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SUMMARY

The peptide w-agatoxin lIlA (w-Aga-IIIA)from venom of the funnel
web spider Agelenopsis aperta blocks L-type Ca2� channels in
neurons and myocardial cells with high affinity. We report that
w-Aga-lllA also blocks whole-cell Ca2 channel currents in guinea
pig atrial myocytes. Although other high affinity blockers of L-
type Ca2� channels are available (such as the 1 ,4-dihydropyri-
dines), w-Aga-IIIA is a valuable pharmacological tool; w-Aga-IIIA
is the only known ligand that blocks L-type Ca2� channels with

high affinity at all voltages (IC50 �1 nM) and it causes little or no
block of T-type Ca2� channels, unlike the 1 ,4-dihydropyridines.
We use w-Aga-lIlA to selectively eliminate L-type Ca2� currents
and we show that felodipine blocks T-type Ca2� currents. Con-
sequently, the toxin is better than dihydropyridines for separating
ionic currents through voltage-dependent Ca2’ channels and
defining their physiological function.

Myocardial cells have predominately two populations of Ca2�

channels, called T-type (or low-voltage activated) and L-type

(or high-voltage activated) (1). Nifedipine and related DHPs,

such as felodipine, block L-type Ca2� channels with high affin-

ity in a variety of tissues (2). However, the DHPs block L-type

Ca2� channels with high affinity only over a limited voltage

range, and this block is relatively weak if drug binding equili-

brates with well polarized cells (3, 4). The high concentrations

of DHPs necessary to block L-type Ca2� channels at all voltages

can also block T-type Ca2� channels (5-9). In addition, DHPs

and verapamil analogs can be high affinity blockers of the

voltage sensor for calcium release from the sarcoplasmic retic-

ulum (10). Because these commonly used Ca2� channel antag-

onists do not selectively eliminate ionic current through L-type

Ca2� channels, their block of excitation-contraction coupling

or stimulus-secretion coupling does not unequivocally demon-

strate the involvement of calcium entry through L-type Ca2�

channels.

Peptide toxins that selectively block neuronal Ca2� channels

are known (11-14). Recent studies indicate that peptide neu-

rotoxins isolated from venom of the funnel web spider Agelen-

opsis aperta block Ca2� channels in non-neuronal cells. For

example, w-Aga-IIIA blocks L-type Ca2� channels in neurons

and myocardial cells (15, 16). Our studies were designed to

contrast the effects of w-Aga-IIIA with those of the DHP

felodipine. We used guinea pig atrial myocytes because the

components of Ca2� channel current can be readily quantitated

and the pharmacological properties of these currents are well

documented. w-Aga-IIIA is a more selective blocker of ionic

current through L-type Ca2� channels than felodipine and this

toxin should be a valuable pharmacological tool. A preliminary
report of part of this work has been published (16).

Materials and Methods

Whole-cell voltage-clamp measurements. Single guinea pig

atrial myocytes were prepared from male Duncan-Hartley guinea pigs
as described previously (9, 17). The methods used for patch voltage-
clamp experiments have also been described previously (9). Briefly,
cells were voltage-clamped using the whole-cell configuration of the

patch-clamp technique at room temperature (20-25#{176})(18). Membrane
current was low-pass filtered using a four-pole Bessel filter with a cut-

off frequency (-3 dB, f�) of 5 kHz and was digitized at 40 kHz, unless

otherwise indicated. Linear leak and capacity currents were subtracted
digitally by scaling the response to test pulses from -100 to -140 mV.

Zero Ca2� current was defined as the current at the holding voltage,
and this level is indicated by a dashed line in figures with current
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I M. Adams, D. Hillyard, and M. Smith, unpublished observations.

Fig. 1. High affinity voltage-independent block of L-type Ca2� channels by w-Aga-IIIA. A, Peak inward Ca2� current (I) during 100-msec pulses to
various test potentials (V1) from a holding potential of -60 mV. 0, Control; A, 1 .6 nM; #{149},6.4 nM; �, 26 n� w-Aga-lllA. The fractional block is 45%,

77%, and 92%, respectively, consistent with 1:1 binding and an IC50 of 2 n�. Sampling rate, 10 kHz; f� = 2 kHz. B, Superimposed current records
for V1 = +20 mV. C, Inward Ca2� current at the end of a 10-msec test pulse to +30 mV versus prepulse potential (Va). �‘ Control; A, 1 .6 nM; #{149},6.4
nM w-Aga-IIIA. Solid curves, fits by two-state Boltzmann distributions; arrows, midpoint voltages (-29.1 , -28.1 , and -29.5 mV). D, Superimposed
current records in the low ionic strength bath solution with 0, 0.32, and 1 .6 n� w-Aga-IIIA. Holding potential, -70 mV; test potential, +5 mV;
sampling rate, 50 kHz; f� = 5 kHz.

recordings. Tail current records were fit by the sum of two exponentials
plus a constant, using the Levenberg-Marquardt nonlinear curve-fitting

procedure ( 19). Changes in membrane voltage were complete by �250
psec after a change in command voltage, and data collected during this
interval were excluded from analysis and display. The reported tail
current amplitudes represent the magnitude of the exponentials at the
end of this period. Where specified, data were fit by a two-state

Boltzmann distribution (‘umax �1 + exp[( V - V112)/kfl’, where ‘max

is the maximum amplitude, V112 is the midpoint potential, and k is the

slope factor).
Solutions and drugs. w-Aga-IIIA was isolated from the venom of

A. aperta by reverse phase liquid chromatography (13, 15) or by similar

methodology using ion exchange and reverse phase liquid chromatog-
raphy. In this venom a similar toxin, w-Aga-111A1, is also present.1 It is
identical to w-Aga-IIIA except for the substitution of threonine for
glutamine at residue 58. The two forms of the toxin were separated by
reverse phase liquid chromatography and identified by electrospray

mass spectroscopy and amino acid sequencing. Both toxins were used

in our studies and their electrophysiological activities on guinea pig

atrial myocytes were indistinguishable.
The external (bath) and internal (pipette) solutions for electrophys-

iological experiments were designed to minimize currents through Na�
and K� channels and the run-down of L-type Ca2� currents. Two
internal solutions were used. The first (used for the experiments shown
in Fig. 1) contained (in mM) cesium glutamate, 87; CsF, 20; CsCl, 20;

tetrabutylammonium chloride, 1; BAPTA, 11; CaCl2, 0.9; MgCl2, 1;

HEPES, 20; Mg-ATP, 5; and Li2-GTP, 0.1; adjusted to pH 7.2 with
CsOH. The second was identical except that CsF was replaced by
equimolar cesium glutamate. The bath solution for most experiments
contained (in mM) tetraethylammonium chloride, 157; CaCl2, 5; MgCl2,

0.5; and HEPES, 10; adjusted to pH 7.5 with CsOH; plus 0.05% fatty
acid-free bovine serum albumin. The low ionic strength bath solution
contained (in mM) sucrose, 267; tetraethylammonium chloride, 5;

MgCl2, 0.5; CaCl2, 1; and HEPES, 10; adjusted to pH 7.5 with CsOH.

Solutions were pressurized with 100% 02.

Results

Current through L-type Ca2’ channels is commonly quanti-
tated by measuring the peak inward current elicited during a

test pulse applied from a depolarized holding potential (approx-

imately -50 mV) (20). Such measurements show high affinity

block of L-type Ca2� channels by w-Aga-IIIA (Fig. 1A). In the
presence of increasing concentrations of w-Aga-IIIA (0, 1.6, 6.4,

and 26 nM), the current is reduced by the same fraction at all

test potentials. Superimposed recordings of Ca2� current at +20

mV with these concentrations of w-Aga-IIIA are shown in Fig.

lB. The effect of w-Aga-IIIA on L-type Ca2� channels is similar
to the effect of tetrodotoxin or saxitoxin on neuronal Na�

channels (21); i.e., the amplitude of the current is reduced

without change in time course, the fractional block is the same

at all test potentials, and the concentration dependence of

block is consistent with 1:1 binding to a single population of

sites. In contrast, felodipine and related DHPs increase the

rate of current decay during a test pulse and produce greater

block at more positive test potentials (22, 23). The DHP effects

are thought to reflect the voltage dependence of drug binding;

the affinity between the receptor and drug is increased by

channel activation or inactivation (2).

The voltage dependence of L-type Ca2� channel block by
DHPs is prominent when drug binding is allowed to equilibrate

during long “prepulses” to various potentials. Such an experi-
ment using w-Aga-IIIA is shown in Fig. 1C, where the amplitude

of the Ca2� current at the end of a test pulse is plotted versus

prepulse potential. This determines the steady state population
of channels available to open for a given prepulse potential.

The fractional block by w-Aga-IIIA is the same for all poten-

tials, indicating that block is not voltage-dependent. In con-

trast, DHPs and other therapeutically useful Ca2� channel

antagonists cause high affinity block of L-type Ca2� channels

only when binding equilibrates at depolarized potentials (3, 4).

w-Aga-IIIA is a more potent blocker of L-type Ca2� channels

when the ionic strength and divalent cation concentration of

the bath solution are reduced. Fig. 1D shows superimposed
recordings of Ca2� currents in the presence of w-Aga-IIIA (0,

0.32, and 1.6 nM) made in a low-ionic strength, low-Ca2� bath

solution. Nearly all L-type Ca2� current is blocked by 1.6 nM
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Fig. 2. �-Aga-lllA does not block T-type Ca2� channels. Inward Ca2�
current (I) at the end of a 10-msec test pulse to various test potentials
(V,) from a holding potential of -90 mV. 0, Control; #{149},60 n� �t-Aga-IllA.
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w-Aga-IIIA under these conditions, whereas only �50% of the

current is blocked by the same concentration of toxin when the

bath solution is of physiological ionic strength and contains 5

mM Ca2� (Fig. 1B). Similar results were obtained in three other

cells. At physiological pH, w-Aga-IIIA is presumably a polyca-

tion with a net charge estimated to be +6 (13). The increase in
potency may result from decreased surface charge screening,

as is the case for charybdotoxin, another polycation (24, 25).

T-tvpe Ca2� channels inactivate when cells are held at de-

polarized potentials (-50 mV or more) and, therefore, contrib-

ute negligible current in the experiments of Fig. 1. However,

these channels are available to open when cells are held at

normal diastolic potentials (approximately -90 mV), resulting

in a bimodal current-voltage relationship (Fig. 2). Previous

studies with myocardial cells indicate that the low-voltage

activated current is through T-type Ca2� channels and the
high-voltage activated current is through L-type Ca2� channels

(20). w-Aga-IIIA selectively blocks the high voltage-activated

component, suggesting that the toxin blocks L-type but not T-

type Ca2� channels (Fig. 2). This result agrees with previous

work using dorsal root ganglion neurons (15).

The use of w-Aga-IIIA allows the recording of T-type Ca2�
channel currents in the absence of contaminating L-type Ca2�

channel currents. The time courses of the toxin-sensitive and

toxin-insensitive components of Ca2� current are shown over a

broad voltage range (Fig. 3). Each row of Fig. 3 shows the

control current, the current after addition of 60 nM w-Aga-IIIA,

and the difference between these two currents, for test poten-

tials between -40 and +60 mV. The toxin-insensitive current

(Fig. 3, center) is due to T-type Ca2� channels; it activates at

more negative potentials and inactivates more rapidly than the

toxin-sensitive current due to L-type Ca2� channels (Fig. 3,

right).

Tail current analysis is another way to quantitate L- and T-

type Ca2� currents (26). Tail currents are measured when the

membrane is repolarized after a depolarizing pulse that acti-

yates channels. Their time course usually indicates the rate of

channel closing (deactivation). L-type Ca2� channels deactivate

rapidly, whereas T-type Ca2� channels deactivate slowly (9, 26).
w-Aga-IIIA at 60 nM has no effect on the slowly decaying

component of tail current, confirming that T-type Ca2� chan-

-20 � - � _____________

0-�_____ -�-=�--=-� .�-

::

Fig. 3. Isolation of T-type Ca2� currents with w-Aga-IIlA. Left, control
currents measured at the indicated test potential from a holding potential
of -90 mV. Center, toxin-insensitive currents measured in 60 n� w-Aga-
lIlA. Right, toxin-sensitive currents obtained by subtracting the current
record in toxin from the corresponding control record. Sampling rate, 10
kHz; f� = 5 kHz.

Fig. 4. Block of tail currents by w-Aga-IIIA and felodipine. A, Superim-
posed current records for V, = +20 mV from a holding potential of -90
mV in the absence (#{149})and presence ( ) of 60 n� w-Aga-llIA (same cell
as in Fig. 2). B, Superimposed current records for V� = +20 mV from a
holding potential of -50 mV for control, 60 n�i w-Aga-IIIA, and toxin plus
4 �M felodipine (different cell than in A).

nels are not affected (Fig. 4A). In contrast, the current meas-

ured during the test pulse and the rapidly decaying component

of tail current are substantially reduced. If the rapidly decaying

tail current represents only current through L-type Ca2� chan-
nels, then the fractional block is much less than expected from

the potency and stoichiometry inferred from Fig. 1.

The rapidly decaying toxin-insensitive tail current probably

represents asymmetric intramembrane charge movement

rather than ionic current through L-type Ca2� channels (Fig.

4B). In this experiment, the holding potential is -50 mV so

that only L-type Ca2� channels are available to open. Three

current records for a test pulse to +20 mV are superimposed.
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The control record has three components; during the test pulse

a rapidly decaying outward transient is followed by an inward

current and after repolarization there is a large tail current.

The record obtained in the presence of 60 nM w-Aga-IIIA shows

that this toxin has no effect on the outward transient, blocks

the inward current during the test pulse (revealing a small

outward current), and reduces the rapidly decaying tail current

by �70%. The toxin-insensitive rapidly decaying tail current is

present when all L-type Ca2� current is blocked during the test

pulse to +20 mV and is about the same size as the outward

current transient at the beginning of the pulse. The subsequent

addition of 4 �M felodipine blocks all remaining transient

currents. DHPs are known to suppress some asymmetric charge

movement in myocardial cells (27-30). These results suggest

that the toxin-insensitive tail current is due to intramembrane

charge movement and that w-Aga-IIIA blocks all L-type Ca2

channels with high affinity. Previous studies suggest that the

DHP-sensitive charge movement represents the gating current

associated with L-type Ca2� channels (27-30). We have inves-

tigated this possibility in detail and will present the results

elsewhere.

Felodipine blocks T-type Ca2� current, whereas w-Aga-IIIA

does not (Fig. 5A). The current-voltage relationship for Ca2�

currents is shown under control conditions, with 10 or 50 nM

w-Aga-IIIA1, and with toxin plus 1 or 5 �tM felodipine. As in

Fig. 2, this toxin blocks only the high-voltage activated com-

ponent of Ca2� current. The remaining current, which is

through T-type Ca2� channels, is blocked by felodipine. Similar

results were obtained in seven of eight experiments.

The block of T-type Ca2� channels by felodipine was con-
firmed by tail current analysis. The steady state availabilities

of the rapidly (Fig. SB) and slowly (Fig. 5C) decaying compo-

nents of tail current were determined simultaneously. As in

Fig. 4A, w-Aga-IIIA partially blocks the rapidly decaying tail

current with little or no effect on the slowly decaying tail

current. Addition of 200 nM felodipine produces block of the

remaining rapidly deactivating tail current, probably due to

block of intramembrane charge movement. Felodipine also

causes substantial voltage-dependent block of the slowly deac-

tivating Ca2� current, indicating potent block of T-type Ca2

channels. The potency of this block of T-type Ca2� channels

by felodipine agrees with other experiments that omitted the

use of w-Aga-IIIA (9). The elimination of L-type current with

w-Aga-IIIA shows that the sensitivity of the slowly deactivating

tail current to felodipine is not due to contaminating L-type

Ca2� current.

w-Aga-IIIA at 120 nM had little or no effect on Na� currents

in atrial myocytes (data not shown). High concentrations of

toxin sometimes dramatically increased the holding current. It

is unlikely that w-Aga-IIIA forms channels because the toxin

does not alter the conductance of lipid bilayers and does not

lyse red blood cells.2 Similar “leak” currents in atrial myocytes

were sometimes caused by 1-2 mM Cd2�. The origin of these

leak currents remains undefined.

Discussion

w-Aga-IIIA is a valuable tool for characterizing the pharma-

cology of Ca2� channels in non-neuronal cells. It is the only

known ligand that selectively blocks L-type Ca2� channels with

2 K. Giangiacomo and J. Humes, unpublished observations.

Fig. 5. Felodipine blocks T-type Ca2� channel currents. A, Inward Ca2�
current (I) at the end of a 10-msec test pulse to various test potentials
(Vi) from a holding potential of -90 mV. E, Control; & 1 0 nM w-Aga-lllA;
U, 50 n� w-Aga-IIIA; #{149},toxin plus 1 �zM felodipine; 0, toxin plus 5 MM
felodipine. B and C, Steady state availabilities of the rapidly deactivating
(B) and the slowly deactivating (C) tail current, in the same cell. E,
Control; A, 60 nM w-Aga-IIIA; f�, toxin plus 200 nr�i felodipine. Tail currents
were measured at -50 mV after a 1 0-msec test pulse to +20 mV from
the indicated prepulse potentials. Each data set was fit by a two-state
Boltzmann distribution. In B, the midpoint voltages are -35.6 mV for the
control, -53.5 mV for 60 n�i w-Aga-IIIA, and -73.9 mV for toxin plus
felodipine. In C, the midpoint voltages are -65.9, -68.9, and -77.5 mV,
respectively.

high affinity (IC50 �1 nM) at all voltages, without affecting T-

type Ca2� channels. In contrast, the DHPs only block L-type

Ca2� currents with high affinity when cells are subjected to

maintained depolarizations (3, 4). This pattern of Ca2� channel

block is critical for the tissue specificity and therapeutic use of

the DHPs but seriously compromises their utility as pharma-

cological probes for L-type Ca2� channels. Furthermore, DHPs

have high affinity effects on the voltage sensor that controls

Ca2� release from the sarcoplasmic reticulum (10). It is not

possible to predict the potency of DHP block in most studies

of Ca2�-dependent stimulus-response coupling, and block is

often so weak that secondary sites of action cannot be excluded.

w-Aga-IIIA is useful for pharmacological studies but is unlikely

to be a therapeutically useful Ca2� channel blocker because

block of L-type channels is not voltage dependent. This toxin

blocks L- and N-type Ca2� channels in sensory neurons with

comparable potency (15), inhibits the binding of w-conotoxin

GVIA to rat and chick brain membranes (13, 31), and blocks

high K-induced 45Ca2� entry into chick synaptosomes (13).
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Studies with w-Aga-IIIA, felodipine, and w-conotoxin suggest

that the classification of Ca2� channels into L-, T-, N-, and P-
types is oversimplified. This scheme incorrectly presumes that

DHPs and w-conotoxin are selective high affinity ligands, each

specific for a single type of Ca2� channel (32). For example,

DHPs block several types of Ca2� channels, and w-conotoxin

blocks multiple types of neuronal Ca2� channels (1, 33, 34). In

addition, w-Aga-IIIA blocks both L- and N-type Ca2� channels
with similar affinity (15) but it does not block all w-conotoxin-

sensitive Ca2� influx (13). Given these limitations, the nomen-

clature for Ca2 channels needs to be replaced with a scheme
based on the relative affinity of a series of ligands, as was

required for neurotransmitter receptors. Implementation of

such a scheme requires a set of high affinity probes and we

believe that the family of Ca2� channel toxins from funnel web

spider venom can partially serve this purpose.
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