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Cu® " (1,10 phenanthroline); is an open-channel blocker of the

human skeletal muscle sodium channel

"Mariana Oana Popa & *'Holger Lerche

"Departments of Neurology and Applied Physiology, University of Ulm, D-89069 Ulm, Germany

1 The formation of disulfide bridges is a classical approach used to study the mobility, proximity and
distances of residues in a variety of proteins, including ligand- and voltage-gated ion channels. We
performed patch-clamp studies to investigate the interaction of a pair of cysteines introduced into the
human skeletal muscle voltage-gated Na™ channel (hNa,1.4) using the oxidation catalyst, Cu**(1,10-
phenanthroline); (CuPhen).

2 Our experiments resulted in a surprising finding, a reversible current inhibition of the mutant
11160C/L1482C containing two cysteines in the D3/and D4/S4-S5 loops, subjected to oxidative cross-
linking in the presence of CuPhen.

3  We report here that CuPhen is an open channel blocker of both mutant and wild-type (WT)
hNa,1.4 channels, however, for WT channels a more than 10-fold higher concentration was needed
to induce the same effect. Moreover, 1,10-phenanthroline was capable of blocking Na™ channels
in the absence of Cu?* ions. Our results indicate a use- and voltage-dependent binding and un-
binding of CuPhen, reminiscent of the lidocaine quaternary derivative QX-314 and the neurotoxin
batrachotoxin.

4 Care should be taken when using CuPhen as an oxidizing reagent in cross-linking experiments,
since it may directly affect channel activity. Our results identify CuPhen (and phenantroline) as a novel
use-dependent inhibitor of Na™ channels, a mechanism that is shared by drugs widely used in the
treatment of epilepsy, neuropathic pain, cardiac arrhythmia and myotonia. We hypothesize that
11160C in D3/S4-S5 and the corresponding L1482C mutation in D4/S4-S5 could allosterically affect a
binding site located in the inner pore region of the channel.
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Introduction

Transiently active, voltage-gated Na* channels play a unique
role in excitable cells, mediating the depolarizing and part of
the repolarizing phase of the action potential. These channels
are the targets of a variety of neurotoxins and drugs that
modify their function by binding to different sites in the
protein. A large pore-forming a«-subunit encoding four
homologous domains associates with modulatory f-subunits
to form the channel (Catterall, 2000). Each domain contains
six putative transmembrane segments S1-S6 arranged around
the permeation pathway. Positive charges in the fourth
transmembrane segments of the channel confer the sensitivity
to changes of the membrane potential. Four linkers, called
P-loops, connect the S5 and S6 segments of each domain and
together form the selectivity filter of the channel, while the S6
helices provide the walls of the pore towards the intracellular
side. The S4-S5 loops and the distal parts of S6 segments are
involved in both fast channel inactivation and pharmacologi-
cal block.
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We have previously identified two amino acids, located in
the S4-S5 loops in D3 and D4 that — when mutated to
cysteines — disrupt fast inactivation of the channel in a
cooperative manner (I11160C and L1482C; Popa et al., 2004).
To investigate the physical distance between the two cysteines
during channel gating, we used a classical approach, the
disulfide bridging method. This strategy has been used to study
protein mobility and proximity relationships between residues
in both water-soluble and integral-membrane proteins (Car-
eaga & Falke, 1992; Yu et al., 1995; Wu & Kaback, 1996). The
formation of a disulfide bond, either spontaneously or upon
application of oxidizing reagents, depends on the proximity of
the two cysteine residues (Careaga & Falke, 1992) providing
a rough assay of inter-residue distances. The most commonly
used reagent to create an oxidative environment is
copper®(1,10-phenanthroline); (CuPhen), an enhancer of
the rate of oxygen oxidation of sulfhydryl groups (Kobashi,
1968). It has been applied in disulfide cross-linking studies on
G-protein-coupled receptors (Zeng et al., 1999), Na,K-ATPase
(Ivanov et al., 2000), ligand-gated ion channels (Horenstein
et al., 2001; Tousova et al., 2004) and voltage-gated ion
channels (Bénitah et al., 1997; Aziz et al., 2002, Neale et al.,
2003). Evidence has accumulated for the unexpected
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consequences of CuPhen use, apart from its role as a mild
oxidizing reagent, such as binding of the 1,10 phenanthroline
molecules between the two subunits of the bacterial aspartate
receptor (Milburn et al., 1991; Scott et al., 1993) and more
recently as a blocker of the vanilloid receptor TRPVI
(Tousova et al., 2004).

Our cross-linking experiments also resulted in a surprising
finding, a reversible current inhibition consistent with use-
dependent pore block for the mutant hNa,l1.4 containing
the two cysteine residues in the S4-S5 loops of domains D3
and D4. Our results indicate that both CuPhen and 1,10
phenanthroline in the absence of Cu®* ions are open-channel
blockers of hNa,1.4 channels.

Methods
Mutagenesis

Site-directed mutagenesis to introduce the different alanine
and cysteine mutations in S4-S5 loops of domains D3 and D4
of the o-subunit of the human skeletal muscle Na™ channel
(hNa,1.4, gene: SCN4A4) was described previously (Alekov
et al., 2001; Popa et al., 2004). Briefly, full-length wild-type
(WT) and mutant constructs of single and double mutations
were assembled in the expression vectors pRC/CMV for
transfection into the mammalian cell line tsA201, or in pSP64
for in vitro translation into cRNA, which was injected into
Xenopus oocytes. pSP64 vectors containing either WT or
mutant cDNA were linearized with EcoRI. cRNA was
prepared using the T7 mMessage mMachine SP6 kit (Ambion
Inc., Austin, TX, U.S.A.).

Expression in tsA201 cells and oocytes

Mammalian tsA-201 cells were transfected using a standard
calcium phosphate precipitation. Cells were cotransfected
with constructs of either WT or mutant sodium channel
o-subunits and a vector encoding the human CD8 cell surface
protein. Magnetic polystyrene microspheres precoated with
anti-CD8 antibody (Dynabeads M450, Dynal) were used to
identify transfected cells (Lerche et al., 1997).

Oocyte preparation and injection was performed as de-
scribed previously (Lerche et al., 1999). Adult Xenopus laevis
frogs were anesthetized with 0.5% Tricaine (3-aminobenzoic
acid ethyl ester methanesulfonate salt, Sigma-Aldrich, Munich,
Germany) and pieces of ovary were surgically removed. The
incisions were sutured and the animals allowed to recover.
Frogs were humanely killed after the final collection. All
experimental procedures using X. laevis were approved by the
Regierungspraesidium Tuebingen, Germany. Oocytes were
defolliculated using collagenase (2mgml~—' of type CLS III
collagenase, Biochrom KG, Berlin, Germany) in OR-2
solution (in mMm: 82.5 NaCl, 2 KCI, 1 MgCl,, 5 HEPES, pH
7.4) and stored at 18°C in frog Ringer solution (in mM: 115
NaCl, 2.5 KCl, 1.8 CaCl, and 10 HEPES, pH 7.4)
supplemented with 1% of fetal calf serum and 50 ugml™'
gentamicin (Biochrom KG, Berlin, Germany). Diluted WT or
mutant cRNA of Na™ channel o-subunits was injected,
together with Na™* channel f8;-subunit cRNA, in an estimated
1: 10 molar ratio. Prior to macropatch recordings, the vitelline
layer of each oocyte was removed with fine forceps.

Electrophysiology

Sodium currents from mammalian cells and Xenopus oocytes
were recorded at room temperature 21-23°C using an EPC-7
patch clamp amplifier (List Electronics, Darmstadt, Ger-
many), a Digidata 1200 digitizer and pClamp 6 data
acquisition software (Axon Instruments, Union City, CA,
U.S.A.). Leakage and capacitive currents were automatically
subtracted using a prepulse protocol (-P/4). Currents were
filtered at 3 and digitized at 20 kHz.

Most experiments were conducted in tsA201 cells using the
whole-cell patch-clamp technique as described in Popa et al.
(2004). Inside-out macropatches from Xenopus oocytes were
used when it was necessary to apply several different solutions
on the intracellular side of the membrane in a single
experiment. Sodium currents of 0.3-7nA were recorded from
such inside-out patches using large, low-resistance (<0.8 MQ)
electrodes. These recordings were performed in a small
chamber with a volume of 150 ul, which could be exchanged
completely in less than 30s.

The membrane was depolarized to various test potentials
from a holding potential of —140 mV for whole-cell recordings
and —120mV for recordings from inside-out patches. The use-
dependent inhibition was measured by applying trains of 25-
ms depolarizations at a frequency of 0.1 Hz. Recordings were
performed 10 min after establishing the whole-cell configura-
tion to ensure stable conditions not only for channel block but
also for voltage-dependent channel gating. To monitor use-
dependent unbinding, the depolarizations were applied for
S50ms at 0.5Hz. The voltage-dependent block and unblock
could be repetitively induced for up to 1h, without any
changes in kinetics or steady-state levels.

Solutions

For whole-cell recordings, the pipette solution contained (in
mM): 105 CsF, 35 NaCl, 10 EGTA, 10 HEPES, pH 7.4. The
bathing solution contained (in mM): 150 NaCl, 2 KCI, 1.5
CaCl,, 1 MgCl,, 10 HEPES, pH 7.4. For the measurements in
reduced Na* gradient across the membrane, we replaced half
of the external NaCl by 75mM KCI. Reversed solutions were
used for inside-out patches from oocytes.

A CuPhen stock solution was prepared by dissolving
Cu(IDSO,4 and 1,10-phenanthroline in a 4:1 water/ethanol
solution to concentrations of 150 and 500 mM, respectively
(Careaga & Falke, 1992). For whole-cell recordings, this stock
solution was diluted 1:1000 (or 1:100 for WT) to the pipette
solution at the time of use. For recordings from inside-out
macropatches, a final concentration of 7.5uM CuPhen was
used. The phenanthroline solution was prepared similarly by
dissolving 1,10-phenanthroline in a 4 : 1 water/ethanol solution
(500 mMm).

Data analysis

All data were analyzed using a combination of pClamp, Excel
(Microsoft, Redmond, MA, U.S.A.) and ORIGIN software
(Microcal Software, Northampton, MA, U.S.A.). For statistic
evaluation, Student’s 7-test was applied. All data are shown as
means+s.e.m., unless otherwise indicated.

British Journal of Pharmacology vol 147 (7)



810 M.0. Popa & H. Lerche

CuPhen - an open-channel blocker of hNa,1.4

Results

Use-dependent block of 11160C/L1482C mutant
hNa,l.4 channels by CuPhen

To assess the proximity of the cysteines introduced at
positions 1160 and 1482 in the D3/and D4/S4-S5 loops, we
applied 0.15mM of CuPhen intracellularly in whole-cell
recordings from tsA201 cells transfected with cDNA encoding
the mutant channel. Current amplitudes recorded using
a classical current—voltage (/-V) protocol saturated at highly
positive voltages (Figure la, A). During a subsequent -V
protocol, the whole cell peak current amplitudes were
much smaller for all depolarizing steps when compared with
the amplitudes from previous protocol (Figure la, B),
indicating that some of the channels were nonconducting
in the later protocols. While this might have been an effect
of a newly formed disulfide bridge between the introduced
cysteines, we observed a very unusual increase of the peak
current during the next voltage-clamp protocol used to
record steady-state inactivation (Figure 1b, C): upon repetitive
depolarizing pulses to —20mV from different conditioning
potentials, the channels recovered completely from the
inhibition of the current amplitude (Figure 1b, D). We
then tested the effect of repetitive depolarizations to
+ 100mV, which resulted in a continuous current decrease
that could be completely reversed by consecutive depolariza-
tions to —20mV (Figure lc and d). Since the reduction
of a disulfide bridge requires the presence of excess thiols,
which were not present in our solutions, the reversibility
of current inhibition excludes the possibility of a disulfide
bridge between 11160C and L1482C causing the inhibition
of the channels, as was seen in previous work from other
groups with cysteines in different ion channel regions (Bénitah
et al., 1997, 1999; Neale er al., 2003; Xiong et al., 2003).
In contrast, our results indicate a reversible channel block by
CuPhen. There are two possible alternatives to the hypothesis
that a disulfide bond is the unique cause of the current
reduction: CuPhen could change the gating of the mutant
channel by oxidation of the two cysteines (without disulfide
bridging), or CuPhen could bind to a site on the channel to
block its activity. If the inhibition due to CuPhen application
was due to oxidation of cysteines changing the properties
of the channels, then the block should persist after washing
out the catalyst or be induced in the presence of another
oxidizing reagent.

To differentiate between a direct channel block by
CuPhen and an indirect effect secondary to the oxidation,
we expressed the 11160C/L1482C mutant channel in Xenopus
oocytes and performed experiments with inside-out macro-
patches, which allowed the exchange of solutions on the
intracellular side of the membrane. After wash-in of
CuPhen, we observed a small tonic block in the resting
state of the channel (not shown). As in the whole-cell
experiments, a use-dependent block developed with repetitive
depolarizing pulses to +100mV; however, 20-fold lower
concentrations were needed in inside-out patches to obtain
effects similar to those seen in whole-cell recordings. Figure le
shows for one macropatch the phasic recovery after current
inhibition, both in the presence of and after washing out
CuPhen. The block could not be established after wash-out
(Figure le), or after applying another oxidizing agent, H,O,
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Figure 1 Inhibition of the current and recovery from block in the

presence of 0.15mM CuPhen for the I1160C/L1482C mutant
channel. (a) Two consecutive /-V’s (current—voltage relationship)
in the presence of CuPhen — open symbols, obtained by normalizing
the peak currents during step depolarizations between —105 and
67.5mV in steps of 7.5mV from a holding potential of —140mV to
the maximum peak current recorded during the first I-V. The I~V in
the absence of CuPhen is also represented for comparison (gray
symbols, n=9). The inhibition was first noticed as a current
saturation at voltages more positive than 40mV (A), and then as a
decrease of peak currents over the whole voltage range (B). (b) After
recording the I-1"s, two consecutive recordings of voltage-depen-
dent channel availability (steady-state inactivation curve) were
made. The increase in current during the first protocol (C) reflects
recovery from inhibition. The currents were normalized to the
maximum peak current during the second protocol (D). (c) and (d)
show the development of and recovery from channel block,
respectively, in response to repetitive depolarizations. (¢) CuPhen
block of the I1160C/L1482C mutant channel recorded in inside-out
patches from X. laevis oocytes that had been injected with the cRNA
of the mutant channel. The current did not decrease with
consecutive depolarizations before application, nor after wash-out
(open symbols), but only in the presence of CuPhen (filled symbols).
The recovery from block developed similarly in the absence (open
circles) or in the presence (filled triangles) of CuPhen. The values
plotted are normalized peak currents recorded during consecutive
depolarizations from a holding potential of —120mV, with the
frequency and at the voltages indicated in (e).

(0.3%, not shown). In addition, the block could still be
induced when macropatches were exposed for up to 40 min to
both CuPhen and the sulfhydryl-reducing agent 1,4-dithio-
threitol (DTT), applied in a ratio of 1:33 (not shown).
Taken together, these results indicate that current inhibition
is due to a direct action of CuPhen and is not a consequence
of oxidation.
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Voltage dependence of channel block by CuPhen

To identify the voltage dependence of the development of
and recovery from inhibition, we applied trains of depolarizing
pulses to different voltages from a holding potential of
—140mV. The block developed at voltages more positive than
+20mV in a use-dependent manner, and was strongly
voltage-dependent (Figure 2a and d). Furthermore, the
inhibition was positively correlated with the duration of the
depolarizing pulse (Figure 2b); however, a train of short
pulses, which depolarized the membrane for a time equal to the
duration of one long pulse, was more effective (one 25-ms
pulse: —38.7+5.3% inhibition, five 5-ms pulses —60.5+3.4%
inhibition, P<0.02). The double mutant exhibits an impaired
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Figure 2 Voltage dependence of the CuPhen block. (a) Peak
current decrease during depolarizations applied at 0.1 Hz frequency,
at indicated voltages. The lines represent fits of an exponential
function to the data. Both rates and asymptotic levels are voltage-
dependent. (b) The current block during a single depolarization to
100mV increases with pulse duration. (c) Recovery from block
developed rapidly with trains of depolarizations (protocol shown in
Figure 1d) and in a voltage-dependent manner (inset, upward
triangles, same protocol as in Figure 1d, but depolarizations to
voltages as indicated in the inset), but very slowly when the
membrane was kept at —20mV (downward triangles). All mutations
increased the steady-state levels of the block (d) and the association
rate (e). For the WT channel, we used two different concentrations
of CuPhen, 0.15 and 1.5mM (gray symbols), whereas for all
mutations we used 0.15mM CuPhen. The values shown were
obtained as described in (a), with one exception. Since there was
only minimal block of WT channels with 0.15 mM, we were not able
to fit consistently exponential functions to the peak current decay in
this case. The data points for the WT at 0.15 mM therefore represent
the relative reduction of peak current between the first and the 20th
pulse to the voltage indicated on the abscissa, n = 3-8.

inactivation, with a persistent Na* current of 24 +2% of peak
current remaining 70 ms after onset of the depolarization. This
persistent current could explain the positive correlation of
current inhibition with pulse duration via an open-channel
block by CuPhen.

Recovery from channel block developed rapidly with
repetitive depolarizing pulses to potentials between —60 and
0mV in a voltage-dependent manner (Figure 2c inset). No
recovery was observed when cells were held at —140mV for
more than 10min (not shown), indicating that the blocker
might be trapped by closure of the activation gate. Consistent
with this hypothesis, recovery from channel block was also
highly use-dependent. Holding the cells at —20mV for 100s
led to a very slow recovery of only 50% of the blocked
channels, whereas complete recovery occurred upon repetitive
short pulses (to —20mV) at a frequency of 0.5Hz after
approximately 1s (Figure 2c).

CuPhen block of WT channels and role of S4-S5
and S6 mutations

WT channels were only minimally blocked by application of
0.15mM of CuPhen, but at 1.5mM CuPhen induced a similar
voltage-dependent current inhibition to that seen in the mutant
channels at the lower concentration (Figure 2d). For the single
mutations 11160C and L1482C, we observed a much weaker
block with 0.15mM CuPhen than seen in the double mutant.
Figure 2 shows the voltage dependence of channel block (d)
and the time constants for development of block at + 100 mV
(e). Another double mutation, which contains an alanine in
position 1482 (11160C/L1482A), was also blocked by CuPhen,
although less effectively than the double cysteine mutation. We
also investigated channel block for a mutation within the pore
region (D4/S6) which has previously been shown to affect
channel block by local anesthetics (LAs) and batrachotoxin
(BTX) (Ragsdale et al., 1996; Linford et al., 1998). Interest-
ingly, in contrast to the WT channel, this mutant channel also
showed a significant block upon application of 0.15mM
CuPhen, indicating that the S6 segment could be involved in
binding of CuPhen. The block developed with intermediate
time constants between the double and the single cysteine
mutants in S4-S5 (Figure 2e), while recovery was faster (not
shown).

Dependence of CuPhen block on [Na™],

The use dependence of both development of and recovery from
channel block suggests that CuPhen is a pore blocker. To test
this hypothesis further, we reduced [Na*], from 150 to 75 mM
and monitored the onset of current inhibition and asymptotic
levels of the block for 11160C/L.1482C channels. Since external
Na ™ ions should compete with a pore blocker for binding sites
within the channel, we expected an increase in channel block
by reducing [Na*],, which could be clearly shown for both
parameters investigated (Figure 3a and b). Upon strong
depolarizations to 4+ 100 mV, these differences were no longer
significant, probably because at this voltage external Na™ ions
are driven out of the pore efficiently even at high [Na*],, as
has been also shown for tetraalkylammonium (TAA) block of
Na™ channels (O’Leary et al., 1994).

British Journal of Pharmacology vol 147 (7)
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asymptotic levels (a) and decreased time constants (b) of the block
in conditions of reduced external Na™ concentration (from 150 to
75mM). At 50mV, the rate of channel block was 0.36+0.04 pulses™
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Figure 4 Phenanthroline blocks the I1160C/L1482C mutant chan-
nels in the absence of Cu®*t ions (squares). For comparison, the
block in the presence of CuPhen is represented with dotted lines
n=23-5.

1,10 phenathroline-induced channel block in the absence
of copper ions

Copper ions can accommodate three phenanthroline molecules
to form Cu®*(Phen); complexes. We investigated the hypoth-
esis that 1,10 phenanthroline is the relevant inhibitor of Na™
channels. Interestingly, we obtained very similar results when
0.5mM of 1,10 phenanthroline was added to the pipette
solution to those seen with 0.15mM CuPhen for the mutant
channel 11160C/L1482C (Figure 4). In addition, applying a
CuPhen solution in which copper ions were added in excess
resulted in a much weaker block, and CuSO, did not induce
channel inhibition (results not shown). These results indicate
that 1,10 phenanthroline is the channel blocker.

Discussion

Our results revealed that CuPhen induces a use- and voltage-
dependent inhibition of the hNa,1.4 Na™ channel, which is
enhanced by mutations in the D3/S4-S5, D4/S4-S5 and D4/S6
segments. Several aspects suggest that CuPhen is an open-
channel pore blocker: (i) Repetitive pulses opening and closing
the gates were necessary for both the development of and the

recovery from channel block, suggesting in the latter case that
CuPhen is trapped in the channel at hyperpolarized membrane
potentials. (ii) Short pulses were more efficient in inhibiting the
current of [1160C/L1482C mutant channels than a single pulse
of equally long duration, and recovery occurred only very
slowly during a prolonged depolarization, when the channels
are mainly in the inactivated state. (iii) Our data revealed an
enhancement of the CuPhen-induced block upon reduced
[Na™],, consistent with an antagonizing effect of Na™ ions in
the pore (Wang, 1988). (iv) Current inhibition by CuPhen is
reminiscent of the use-dependent block of voltage-gated Na*
channels by putative pore blockers such as some LAs, in
particular by quaternary derivatives of lidocaine such as QX-
314 (Strichartz, 1973). The neurotoxin BTX also exhibits both
use-dependent binding and unbinding (Li ez al., 2002). (v) It
has been recently shown that CuPhen is an open-channel
blocker of the nonselective cation channel, the vanilloid
receptor TRPVI1 (Tousova et al., 2004). This receptor exhibits
a similar folding as voltage-gated ion channels, has a pore
structure comparable to the Na™ channel and contains
conserved amino acids in its S6 segments (Mohapatra et al.,
2003; Ferrer-Montiel et al., 2004), including sites that are
critical for LA and BTX binding (Linford et al., 1998; Wang
et al., 2000). Finally, the S4-S5 loops harbor critical sites for
the sensitivity of different Na* channel isoforms to neurotox-
ins from the same class as BTX (Kimura et al., 2001). In our
study, the block was also affected by the S4-S5 and S6
mutations investigated, including F1586A, which was pre-
dicted to be a receptor site for LAs and BTX (Ragsdale et al.,
1996; Linford et al., 1998). The enhanced sensitivity of the
mutant channels to CuPhen might result from the disruption
of fast inactivation, the most prominent effect of the
investigated mutants (Popa et al., 2004), as would be expected
for an open-channel blocker. However, there was no clear
correlation between the extent of CuPhen block and the degree
of defective fast inactivation, as I1160C/L1482A has a much
larger persistent current (Popa et al., 2004), but showed less
intense channel inhibition compared to 11160C/L1482C. We
therefore hypothesize that I11160C in D3/S4-S5 and the
corresponding L.1482C mutation in D4/S4-S5, especially when
paired, and the F1586 mutation in D4/S6 allosterically
affect the binding site of CuPhen (or the access to it), which
could be located within the pore region and is guarded by the
activation gate.

In addition, we found that 1,10 phenanthroline (Phen)
induces a use- and voltage-dependent block in the absence of
copper ions. Phen is a weak Lewis base. Its pK indicates that
less than 0.5% will be positively charged at a pH of 7.4. One
possibility could be that charged Phen is a potent inhibitor of
the Na* channel and electrostatic interactions are critical for
binding. The guarded receptor model (Starmer et al., 1984)
and binding within the pore at increasing electrical distances
(Woodhull, 1973) could then elegantly explain the voltage
dependence of the block. Alternatively, the neutral Phen
molecules might induce the block. Due to their large
permanent dipole moment of 4.11 D (Nishigaki er al., 1978),
the Phen molecules align with the electric field across the
membrane. The strength and occurrence of hydrogen bonds
that could be formed between Phen and a putative receptor site
within the pore region are critically determined by the
orientation of the molecules involved, so that the local
membrane electric field would directly act on binding of Phen.
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Such a scenario has been proposed for the neutral and small
S-nitrosodithiothreitol, which has a similar mechanism of
blocking Shaker K™ channels and competes with internal
TEA (Brock et al., 2001).

Our study adds a new compound to the list of LAs,
antiarrhythmic and anticonvulsant drugs known to inhibit
voltage-gated Na™ channels in a use-dependent manner.
Although its targets of action are key proteins in modulating
electrical excitability or pain transduction, such as the voltage-
gated Na™ channel (this study), or the vanilloid receptor 1
(Tousova et al., 2004), CuPhen and Phen most probably have
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