the depolarizing
step, the current in SNX-482 was actually
larger than it had been in control (Fig. 4B,
right). Decay of the current with inactiva-
tion could be described with a single expo-
nential function. For a step to 	 32 mV, the
time constant of decay increased from 52 �
4 ms in control to 101 � 13 ms in 500 nM

SNX-482 (n � 6, p � 0.0059).

Selectivity for IA

To explore the selectivity of SNX-482 for inhibiting IA versus
other native potassium currents, we examined its effects on other
voltage-activated currents present in SNc dopaminergic neurons,
using cobalt-containing external solution to avoid contributions
from calcium or calcium-activated currents. SNX-482 was highly
selective for inhibiting the low-threshold, rapidly inactivating
component of current attributable to IA (Fig. 5A). After applica-
tion of 500 nM SNX-482, the sustained current evoked by a step
from �88 mV to 	 12 mV was 95 � 4% its control magnitude,
similar to the small changes that took place independent of toxin
application (98 � 1%; n � 5; p � 0.15). Similarly, SNX-482 had
little or no effect on the transient sodium current (Fig. 5B). Over-
all, peak sodium current in 250 or 500 nM SNX-482 was 94 � 3%
its control value (n � 7), little different from time-dependent
reduction in currents recorded in control (97 � 1%, n � 3; p �
0.52). Thus, at least among the native sodium and potassium
currents present in SNc neurons, the effect of SNX-482 appeared
to be highly selective for IA.

Figure 5. Selectivity of SNX-482 for IA in SNc dopamine neurons. A, Currents evoked by depolarizations from �88 mV to �48
mV (left) and 12 mV (right) before (black) and after (red) application of 500 nM SNX-482, showing selective inhibition of IA. External
solution contained cobalt (replacing calcium) to avoid possible effects from inhibition of calcium channels and 1 �M TTX to block
sodium channels. Recording at 37°C. B, Currents evoked by a depolarization from �88 mV to �18 mV before (black) and after
(red) application of 250 nM SNX-482 showing lack of effect on sodium current. External solution contained cobalt (replacing
calcium). Recording at 34°C.
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Discussion
We found both native A-type current in midbrain dopamine
neurons and cloned Kv4 channels to be potently inhibited by the
tarantula toxin SNX-482, which is currently widely used as a
selective inhibitor of Cav2.3 channels. Native IA in SNc dopamine
neurons, thought to be mediated by Kv4.3 channels (Liss et al.,
2001), was inhibited completely by 250 –500 nM SNX-482. SNX-
482 inhibited cloned Kv4.3 channels with an IC50 of �3 nM, both
by shifting the voltage dependence of channel opening to more
depolarized voltages and by reducing current elicited by maximal
depolarizations. The toxin also inhibited cloned Kv4.2 channels
by shifting the voltage dependence of gating to depolarized volt-
ages, although the effect was less potent and less dramatic than on
Kv4.3 channels. In addition to the shift in voltage dependence,
the activation kinetics of both Kv4.2 and Kv4.3 were slowed by
the toxin. The shift of voltage dependence and slowing of activa-
tion are similar to the effects of SNX-482 on gating of Cav2.3
channels (Bourinet et al., 2001). For both Kv4.3 and Cav2.3, in-
hibition additionally involves substantial reduction of currents
evoked by the strongest depolarizations. This effect was both
more potent and more complete for SNX-482 action on Kv4.3
currents.

In contrast to the striking reduction of IA in dopamine neu-
rons, the sodium current and the other potassium currents in
these cells did not appear to be affected by the toxin. This is
consistent with previous data showing a lack of effect on a wide
variety of native potassium currents in other cell types (New-
comb et al., 1998). Thus, among potassium channels, the effect of
SNX-482 on Kv4 family channels appears to be highly selective.

Structurally, SNX-482 belongs to the family of “inhibitory
cystine knot” (ICK) peptide toxins that includes hanatoxin and
grammotoxin. These peptides contain six cysteine residues that
form three disulfide bonds at the core of the molecule and have
substantial amino acid similarity in the rest of the molecule
(Swartz, 2007). Most ICK toxins that inhibit voltage-dependent
ion channels are gating-state modifiers that partition into the cell
membrane and stabilize closed states of the channels through
interactions with the voltage-sensing domains and the lipid en-
vironment (Swartz and MacKinnon, 1995; Escoubas and Rash,
2004; Lee and MacKinnon, 2004; Jung et al., 2005; Swartz, 2007).
Many peptides in this family inhibit activation of more than one
type of channel, consistent with general conservation of the
voltage-sensing regions of voltage-dependent ion channels. Sev-
eral, including hanatoxin and grammotoxin, are known to in-
hibit gating of individual types of potassium channels and
calcium channels (Li-Smerin and Swartz, 1998). Interestingly,
although SNX-482 interacts fairly potently with both Kv4.3 and
Cav2.3 channels, it has substantial selectivity against other sub-
types of both potassium and calcium channels. Among calcium
channels, SNX-482 has �10-fold selectivity for Cav2.3 over other
types of calcium channels (Newcomb et al., 1998; Bourinet et al.,
2001); among potassium channels, SNX-482 fails to have signif-
icant activity against the mixture of non-IA potassium currents in
native midbrain dopamine neurons or any of the other native
potassium currents tested in other cell types (Newcomb et al.,
1998). The precise structural elements of channels and toxin pro-
teins that determine sensitivity and selectivity are still unclear.
However, recent work has identified the “face” of the toxin pep-
tide of one member of the ICK family that appears to be most
critical for channel interaction (Wang et al., 2004; Jung et al.,
2010).

A number of peptide inhibitors of Kv4 channels have previ-
ously been identified. Remarkably, SNX-482 has higher potency
against cloned Kv4.3 than any of the other inhibitors yet de-
scribed, including phrixotoxins (Diochot et al., 1999), AmmTX3
(Vacher et al., 2002; Maffie et al., 2013), and heteropodatoxin
(Sanguinetti et al., 1997). Like SNX-482, heteropodatoxin is an
ICK toxin that acts by shifting activation to more depolarized
potentials and by slowing inactivation (Zarayskiy et al., 2005;
DeSimone et al., 2009). SNX-482 is an excellent candidate to
explore the possibility of separating actions on potassium and
calcium channels by systematically altering the peptide sequence
in a manner similar to the alanine-scanning approach used to
define residues important for binding of the structurally related
tarantula toxin SGTx to Kv2 channels (Wang et al., 2004). If it
proves possible to selectively eliminate actions on Cav2.3 by al-
tering specific residues of SNX-482, the resulting peptide could
be very useful as a Kv4.3 inhibitor. Alternatively, substitutions to
eliminate Kv4 actions while retaining Cav2.3 inhibition would be
equally useful.

The finding that SNX-482 inhibits Kv4 channels makes some
experiments using the toxin as an R-type calcium channel blocker
difficult to interpret. The effects on Kv4 channels are not prob-
lematic in cases where the toxin is used to identify components of
calcium current in voltage-clamp experiments in which potas-
sium currents are blocked. Experiments using SNX-482 to study
the role of R-type calcium channels in cellular or network activity
under physiological conditions are more problematic. Concerns
about possible direct effects on Kv4 channels can be addressed to
some extent by showing that the effect of SNX-482 requires sig-
naling by intracellular calcium (Wang et al., 2014). Even stronger
controls can be done by showing a lack of effect of SNX-482 in
Cav2.3�/� mice, which offers a strong argument that the relevant
effect is indeed mediated by Cav2.3 channels (Bloodgood and
Sabatini, 2007; Giessel and Sabatini, 2011). However, develop-
ment of a modified peptide engineered to remove Kv4 inhibiting
activity would be far more convenient for most purposes.
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