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ABSTRACT
Whole-cell recordings and outside-out patch recordings from
TE671 cells were made to investigate antagonism of human
muscle nicotinic acetylcholine receptors (nAChR) by the phil-
anthotoxins, PhTX-343 and PhTX-(12). When coapplied with
acetylcholine (ACh), PhTX-343 caused activation-dependent,
noncompetitive inhibition (IC50 � 17 �M at �100 mV) of whole-
cell currents that was strongly voltage-dependent. However,
preapplication of PhTX-343 unveiled a voltage-independent
antagonism that also required receptor activation, which is
suggestive of desensitization enhancement. In single-channel
studies, 10 �M PhTX-343 significantly reduced the mean open
time of channel openings evoked by 1 �M ACh from 4.42 �
0.44 to 1.58 � 0.10 ms with a minor increase (1.26-fold) in

mean closed time. These data indicate that PhTX-343 predom-
inantly blocks the open channel gated by ACh. In contrast,
PhTX-(12) caused potent (IC50 � 0.77 �M at �100 mV), acti-
vation-dependent, noncompetitive inhibition of ACh-induced
whole-cell currents that was only weakly voltage-dependent
and suggestive of desensitization enhancement. It caused only
a small decrease (7.5%) in the mean open time of channel
openings induced by 1 �M ACh, whereas the mean closed time
was significantly increased from 200 � 45 ms to 586 � 145 ms.
The different voltage-dependencies of the two modes of action
of these philanthotoxins suggest two binding sites, one deep in
the nAChR pore, the other near the extracellular entrance to the
pore.

Nicotinic acetylcholine receptors (nAChR) are distributed
extensively throughout the central and peripheral nervous
systems of vertebrates and invertebrates, where they medi-
ate fast transmission at central synapses and neuromuscular
junctions (Corringer et al., 2000; Itier and Bertrand, 2001).
The human muscle cell line TE671, which is the subject of
this report, expresses nAChR with sequence and subunit
stoichiometry [(�1)2�1��] similar to that of immature human
muscle nAChR (Schoepfer et al., 1988; Lukas et al., 1999).
The electrophysiological characteristics of TE671 cells, and
the nAChR that they express, have been described previously
(Oswald et al., 1989; Shao et al., 1998).

Noncompetitive inhibitors of nAChR include antagonists of
the open channel conformation of this receptor [e.g., QX-222
(Charnet et al., 1990)] and those that inhibit both closed and
open channel conformations [e.g., chlorpromazine (Giraudat
et al., 1986)]. These and other noncompetitive inhibitors have
been extensively reviewed by Arias (1998). Philanthotoxin-

433 (PhTX-433; 4, 3, and 3 indicate the number of methylene
groups between the amide/amine groups) (Eldefrawi et al.,
1988; Piek and Hue, 1989) is a natural product example of a
class of polyamine-containing compounds discovered in cer-
tain wasp and spider venoms that noncompetitively antago-
nize nAChR. In general, natural and synthetic philanthotox-
ins exhibit properties that are qualitatively similar to those
of polyamines, such as spermine and spermidine, but at
lower concentrations (Usherwood and Blagbrough, 1991).

PhTX-343 (Fig. 1), a structurally close analog of PhTX-433,
is one of many synthetic analogs of the natural product (Anis
et al., 1990; Bruce et al., 1990; Karst and Piek, 1991; Karst et
al., 1991; Benson et al., 1992, 1993; Strømgaard et al., 1999,
2000; Bixel et al., 2000). It is a potent antagonist of ionotropic
glutamate receptors mediating neuromuscular transmission
in insects (Eldefrawi et al., 1988; Bruce et al., 1990), of
ionotropic glutamate receptors of rat brain (Ragsdale et al.,
1989; Jones et al., 1990; Brackley et al., 1993), and of recom-
binant, ionotropic glutamate receptors from rat (Brackley et
al., 1993; Bähring and Mayer, 1998). The interactions of
PhTX-433 and PhTX-343 with vertebrate muscle-type
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nAChR have been studied electrophysiologically using frog
muscle (Rozental et al., 1989) and the mouse BC3H1 cell line
(Jayaraman et al., 1999) and with neuronal-type nAChR
using insect cockroach thoracic ganglia (Rozental et al., 1989)
and PC-12 cells (Liu et al., 1997). Biochemical studies of
philanthotoxin action on nAChR of Torpedo nobiliana elec-
tric organ (e.g., Anis et al., 1990) include the use of photo-
sensitive analogs of PhTX-343 (Nakanishi et al., 1997). Re-
cently, Bixel et al. (2000) showed that the photoactive
compound N3-phenyl-PhTX-343-lysine binds to nAChR with

a stoichiometry of 2:1 and that a related compound, MR44 (a
3-6-8-6 polyamine linked via an amide group to an aromatic
head group), labels, via its aromatic ‘head group’, the �-sub-
units of Torpedo californica nAChR at a region (Ser-162 to
Glu-175) thought to form the outer vestibule of the nAChR
channel (Bixel et al., 2001).

It has often been assumed that philanthotoxins, and the
structurally related argiotoxins (Jackson and Usherwood,
1988) are exclusively open channel blockers of ionotropic
receptors that gate cation-selective ion channels; the pres-

Fig. 1. Inhibition of responses to ACh
by coapplied PhTX-343. A, structure of
PhTX-343. B, whole-cell currents in
response to 2-s applications (indicated
by horizontal bar) of 10 �M ACh alone
(a) or of ACh coapplied with either 10
�M (b) or 100 �M (c) PhTX-343 at �50
mV, �50 mV, and �100 mV. C and D,
concentration-inhibition relationships
for PhTX-343 inhibition of peak (C)
and late (D) ACh (10 �M)-evoked cur-
rent at �50 mV (�, 100 �M PhTX-343
only, n � 17), �25 mV (f, n � 16),
�50 mV (Œ, n � 45), and �100 mV (F,
n � 48). The data are means � S.E.M.
for n cells, and curves are fits of eq. 1.
IC50 values are given in Table 1.

Fig. 2. Inhibition of responses to ACh
by coapplied PhTX-(12). A, structure
of PhTX-(12). B, whole-cell currents in
response to 2-s applications (indicated
by horizontal bar) of 10 �M ACh alone
(a) or of ACh coapplied with either 1
�M (b), 10 �M (c), or 100 �M (d)
PhTX-(12) at �50 mV, �50 mV, and
�100 mV. C and D, concentration-in-
hibition relationships for PhTX-(12)
inhibition of peak (C) and late (D) ACh
(10 �M)-evoked current at �50 mV
(�, n � 21), �25 mV (f, n � 22), �50
mV (Œ, n � 43), and �100 mV (F, n �
45). The data are means � S.E.M. for
n cells, and curves are fits of eq. 1. IC50
values are given in Table 1.
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ence of multiple positive charges on the polyamine moiety of
PhTX-343 is largely responsible for this antagonism. Indeed,
a reduction in the number of positive charges reduces antag-
onism potency by about 10-fold per charge at some receptors
(Bruce et al., 1990; Mellor et al., 2003). However, there is
substantial evidence that these compounds interact with
closed (with potentiation and antagonism) as well as open
channel conformations of some classes of excitatory receptor
(Jackson and Usherwood, 1988; Usherwood and Blagbrough,
1991; Blagbrough and Usherwood, 1992; Jayaraman et al.,
1999; Brier et al., 2002). We have recently shown that re-
moval of either one or both of the secondary amines of PhTX-
343, with the consequent reduction in positive charge, en-
hances rather than reduces antagonist potency at human
muscle nAChR (Strømgaard et al., 1999, 2000, 2002; Brier et
al., 2002; Mellor et al., 2003); the most potent compound is
the dideaza analog PhTX-(12) [the structures of PhTX-343
and PhTX-(12) are shown in Figs. 1 and 2]. In contrast,
PhTX-(12) is virtually inactive at insect muscle glutamate
receptors (Karst et al., 1991) and at rat �-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptors (Mellor et al.,
2003). Here, we show that PhTX-(12) causes largely voltage-
independent antagonism of mammalian muscle-type nAChR
and increases channel closed time, whereas PhTX-343 causes
strong voltage-dependent antagonism and reduces channel
open time.

Materials and Methods
PhTX-343 and PhTX-(12). The synthesis of PhTX-343 and

PhTX-(12) was described in Strømgaard et al. (1999, 2000) and
Wellendorph et al. (2003).

Cell Culture. TE671 cells were cultured as described earlier
(Shao et al., 1998). Briefly, they were maintained in Dulbecco’s
modified Eagle’s medium containing 4.5 g/l glucose and supple-
mented with 10% fetal calf serum, 1 mM pyruvic acid, 2 mM glu-
tamine, 10 IU/ml penicillin, and 10 �g/ml streptomycin (Invitrogen,
Carlsbad, CA), and incubated at 37°C in a 5% CO2 atmosphere. Cells
were grown in 25-cm2 flasks and divided 1:10 when they were ap-
proximately 75% confluent. For whole-cell recording, dividing cells
were plated onto pieces of glass coverslip (5 � 20 mm) in 35-mm Petri
dishes (Nalge Nunc International, Naperville, IL) and transferred 2
to 7 days later to a perfusion bath mounted on the stage of an
inverted microscope.

Electrophysiology. Whole-cell preparations and outside-out
patches were used to record membrane currents evoked by ACh as
described previously (Shao et al., 1998). Briefly, patch pipettes were
fabricated from borosilicate glass capillaries (GC150F-10; Clarke
Electromedical Instruments, Pangbourne, UK) using a DMZ Univer-
sal (Zeitz, Augsburg, Germany) or P-97 (Sutter Instrument Com-
pany, Novato, CA) programmable puller. Resistances were �5 M�
when the pipettes were filled with either 140 mM CsCl, 1 mM CaCl2,

1 mM MgCl2, 11 mM EGTA, and 5 mM HEPES (for whole-cell
recording) or 140 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 11 mM EGTA,
and 5 mM HEPES (K�-pipette solution for outside-out patches); both
solutions were pH 7.2. Cells were constantly perfused, at a flow rate
of �10 ml/min, with saline containing 135 mM NaCl, 5.4 mM KCl, 1
mM CaCl2 1 mM MgCl2, and 5 mM HEPES (adjusted to pH 7.4 with
NaOH). Membrane currents were monitored using either an Axo-
patch 200 (Axon Instruments, Union City, CA) or a L/M-EPC7 patch-
clamp amplifier (List Electronic, Darmstadt, Germany). Agonist/
antagonists were applied as 1- to 8-s (whole-cell) or 10- to 30-s
(outside-out patches) pulses using a DAD-12 Superfusion system.
The patch-clamp amplifier and DAD-12 Superfusion system were
controlled by pClamp 5.7.2 software (Axon Instruments), which si-
multaneously acquired data to the hard disk of an IBM-compatible
PC. Experiments were performed at 18 to 22°C. Chemicals were
purchased from the Sigma Chemical Co. (St. Louis, MO)

Analyses. Data analyses were undertaken on an IBM-compatible
PC using pClamp 5.7.2 software (Axon Instruments) for whole-cell
data or Strathclyde Electrophysiology Software WinEDR2.3.3 (Dr. J.
Dempster, Department of Physiology and Pharmacology, University
of Strathclyde, UK) for single-channel data. Curve fitting was per-
formed using Graphpad Prism software. IC50 (EC50) values were
estimated by fitting the following equation to concentration-inhibi-
tion (-response) (%) data:

% control response �
M

1 � �IC50/[PhTX]nH) (1)

where M is the maximum response and nH is the Hill slope. Inhibi-
tion-voltage data were fitted by a variation of the Woodhull equation
(Woodhull, 1973):

I
I0

�
M

1 � [PhTX]/Kd(0)exp(�VHz�F/RT) (2)

where I0 is the current in the absence of PhTX-343, I is the current
in the presence of PhTX-343, M is the maximum fractional current
(I/I0) in the presence of PhTX-343 (to account for any voltage-
independent antagonism), Kd(0) is the dissociation constant at 0 mV,
z is the valence of the blocking molecule, � is the fraction of the
membrane electric field traversed by PhTX-343, F is Faraday’s con-
stant, R is the gas constant, and T is absolute temperature. Rates of
onset of inhibition were determined by fitting exponential decays to
current versus time data after the addition of antagonist during
steady-state current evoked by 10 �M ACh. Desensitization rates
were determined by fitting exponential decays to the decaying phase
of current versus time data.

Values for P were determined using unpaired or paired (where
appropriate) Student’s t test; differences between data sets were
considered significant for P 	 0.05. In experiments comparing inhi-
bition under varying conditions of time, preapplication, and ACh
concentration, paired measurements have been obtained from each
cell and repeated for n cells. This allows for more accurate interpre-
tation of the results that could otherwise be influenced by cell-to-cell
variation. In all other experiments, large n values were employed.

TABLE 1
IC50 values for inhibition of peak and late whole-cell currents induced by 10 �M ACh during its co-application with either PhTX-343 or PhTX-(12)
at �50, �25, �50, and �100 mV
For all comparisons of peak and late currents, VH values, or PhTX-343 and PhTX-(12), P 	 0.0001 (unpaired Student’s t test). Values are presented as mean � S.E.M. (n
cells).

�50 mV �25 mV �50 mV �100 mV

�M

PhTX-343
Peak current 774 � 139 (16) 333 � 32 (45) 124 � 7 (48)
Late current 200 � 14 (16) 120 � 7 (45) 17.2 � 0.3 (48)

PhTX-(12)
Peak current 70.5 � 2.8 (21) 46.9 � 5.4 (22) 49.7 � 2.8 (43) 28.2 � 1.9 (45)
Late current 1.37 � 0.12 (21) 1.67 � 0.14 (22) 1.16 � 0.06 (43) 0.77 � 0.05 (45)
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Results
Coapplication of ACh and Philanthotoxins. Re-

sponses of TE671 cells to application of ACh (
1 �M) are
characterized by a current [inward at negative holding po-
tential (VH)] that rises to a peak before rapidly decaying to a
plateau because of desensitization (Fig. 1). Recovery from
desensitization is complete within 30 s (Shao et al., 1998).
The effects of PhTX-343 and PhTX-(12) were assessed by
analyzing: 1) the peak current obtained in the presence and
absence of the philanthotoxins (peak current data); and 2)
the late current (1 s after the commencement of ACh appli-
cation) obtained in the presence and absence of philantho-
toxin (late current data). The measurement of peak and late
currents enabled an assessment of time-dependent antago-
nism by the two compounds. After 1 s, the nAChR population
consists of channels in their open, desensitized, or closed
states, the relative proportions of which determine the am-
plitude of the late current relative to the peak current. Be-
cause these proportions may vary from cell to cell, steps were
taken (see Materials and Methods) to avoid misinterpreta-
tions resulting from the fact that PhTX-343 and PhTX-(12)
may only bind to certain receptor states.

Concentration Dependence. Concentration-inhibition
relationships for PhTX-343 and PhTX-(12) were obtained at
�50 mV, �25 mV, �50 mV, and �100 mV by applying 2-s
pulses of 10 �M ACh, with or without philanthotoxin (10 pM
to 100 �M), at 30-s intervals (Fig. 1). IC50 values were cal-
culated by fitting eq. 1 to the concentration-inhibition data
(Table 1). The IC50 values for PhTX-343 were voltage-depen-
dent; i.e., the values for inhibition of both peak and late
currents were lower at �100 mV than at �25 mV. Overall,
PhTX-343 caused little inhibition at �50 mV (Fig. 1), and it
was not possible to estimate an IC50 for this VH. Antagonism
by PhTX-343 at negative VH was time-dependent; the IC50

for peak current inhibition was greater than that for late
current inhibition (Fig. 1). PhTX-(12) was more effective than
PhTX-343 at inhibiting the peak and late currents (Fig. 2);
i.e., peak current inhibition by PhTX-(12) was 16.5-, 6.7-, and
4.4-fold more potent than by PhTX-343, and late current
inhibition by PhTX-(12) was 120-, 103-, and 22-fold more
potent than by PhTX-343, at �25, �50, and �100 mV, re-
spectively (data based on IC50 values). The IC50 values for
inhibition by PhTX-(12) at �50 mV and �100 mV were
significantly different (P 	 0.0001), for both peak and late
current (Table 1). However, in contrast to PhTX-343, potent
inhibition by PhTX-(12) was observed at �50 mV (Table 1;
Fig. 2). In common with PhTX-343, antagonism by PhTX-(12)
was time-dependent, inhibition of the late current being
greater than that of the peak current (Fig. 2).

Competition with ACh. The possibility that PhTX-343
and/or PhTX-(12) competes with ACh was investigated 1) by
determining the effect of ACh concentration on the concen-
tration-inhibition relationships for the philanthotoxins and
2) by determining the effect of the philanthotoxins on the
concentration-response relationship for ACh. Because the
rate of rise and decay of the peak ACh-induced current de-
pends on ACh concentration, the late current induced by the
agonist was used in these studies. When the ACh concentra-
tion was raised from 10 �M to 1 mM, the IC50 value for late
current inhibition by PhTX-343 at �50 mV was unchanged
(Fig. 3, A and B). Also, the IC50 values for PhTX-(12) at �50,

�50, and �100 mV with 10 �M ACh were not different from
those obtained with 1 mM ACh (Fig. 3, C and D).

There was no change in percentage inhibition by 100 �M
PhTX-343 at �50 mV and �100 mV when the ACh concen-
tration was increased in steps from 1 �M to 1 mM (Fig. 3E).
Inhibition by 10 �M PhTX-(12) at �50 mV and �100 mV
increased (P � 0.0139 for �50 mV, but 0.0800 for �100 mV)
when the ACh concentration was raised from 1 to 10 �M and
remained unchanged above this (Fig. 3E). It follows from
these data that there is no competition between PhTX-343 or
PhTX-(12) and ACh. Interestingly, the small enhancement of
inhibition by the philanthotoxin that was seen when the ACh
concentration was raised from 1 to 10 �M coincided with a
major increase in desensitization by the agonist.

Voltage Dependence. The influence of VH on the action
of PhTX-343 was studied quantitatively by applying 2-s
pulses of 10 �M ACh, with or without philanthotoxin, at
voltage steps (�25 mV) between �50 mV and �125 mV. Peak
current inhibition by 100 �M PhTX-343 was not significant

Fig. 3. Effect of ACh concentration on inhibition by PhTX-343 and PhTX-
(12). A and B, whole-cell currents in response to 10 �M ACh (A) or 1 mM
ACh (B), either alone (a) or with 10 �M (b) or 100 �M (c) PhTX-343 at
�100 mV. C and D, whole-cell currents in response to 10 �M ACh (C) or
1 mM ACh (D) either alone (a) or with 1 �M (b) or 10 �M (c) PhTX-(12),
at �50 mV. Horizontal bars indicate the 2-s application of ACh � toxin.
E, plots of inhibition versus ACh concentration for 100 �M PhTX-343 at
�50 mV (f, n � 10) and �100 mV (Œ, n � 9) and 10 �M PhTX-(12) at �50
mV (�, n � 10) and �100 mV (F, n � 10). The data are mean � S.E.M.
of n cells.
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(6.9 � 7.1%) at �50 mV but reached 71.9 � 5.9% at �125 mV
(n � 13). Late current inhibition by 100 �M PhTX-343 in-
creased from 12.1 � 5.6% at �50 mV to 96.5 � 2.3% at �125
mV (n � 13) (Fig. 4A). By fitting eq. 2 to plots of fractional
inhibition of peak and late currents by 100 �M PhTX-343
against VH, estimates for z� and M were obtained (Fig. 4A).
Assuming that the valence of PhTX-343 is �3 at physiologi-
cal pH (Strømgaard et al., 1999), the �-values for peak and
decay current inhibition by 100 �M PhTX-343 were 0.15 �
0.02 and 0.35 � 0.04, respectively (n � 13). M values for peak
and late current inhibition by PhTX-343 were 1.08 � 0.06
(n � 13) and 0.92 � 0.03 (n � 13), respectively (significantly
different from unity for late current; P � 0.0334). These data
lend further support to the conclusion that antagonism of
ACh responses by PhTX-343 is largely voltage-dependent.
Antagonism by PhTX-(12) is shown for comparison at �50,
�25, �50, and �100 mV in Fig. 4B. Although inhibition by
this philanthotoxin was slightly greater at �100 mV than at
�50 mV (P 	 0.0004), it was not possible to fit eq. 2 to
estimate � values. Thus, we conclude that inhibition by
PhTX-(12) is only weakly voltage-dependent.

Preapplication of Philanthotoxin. Inhibition of the
ACh-induced current was increased by preapplying either

PhTX-343 or PhTX-(12) before these philanthotoxins were
coapplied with ACh, with no interval between the pre- and
coapplication (Fig. 5). Maximum enhancement of inhibition
by both PhTX-343 and PhTX-(12) was obtained with a 
1-s
preapplication (Fig. 6A). Consequently, we have used 30-s
preapplications of philanthotoxin (at �50 mV, �50 mV, and
�100 mV; toxin concentrations, 1, 10, and 100 �M) (Table 2).
Solution exchange was completed within 50 ms. Therefore,
the observed enhancement of inhibition was not caused by
equilibration of philanthotoxin at the cell membrane.

In general, inhibition of both peak and late currents was
increased with preapplication of the two philanthotoxins,
although inhibition of the late current remained greater than
that of the peak current (Table 2; Figs. 5 and 6), indicating
that inhibition was dependent on nAChR activation. The
rates of decay of responses to 10 �M ACh plus either 100 �M
PhTX-343 or 1 �M PhTX-(12), without and with preincuba-
tion of the philanthotoxins, were ascertained at �50 mV (to
eliminate voltage-dependent antagonism). With 100 �M
PhTX-343, the decay rate increased from 1.23 � 0.22/s with-
out preapplication to 3.35 � 0.23/s with preapplication (n �
11, P 	 0.0001) (Fig. 6B); with 1 �M PhTX-(12), the decay
rate increased from 1.48 � 0.20 to 4.03 � 0.50/s (n � 10, P 	
0.0001) (Fig. 6C).

Fig. 4. Voltage-dependence of inhibition by PhTX-343 and PhTX-(12). A,
fraction of control response (I/I0) versus VH for inhibition by 100 �M
PhTX-343 (n � 13) of ACh (10 �M)-evoked peak current (f) and late
current (F). The data are fit by eq. 2 (curves) giving z� � 0.45 � 0.05 and
1.04 � 0.12, M � 1.08 � 0.06 and 0.92 � 0.03, and Kd(0) � 321 � 85 �M
and 690 � 216 �M for peak and late current data, respectively. B, fraction
of control response (I/I0) versus VH for inhibition of ACh-(10 �M) evoked
peak current by 10 �M PhTX-(12) (f) and late current by 1 �M PhTX-(12)
(F) (n � 21–45). The data are mean � S.E.M. of n cells.

Fig. 5. Preapplication of PhTX-343 and PhTX-(12). Whole-cell currents in
response to 10 �M ACh alone (a), coapplied with toxin (b) or coapplied
with toxin after a 30-s preincubation with toxin alone, for 100 �M PhTX-
343 (A) and 1 �M PhTX-(12) (B). Responses are shown at �50 mV and
�50 mV. Horizontal bars indicate the 2-s application of ACh � toxin.
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Application of Philanthotoxin during the ACh-In-
duced Current. The kinetics of antagonism by PhTX-343
and PhTX-(12) were investigated by applying the philantho-
toxins during the “steady-state” current induced by ACh.

ACh (10 �M) was applied for a period of 4 s, followed by 10
�M ACh with either PhTX-343 or PhTX-(12) for 2 s, followed
by 10 �M ACh for 2 s. This approach was only possible with
TE671 cells that exhibited a pronounced late current during
application of ACh. The above protocol was repeated at �50,
�50, and �100 mV. Antagonism of the “steady-state” current
by PhTX-343 was voltage-dependent, with no antagonism at
�50 mV, even at 100 �M PhTX-343 (Fig. 7A). At �50 mV,
inhibition was obtained only with 100 �M PhTX-343, but at
�100 mV, substantial inhibition occurred with 10 �M PhTX-
343. Inhibition of the “steady-state” current was obtained
with 1 �M PhTX-(12), even at �50 mV, with inhibition being
largely unaffected by VH (Fig. 7B).

Onset Rates. The onset rates of inhibition of the ACh-
induced current by PhTX-343 and PhTX-(12) were estimated
from best-fits of exponentials to the onset phases of inhibition
of “steady state” currents. The rates were corrected for the
presence of any residual, ACh-induced desensitization. Inhi-
bition onsets for PhTX-343 were best fitted by double expo-
nentials comprising fast and slow components (Fig. 7A, Table
3). The fast rate for PhTX-343 was independent of VH, but the
slow rate was higher at more negative VH [0.16 � 0.12/s (n �
6) at �50 mV and 1.43 � 0.45/s (n � 8) at �100 mV (P �
0.0373)]. However, the fast onset rate was limited by the rate
at which the philanthotoxin could be exchanged. Inhibition
onsets for PhTX-(12) were best-fitted with a single exponen-
tial (Fig. 7B, Table 3) and were voltage-independent.

Recovery from Inhibition by PhTX-343 and PhTX-
(12). Rates of recovery from inhibition were determined by
fitting exponentials to the recovery phases of inhibition elic-
ited by applying the philanthotoxins during “steady-state”
currents induced by ACh (Fig. 7; Table 3). Recovery rates
were higher with lower PhTX-343 concentrations and at less
negative VH. Recovery from inhibition by PhTX-(12) was
slower than for PhTX-343, with a weak dependence on an-
tagonist concentration at �50 mV (P � 0.0278). There was
also a weak dependence on VH; recovery was faster at �50
mV than at �50 mV. In some cells held at �100 mV, recovery
from 100 �M PhTX-(12) was barely detectable.

Recovery from inhibition by PhTX-343 and PhTX-(12) was
also investigated by applying a 2-s pulse of 10 �M ACh 30 s
after coapplication of 10 �M ACh with 100 �M philantho-
toxin (Fig. 8). A 2-s pulse of 10 �M ACh was applied 30 s
before the coapplication step, as control. The experiment was
repeated at �50 and �100 mV for PhTX-343 and at �50,
�50, and �100 mV for PhTX-(12). Table 4 summarizes the
results of the experiment. Both peak and late currents recov-
ered by 
66% after inhibition by 100 �M PhTX-343; recovery
of the peak current was voltage-dependent. At �100 mV,
recovery of the late current was greater than that of the peak
current (Fig. 8A). Recovery of the peak and late currents
after inhibition by PhTX-(12) was slower than after applica-
tion of PhTX-343 (Table 4). The rates of recovery of peak and
late currents were not significantly different. Recovery from
PhTX-(12) antagonism was voltage-dependent with signifi-
cantly greater recovery at �50 mV (Fig. 8B). Recovery of
peak and late currents was not enhanced by stepping VH

from �100 to �50 mV for 26 s in the absence of agonist (Fig.
8C).

Single Channel Studies. Outside-out patches from
TE671 cells were exposed to 1 �M ACh for 10 to 30 s in either
the absence or presence of philanthotoxin [10 �M PhTX-343

Fig. 6. Preapplication of PhTX-343 and PhTX-(12). A, plots of inhibition
versus preapplication time for inhibition of peak current by 100 �M
PhTX-343 (f) or 10 �M PhTX-(12) (Œ) at �100 mV. B and C, whole-cell
current responses to 10 �M ACh coapplied with either 100 �M PhTX-343
(B) or 1 �M PhTX-(12) (C) without (a) and with (b) a 30-s preapplication
at �50 mV. The decay phase of each response is fitted by a single
exponential (thick curve). Horizontal bars indicate the 2-s application of
ACh � toxin.
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or 1 �M PhTX-(12)] at �60 mV (potassium channels present
in outside-out patches from TE671 cells reverse at this VH

with the high K�-containing pipette solution). Measure-
ments of the effects of the philanthotoxins on single-channel
activity were made when channel open probability had
reached a constant value (i.e., when desensitization of
nAChR had reached a steady state). The effects of coapplying
PhTX-343 or PhTX-(12) with ACh are illustrated in Fig. 9
and Table 5. PhTX-343 reduced the mean open time (mo),
whereas PhTX-(12) increased the mean closed time (mc). The
mean single-channel conductance (G) was not significantly
affected by either PhTX-343 or PhTX-(12) (Fig. 9, F–H; Table
5); no subconductance levels were evident in either the ab-
sence or the presence of the philanthotoxins. The open-state
peak of the all-points histogram for channel openings in the

presence of PhTX-343 (Fig. 9G) was skewed toward the
closed-state peak because of attenuated brief events and
could not be accurately fit with a Gaussian distribution. The
effects of PhTX-343 and PhTX-(12) on mc were voltage-inde-
pendent, whereas the large reductions in mo that were ob-
tained with PhTX-343 were highly voltage-dependent.

Discussion
This study has shown that PhTX-343 noncompetitively

inhibits the muscle-type nAChR of TE671 cells in a voltage-
dependent manner. Like Liu et al. (1997), we have shown
that late current inhibition by PhTX-343 is greater than peak
current inhibition. This time-dependent antagonism implies
that interaction of PhTX-343 with nAChR is slow and/or that

Fig. 7. Application of PhTX-343 or PhTX-
(12) during a response to ACh. Either 100
�M PhTX-343 (A) or 10 �M PhTX-(12) (B)
was coapplied for 2 s, 4 s after the start of
an 8-s response to 10 �M ACh, at �50 mV
and �50 mV. The gray lines are fits of
double (PhTX-343) or single [PhTX-(12)]
exponential decays (antagonizing phase)
or exponential associations (recovery
phase).

TABLE 2
Inhibition of peak and late whole-cell currents induced by 10 �M ACh without (C) or with (P) a 30-s preapplication by either PhTX-343 or PhTX-
(12) at � 50, �50, and �100 mV
All p values from unpaired Student’s t test. Values are presented as mean � S.E.M. (n cells).

Control Response

�50 mV �50 mV �100 mV

Peak Current Late Current Peak Current Late Current Peak Current Late Current

%

PhTX-343
1 �M

C 96.3 � 1.6 (13) 92.8 � 2.7 (13) 99.4 � 2.0 (12) 97.3 � 1.7 (12) 99.1 � 3.3 (10) 94.0 � 2.9 (10)
P 85.1 � 3.5 (13)** 45.3 � 3.8 (13)***††† 91.4 � 4.3 (12) 66.8 � 4.8 (12)***††† 86.8 � 3.7 (10)* 57.1 � 5.2 (10)***†††

10 �M
C 98.4 � 1.9 (13) 89.7 � 1.9 (13)†† 92.9 � 2.4 (12) 84.4 � 2.8 (12)† 93.6 � 3.1 (10) 46.7 � 8.1 (10)†††
P 79.9 � 3.1 (13)*** 40.9 � 3.6 (13)***††† 79.7 � 5.0 (12)* 49.5 � 4.4 (12)***††† 68.1 � 8.2 (10)** 12.1 � 5.6 (10)**†††

100 �M
C 90.1 � 3.6 (13) 84.8 � 3.4 (13) 78.3 � 3.2 (20) 58.5 � 3.4 (20)††† 66.9 � 6.5 (12) 23.5 � 8.3 (12)†††
P 70.1 � 6.7 (13)* 47.5 � 5.2 (13)***† 39.6 � 5.1 (20)*** 24.7 � 3.0 (20)***† 13.8 � 5.8 (12)*** 4.82 � 2.52 (12)*

PhTX-(12)
1 �M

C 104.7 � 3.4 (10) 73.2 � 3.3 (10)††† 98.4 � 2.2 (10) 67.7 � 3.4 (10)††† 101.0 � 2.8 (10) 65.1 � 4.5 (10)†††
P 92.8 � 4.2 (10)* 42.0 � 5.5 (10)***††† 88.7 � 3.6 (10)* 40.5 � 4.6 (10)***††† 91.3 � 3.1 (10)* 37.6 � 5.3 (10)***†††

10 �M
C 94.7 � 2.4 (15) 12.1 � 1.8 (15)††† 89.3 � 1.3 (13) 5.58 � 2.26 (13)††† 88.5 � 3.4 (10) 2.49 � 1.51 (10)†††
P 86.3 � 2.7 (15)* 8.44 � 1.07 (15)††† 78.6 � 3.2 (13)** 1.56 � 0.77 (13)††† 74.6 � 4.8 (10)* 0.29 � 0.11 (10)†††

100 �M
C 68.8 � 10.7 (11) 0.34 � 0.52 (11)††† 62.4 � 5.8 (10) 4.30 � 3.06 (10)††† 65.6 � 5.8 (11) 4.07 � 2.86 (11)†††
P 25.1 � 5.1 (11)** 0.04 � 0.11 (11)††† 9.01 � 1.93 (10)*** 0.21 � 0.20 (10)††† 3.83 � 0.67 (11)*** 0.79 � 0.35 (11)†††

* (P 	 0.05), ** (P 	 0.01), and *** (P 	 0.001) indicate significance of increase in inhibition with preapplication.
† (P 	 0.05), †† (P 	 0.01), and † (P 	 0.001) indicate significance of difference between peak and late current inhibition.
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antagonism of nAChR by PhTX-343 involves processes sub-
sequent to receptor activation. The IC50 values for late cur-
rent inhibition by PhTX-343 described herein are near the
estimates of PhTX-343 potency in binding studies on Torpedo
sp. nAChR; IC50 values of 50 �M (Nakanishi et al., 1997) and

2.6 �M (Anis et al., 1990) for displacement of [3H]histrion-
icotoxin from Torpedo sp. nAChR by PhTX-343 have been
reported. The noncompetitive nature of philanthotoxin inhi-
bition of nAChR is supported by Bixel et al. (2000), who
showed that the binding of N3-Ph-PhTX-343-Lys to resting

Fig. 8. Recovery from antagonism by
PhTX-343 and PhTX-(12). A and B,
whole-cell currents in response to 10 �M
ACh alone before (a) and 30 s after (c)
inhibition (b) by either 100 �M PhTX-343
(A) or PhTX-(12) (B). C, whole-cell cur-
rents in response to 10 �M ACh alone
before (a) and 30 s after (c) inhibition (b)
by 100 �M PhTX-(12) at �100 mV, with-
out (left) or with (right) a 26-s pulse to
�50 mV between b and c. Both datasets in
C are from the same cell. Horizontal bars
indicate the 2-s application of ACh �
toxin.

TABLE 3
Onset and recovery rates for inhibition of steady-state whole-cell current induced by 10 �M ACh at �50, �50, and �100 mV. All p values are
from unpaired Student’s t test. Values are presented as mean � S.E.M. (n cells).

�50 mV �50 mV �100 mV

Onset rate (s�1)
PhTX-343

10 �M
Fast 17.8 � 2.7 (7)
Slow 1.10 � 0.28 (7)

100 �M
Fast 20.0 � 2.4 (6) 18.1 � 3.1 (8)
Slow 0.16 � 0.12 (6) 1.43 � 0.45 (8)†

PhTX-(12)
1 �M 0.53 � 0.15 (6) 0.61 � 0.13 (9) 1.08 � 0.22 (8)
10 �M 8.13 � 0.64(6)*** 7.46 � 1.15(9)*** 8.03 � 1.49(9)***
100 �M 17.7 � 1.7 (6)*** 13.3 � 2.1 (9)* 14.0 � 2.4 (9)

Recovery rate (s�1)
PhTX-343

10 �M 8.79 � 3.22 (5)
100 �M 11.7 � 3.1 (7) 4.15 � 1.23 (7)†

PhTX-(12)
1 �M 1.62 � 0.27 (5)† 0.84 � 0.13 (9) 0.86 � 0.19 (6)
10 �M 1.31 � 0.09(6)††† 0.55 � 0.06 (10) 0.65 � 0.09 (8)
100 �M 1.08 � 0.10(6)††† 0.40 � 0.09 (6)a 0.36 � 0.10 (3)

* (P 	 0.05) and *** (P 	 0.001) indicate significance of difference from the effect of the previous concentration of philanthotoxin.
† (P 	 0.05) and ††† (P 	 0.001) indicates significance of difference from values at �50 mV.
a P 	 0.05 indicates significant difference from the effect at 1 �M philanthotoxin.
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state Torpedo californica nAChR is unaffected by the pres-
ence of �-BgTX and slightly enhanced by the presence of
carbamylcholine. Bixel et al. (2001) also showed that binding
of a related philanthotoxin, 125I-MR44, was largely unaf-
fected by either �-BgTX or carbamylcholine. Previously, how-
ever, Rozental et al. (1989) reported that very high concen-
trations of PhTX-433 inhibited the binding of both ACh and
�-BgTX to Torpedo sp. nAChR.

The voltage-dependence of inhibition by PhTX-343 is in
accordance with the results of Rozental et al. (1989) who
demonstrated that inhibition of frog muscle end-plate cur-
rent by the natural product PhTX-433 is voltage-dependent.
Voltage-dependent antagonism of neuronal-type nAChR by
PhTX-343 has also been demonstrated (Liu et al., 1997).
PhTX-343 is trivalent at physiological pH with all three of its
amino groups positively charged (Jaroszewski et al., 1996). It
follows that if PhTX-343 blocks the ion channel pore of
nAChR, then its activity should be influenced by the trans-
membrane electric field. The conclusion that PhTX-343
blocks the open channel gated by nAChR is supported by the
reduction of mo in our single-channel studies. The positively
charged amino groups may interact with negatively charged
or nucleophilic residues within the nAChR channel. It is
suggested that the two hydrophilic rings containing serine,
asparagine and threonine residues and the negatively
charged intermediate and internal rings (Brier et al., 2002)
form a binding site for the polyamine chain of PhTX-343. The
more hydrophobic extracellular region of the pore would then
accommodate the hydrophobic ‘head’ of PhTX-343. Although
the �-values calculated from the voltage dependence of an-
tagonism might suggest a shallower binding site in the pore,
these values should be treated with caution, because PhTX-
343 is a complex, elongated organic cation with distributed
charge [unlike protons, for which the Woodhull (1973) anal-
ysis was developed] and may also be subject to internal

hydrogen bonding (Tikhonov et al., 2000). The IC50 values for
peak current inhibition by PhTX-343 are much higher than
the reported value of �100 nM (at VH � �60 mV) for peak
current inhibition by PhTX-343 of the neuronal-type nAChR
of PC-12 cells (Liu et al., 1997). It is likely that � and �
subunits, which are found only in muscle nAChR, are respon-
sible for this difference in sensitivity to PhTX-343, although
differences in the �1 and �1 subunits of the two types of
nAChR cannot be ruled out. The � and � subunits introduce
lysine residues (positive charges) to the external mouth of the
pore, whereas the � and � subunits contribute negative
charges in the form of glutamate and aspartate residues. The
presence of lysine residues in the muscle-type nAChR would
reduce the probability of PhTX-343 entering the pore. Sec-
ond, the � subunit has a glutamine instead of a glutamate (as
with �, �, and �) and, perhaps more importantly, a lysine
instead of an aspartate (as with �, �, and �) at the interme-
diate and internal rings, respectively.

When PhTX-343 was preapplied, a significant voltage-in-
dependent antagonism was uncovered, suggesting that this
philanthotoxin also interacts with the closed channel confor-
mation of nAChR. The inhibition of late current at �50 mV
and the small increase in mc in the single-channel studies
lend support to this conclusion. Jayaraman et al. (1999)
previously identified open- and closed-channel antagonism
for PhTX-343 in their study of mouse adult muscle nAChR of
BC3H1 cells. The enhancement of inhibition by PhTX-343
that resulted from preapplication of the antagonist was char-
acterized by an increase in the rate of decay of the ACh-
induced current, which could be interpreted as an increase in
the rate of desensitization.

PhTX-(12) was more potent than PhTX-343, and the IC50

values for peak and decay current inhibition by PhTX-(12)
were largely unaffected by changes in VH. Like that for
PhTX-343, the action of PhTX-(12) was time-dependent; late

TABLE 4
Recovery from inhibition by co-applied 100 �M PhTX-343 or 100 �M PhTX-(12) of whole-cell currents induced by 10 �M ACh at � 50, �50, and
�100 mV.
All P values are from unpaired Student’s t test. Values are presented as mean � S.E.M. (n cells).

Toxin
Recovery

�50 mV �50 mV �100 mV

%

PhTX-343 (100 �M)
Peak current 78.6 � 3.8 (48) 66.6 � 4.4 (46)*
Late current 80.3 � 3.2 (48) 78.3 � 2.8 (46)†

PhTX-(12) (100 �M)
Peak current 87.1 � 5.8 (11) 74.2 � 3.9 (26) 53.3 � 3.9 (23)***
Late current 86.8 � 5.6 (11)** 64.4 � 4.0 (26) 48.5 � 4.2 (23)**

* (P 	 0.05), ** (P 	 0.01), and *** (P 	 0.001) indicate significance of difference from data obtained at �50 mV.
† (P 	 0.05) indicates significance of difference between recovery of peak and late currents.

TABLE 5
Single-channel parameters for currents induced by 1 �M ACh in outside-out patches obtained in the absence (control) and presence (toxin) of 10
�M PhTX-343 or 1 �M PhTX-(12)

Po mo mc G

ms ms pS

PhTX-343 (n � 11)
Control 0.048 � 0.014 4.42 � 0.44 178 � 38 35.7 � 0.9
Toxin 0.018 � 0.006** 1.58 � 0.10*** 225 � 55 33.5 � 0.9

PhTX-(12) (n � 9)
Control 0.034 � 0.012 4.40 � 0.46 200 � 45 35.9 � 1.1
Toxin 0.017 � 0.008** 4.14 � 0.45 586 � 145* 35.6 � 1.1

* (P 	 0.05), ** (P 	 0.01), and *** (P 	 0.001) indicate significance of difference from control values (paired Student’s t test).
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current inhibition was consistently greater than peak cur-
rent inhibition. The fact that PhTX-(12) antagonism is
weakly voltage-dependent whereas antagonism by PhTX-343
is strongly voltage-dependent leads us to conclude that these
philanthotoxins share two binding sites on nAChR: one deep
within the membrane electric field, for which PhTX-343 has
a preference, and one at a more extracellular position, for
which PhTX-(12) has a dominant preference. It follows that

the main action of PhTX-(12) is on the closed-channel confor-
mation of nAChR, whereas that of PhTX-343 is on the open-
and closed-channel conformations. Because inhibition by
PhTX-(12) is accompanied by an increase in the rate of decay
of the response to ACh, requires receptor activation, and is
enhanced when PhTX-(12) is preapplied, we further conclude
that when PhTX-(12) and PhTX-343 bind to the closed chan-
nel conformation of nAChR of TE671 cells, they enhance
desensitization.

The weak voltage dependence of antagonism and the stron-
ger voltage dependence of recovery from antagonism by
PhTX-(12) suggest a binding site for this toxin at the external
mouth of the pore that may extend into the channel vesti-
bule. Such a site has been photoaffinity-labeled by the aro-
matic region of the closely related compound 125I-MR44
(Bixel et al., 2001). MR44 antagonizes nAChR in a manner
identical to that of PhTX-(12) [i.e., weakly voltage-dependent
inhibition that is activation-dependent (Brier et al., 2002)].
Significantly, Matsushima et al. (2002) have shown that mu-
tation of Ser-284 to Leu or Phe in the �4-subunit results in a
faster desensitization rate. This residue is conserved in the
human �1 subunit (Ser- 297). Perhaps the terminal amine
group of PhTX-(12) (and of MR44) interacts with this residue
to “neutralize” it in the same way as mutation to a hydro-
phobic residue. It seems clear that hydrophilic philantho-
toxin analogs (e.g., PhTX-343) with multiple amino groups
can bind at site deep in the ion channel pore, whereas hydro-
phobic analogs [e.g., PhTX-(12)] act at a shallower site in the
pore to enhance desensitization.
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