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Abstract. The model proposed for external TEA
block of Shaker K* channels predicts a proportional
relationship between TEA sensitivity and calculated
electrical distance derived from measurements of
voltage dependence of TEA block. In the present
study, we examined this relationship for the A-type
K™ current (1) of Helix aspersa in neuronal somata
using the whole-cell patch-clamp technique. External
TEA inhibited I, with strong voltage dependence,
such that the TEA dissociation constant was in-
creased at depolarized test potentials. The half-inhi-
bition constant (V) 5) for TEA block was ~21 mwm at
0 mV, and V5 increased to ~67 mm at 50 mV. The
calculated electrical distance for TEA block suggest-
ed that TEA traversed 65% of the way into the
membrane electrical field. TEA also caused signifi-
cant shifts in the voltage-dependence of A-type K"
channel gating. For example, at TEA concentrations
below that required to fully suppress delayed outward
currents, TEA caused depolarizing shifts in the volt-
age-dependence of A-type channel activation, steady-
state inactivation, time for removal of inactivation,
and slowed channel activation kinetics. Taken to-
gether, these observations suggest that TEA biased
the local field potential near voltage-sensing domains
of A-type K" channels, causing the transmembrane
electrical field to be relatively hyperpolarized in the
presence of TEA. In summary, the calculated elec-
trical distance of TEA block of A-type K channels
in H. aspersa neurons is unprecedented among other
K* channels. This raises concerns about the con-
ventional interpretation of this value. Furthermore,
the voltage-dependent properties of I, are modified
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by TEA at concentrations previously used to isolate
delayed rectifier potassium channels (Ixpr) selec-
tively. This lack of specificity has important impli-
cations for recent, as well as future studies of I, in
H. aspersa and possibly other snail neurons.
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Introduction

The classical K™ channel blocker, tetracthylammo-
nium (TEA), is used widely as a molecular probe for
the internal and external pore mouth of voltage-de-
pendent K* channels. It is well established that TEA,
which has the shape of a flattened oblate spheroid,
acts by physically plugging the ion permeation
pathway, preventing movement of K* through the
pore (Armstrong, 1969; Armstrong, 1971; MacKin-
non & Yellen, 1990; Hartmann et al., 1991; Yellen
et al., 1991; Heginbotham & MacKinnon, 1992;
Pascual et al., 1995; Crouzy, Bernéche & Roux,
2001). K" channels typically fall into one of two ca-
tegories with respect to external TEA sensitivity:
those that are highly sensitive (K; <1 mwm; Hille, 1967)
and those that are relatively insensitive (K;>20 mwm;
Armstrong & Binstock, 1965). The mechanism of
extracellular TEA block of Shaker K channels,
which have a high affinity for TEA, has been studied
extensively. In these channels, the receptor is formed
by a bracelet of four aromatic residues positioned at
the external mouth of the pore, and TEA interacts
simultaneously with these residues to produce high-
affinity pore block (Heginbotham & MacKinnon,
1992; Crouzy et al., 2001). When all four residues are
present, the dissociation constant for TEA block is
only weakly voltage dependent. The degree of voltage
dependence of TEA block has been used to calculate
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the site of TEA block within the membrane electrical
field, and the weak voltage dependence of TEA block
of Shaker channels indicates that TEA traverses only
4% of the electrical field within the membrane ac-
cording to the traditional interpretation. Mutation of
two or four of the pore-lining aromatic residues
causes a progressive decrease in blocker potency and,
interestingly, increases the voltage dependence of
TEA block. As a result of mutating the pore-lining
residues, TEA appears to enter the pore more deeply
and traverses 19% of the electrical field within the cell
membrane. TEA does not affect the voltage depen-
dence of channel activation or steady-state inacti-
vation in either wild-type or mutant channels
(Heginbotham & MacKinnon, 1992).

Transient A-type K* channels, which are critical
for regulation of cell excitability in vertebrate and
invertebrate neurons (Hille, 1992), generally exhibit a
low sensitivity to extracellular TEA. As a conse-
quence, TEA is used routinely to separate A-type K*
currents (1) from TEA-sensitive currents, such as the
delayed rectifier K™ current (Ixpgr). The relationship
between TEA affinity and electrical distance derived
from studies of Shaker K" channels (Heginbotham &
MacKinnon, 1992) predicts that TEA will exhibit
strong voltage dependence in this class of low-affinity
K" channels. However, to date, no studies have
examined the voltage dependence of TEA block of
A-type K* channels.

In the present study, we examined the voltage
dependence of TEA block of A-type K* currents in
H. aspersa neuronal somata. For reasons described
above, we hypothesized that /,, which has a low af-
finity for external TEA (Neher & Lux, 1972), would
exhibit strong voltage-dependent block by TEA, and
we report that the half-inhibition constant for TEA
block of I, is strongly voltage dependent. Indeed, the
calculated value for apparent electrical distance sug-
gests that TEA traverses approximately 65% of the
membrane electrical field to reach its binding site in
the pore, a result that raises concerns about the tra-
ditional interpretation of this value. Additionally,
during these studies, we observed clear evidence that
TEA augments the voltage dependence of channel
gating, leading us to explore this systematically. TEA
modifies the half-inactivation voltage, time for re-
moval of inactivation, and activation kinetics of I, at
concentrations below that required to fully suppress
delayed outward currents. These findings are dis-
cussed in reference to recent as well as future studies
of I in H. aspersa neurons.

Materials and Methods

SNAILS AND DISSECTION

Juvenile H. aspersa (1-2 g) were purchased from the Pennsylvania
Snail Farm (Meyersdale, PA) and housed for no longer than 4

weeks at room temperature (22-24°C) in a humidified terrarium.
Snails were fed lettuce, cucumber, and corn meal 2-3 times per
week. Before dissection, snails were anesthetized by injection with 2
ml of a solution with the following composition (in mm): 30 MgCl,,
42 CaCl,, 12 N-[2-Hydroxyethyl]piperazine-N"[2-ethanesulfonic
acid] (HEPES) free acid (pH 7.8, 225+ 5 mOsm). All salts were
purchased from Sigma (St. Louis, MO) and were reagent grade.
After anesthetizing the snail, the circumesophageal nerve ring was
removed and pinned dorsal side up in a 60-mm petri dish half-filled
with hardened elastomer (Sylgard, Dow Corning, Midland, MI)
and containing normal snail saline of the following composition (in
mm): 85 NaCl, 4 KCl, 7 CaCl,, 5 MgCl,, 10 glucose, 10 HEPES
(pH 7.8, 225 + 5 mOsm). The thick outer connective tissue layer
covering the subesophageal ganglia was removed with fine-tipped
forceps, microscissors, and tungsten microscalpels (Conrad et al.,
1993). The thin inner capsule was loosened by proteolytic digestion
(2-5 mg/ml protease, type X1V, Sigma) in snail saline for 15-30
min and removed subsequently by manual dissection. To isolate
neuronal somata for patch-clamp recordings, unidentified somata
(40-75 pum diameter) from the right parietal, left parietal, and
visceral ganglia were axotomized 50-200 um below the cell body
with microscissors and transferred to a ~150-pl perfusion chamber
(Warner Instruments, Hamden, CT) with a “cell sucker” (Drapeau,
Catarsi & Ali, 1999). Cells were allowed to recover for at least 30
min in normal snail saline before initiating patch-clamp experi-
ments. Under Hoffman contrast modulation optics, healthy neu-
rons were easily distinguished from non-viable somata by their
smooth, grape-like appearance and absence of membrane blebs and
nuclear condensation.

PaTtcH-CLAMP ELECTROPHYSIOLOGY

Whole-cell currents from unidentified somata were recorded in the
whole-cell configuration of the patch-clamp technique (Hamill
et al., 1981). Patch pipettes were fabricated with a two-stage puller
(model BB-CH, Mecanex, Geneva, Switzerland) from borosilicate
glass capillaries (Corning #7052 glass, WPI, Sarasota, FL). Patch
electrodes had resistances between 1-10 MQ when filled with in-
tracellular solution of the following composition (in mm): 5 NaCl,
70 K-aspartate, 15 KCI, 1 CaCl,, 2 MgCl,, 5 ethylene glycol-
bis(beta-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), 5
Tris-ATP, HEPES free acid (pH 7.4; 225 + 5 mOsm). Pipette
solutions were sterile-filtered and kept on ice until time of use to
minimize ATP degradation. Imposing negative voltage pulses (—5
mV, 5 msec duration) across the pipette tip and holding the tip
potential at —50 mV increased the rate and success of gigaseal
formation.

After attainment of whole-cell access, current signals were re-
corded in continuous single-electrode voltage-clamp mode with an
Axoclamp 2B amplifier (Axon Instruments, Foster City, CA). Data
were filtered with an 8-pole Bessel low-pass filter (Frequency De-
vices, Haverhill, MA) at a cutoff frequency of 5 KHz and sampled
at 10 KHz using a Digidata 1320A A/D interface (Axon Instru-
ments) with pClamp 8.03 software (Axon Instruments). Before
initiating voltage-clamp experiments, the voltage-clamp circuitry
was tuned by adjusting the clamp multiplier, gain, phase lag, and
series resistance compensation (Rg) until ¥, changed as a square
wave. The performance of the voltage-clamp circuitry was assessed
throughout experiments and adjusted when necessary. Typically,
loss of clamp performance was accompanied by an increase in Ry,
which was presumably due to resealing of the membrane rupture in
the patch-pipette tip. The incidence of resealing was significantly
reduced by including 5 mm EGTA in the patch-pipette solution.
Electrical connections with the amplifier were made with Ag-Ag-Cl
wire and 3 m KCl-agar bridges.
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MEASUREMENT OF I5 ACTIVATION, STEADY-STATE
INACTIVATION, AND TIME FOR REMOVAL
OF INACTIVATION

Voltage-clamp routines were generated with Clampex 8.03 software
(Axon Instruments). The voltage dependence of I, activation was
measured at 10 mV increments between —70 mV and 50 mV from a
200-msec holding potential of —100 mV. The A-current activated
rapidly compared to delayed outward currents (/x pr), such that the
peak amplitude of I, could be easily measured between these test
potentials. Moreover, Ixpr Was not activated below test potentials
of 0 mV so that 75 was the only outward current observed at test
potentials less than 0 mV. At larger positive test potentials, both the
activation kinetics and amplitude of Iy pr approximated that of /4,
making it difficult to reliably measure peak /5 above 50 mV without
pharmacological suppression of Ixpr with high concentrations of
external TEA. The A-type K* current was easily distinguished from
Ixpr currents using long (i.e., 1600 msec) test potentials below 50
mV; under these test conditions differences in activation kinetics,
current-voltage relationships, and the time course of inactivation
between /5 and Ixpr were readily discernable.

The steady-state inactivation characteristics of 74, which reveal
voltage dependence of A-type channel availability for activation
(i.e., steady-state inactivation), were measured as follows. The peak
amplitude of 7, was measured at —10 mV following a 200-msec
holding potential that ranged from —120 mV to =20 mV in 10 mV
increments. Current amplitude measured at the test potential fol-
lowing each holding potential was normalized to current amplitude
recorded from —120 mV. This holding potential removes inactiva-
tion from all A-type K™ channels, rendering 100% of channels
available for activation at —10 mV, and —10 mV is below the
threshold of activation of Iy pr. Normalized current amplitude of 75
was plotted as a function of holding potential, and this relationship
was fitted with a Boltzman function of the form: I/l =
[1 + e(Vhair—Viiep) /K]’l, where I,,,,x was the maximal current mea-
sured from a holding potential of —120 mV, V¢ was the potential
at which half of 4 channels were inactivated, V., was the current
measured at a particular step potential, and K was the slope factor,
which reflects the voltage dependence of channel inactivation.

The time for removal of inactivation, or deinactivation, was
estimated in the following manner. /o, was completely inactivated
by clamping V,, to —20 mV for 200 msec. Following this inacti-
vation pulse, V;,, was stepped to —60 mV, a voltage that removes
inactivation from A-type K™ channels, for 25-825 msec in 40-msec
increments. The current amplitude recorded following each recov-
ery interval was normalized to the maximum current measured
after complete removal of I, inactivation (i.e., current measured
following 800-msec recovery interval). The relationship between
recovery interval duration and fractional current was plotted and
the resulting curves were fitted with the following equa-
tion:y = y, + a( 1—e~*/®), where  is the time constant for channel
deinactivation.

ELECTRICAL-DISTANCE CALCULATIONS

To estimate the apparent electrical distance of the TEA binding site
within the conduction path, the TEA dissociation constant (Kp)
was plotted as a function of test potential. The Kp for TEA block
was calculated using the formula Kp = ([TEA] X IaTEA)/
IA controi— Ia.TEA), Where [TEA] is blocker concentration, /s Tga is
peak I, measured in the presence of blocker, and 7a control 1S peak
I recorded in control saline. The slope of the relationship between
Kp and test potential is an estimate of the fractional distance within
the membrane electrical field of the TEA binding site (Hille, 1992;
Woodhull, 1973).

EXPERIMENTAL SOLUTIONS

TEA chloride was substituted for NaCl in snail saline on an isos-
motic basis to avoid changes in solution ionic strength and osmo-
larity. The concentrations of TEA used in this study were 0 (control
saline), 21.25, 42.5 and 85 mm. Sodium (Na)-free snail saline was
made by substituting choline Cl (Sigma) for NaCl. Solution os-
molarity was checked routinely with a vapor pressure osmometer
(Wescor model 5500, Claremont, Ontario) and adjusted to 225 + 5
mOsm with dry sucrose.

EXPERIMENTAL DESIGN

Repeated-measures experiments were performed, in which each
soma was exposed to the full range of TEA concentrations. To
measure the effect of TEA on /4, control saline was exchanged for
TEA-substituted solutions, and peak current amplitude at each
TEA concentration was measured at least 30 sec after the solution
switch to ensure that the concentration of TEA in the bath had
reached a steady state. The order of solution changes was varied to
ensure that the effects of TEA-substituted and Na-free saline were
independent of the order of solution application. The effects of
TEA on permeation and gating of I were rapid, occurring within
20 sec of switching the bath solution, and fully reversible in every
cell examined. In preliminary experiments, we examined different
voltage-clamp protocols and found that the duration of exposure
to TEA and the particular voltage increment in the voltage-clamp
protocols did not alter the results. Therefore, we used 10-mV test-
potential increments and relatively short TEA exposure times (5-10
min) throughout the study.

STATISTICAL ANALYSIS

Data are presented as means =+ standard error (SEm). Statistical
significance between treatments was assessed using an ANOVA or
linear regression as appropriate (Systat 9.0, SPSS, Inc, Evanston,
IL). Values of P<0.05 were taken to indicate statistical sig-
nificance.

Results

Brock ofF I, BY EXTRACELLULAR TEA EXHIBITS
STRONG VOLTAGE DEPENDENCE

This study was initiated to examine the voltage de-
pendence of block of A-type K" channels by external
TEA in H. aspersa neuronal somata. From the model
proposed for TEA block of Shaker K* channels, we
predicted that block of this low-affinity channel by
external TEA would exhibit significant voltage de-
pendence.

The inhibitory action of TEA on I, and delayed
outward currents was first evaluated by measuring
whole-cell outward current at various test potentials in
the absence (control) and presence of 21.25, 42.5 and
85 mm TEA. The left-hand column of Fig. 1 shows
that extracellular TEA suppressed delayed-rectifier
currents (Ixpr), as well as I, in a dose-dependent
manner, albeit with different potencies. The right-
hand column illustrates the TEA-sensitive current,
which represents the current blocked at each TEA
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evoked current 60 mV

-70 mV

-100 mV —

TEA-sensitive current
(Icontrol - ITEA)

I

control

[

21.25 mM TEA

42.5 mM TEA

85 mM TEA

400 msec

Fig. 1. TEA blocks Ixpr and In. Currents were evoked at test
potentials between —70 and 60 mV in 10-mV increments from a
holding potential of —100 mV. Evoked current traces are shown in
the left column in control solution and in saline containing 21.25,
42.5, and 85 mm TEA. TEA-sensitive (right column) current rep-
resents the current blocked by the indicated concentration of TEA.
Note the progressive appearance of /5 in the TEA-sensitive current
traces as the concentration of TEA was increased.

concentration (i.e., leonwrol—ITEA). IkDR Was almost
completely inhibited by 21.25 mm TEA, as evidenced
by the disappearance of the delayed outward currents
in the evoked current trace (left column) and appear-
ance of Ixpr in the TEA-sensitive current trace (right
column). Moreover, I, was evident in the TEA-sen-
sitive trace at this TEA concentration between —10
mV and 10 mV, indicating that it was also weakly
inhibited by 21.25 mm TEA. Increasing the concen-
tration of TEA to 42.5 and 85 mm caused progressive
inhibition of I, (left column). This was also evident in
the TEA-sensitive current, which showed dose-de-
pendent appearance of /5 as the TEA concentrations
increased (right column). This experiment demon-
strated that TEA inhibits /5 at concentrations below
the concentration of TEA required to fully suppress
IxDR-

Figure 24 illustrates the dose-dependent, inhibi-
tory effect of extracellular TEA on 74 evoked at —10

-

-

control 21.25 mM TEA
42.5 mM TEA 85 mM TEA
|0.75 nA
400 msec
B
150 |
@® control
. M TEA
T 100 - O 21.25m
o v 425mMTEA
2& v 85mMTEA
£ 50 -
0 4

-75 -50 -25 0 25 50
test potential (mV)

Fig. 2. Dose-dependent TEA block of 7. In panel 4, TEA reduces
peak I in a dose-dependent manner. Panel B is a summary graph
of the effect of TEA on the peak current-voltage relationship for /4.
A two-way ANOVA (TEA by test potential between —20 and 60
mV) revealed a significant interaction (P <0.001) indicating that
the slope of the relationship between test potential and current was
altered by the TEA concentration. Linear regression was used to
estimate the effect of TEA concentration on the slope conductance,
and the regression indicated that the slope conductance decreased
on average by 0.007 = 0.003 nS/pF/mm TEA (P = 0.02).

mV, a test potential that is more negative than the
activation voltage for Ixpg. This further supports our
conclusion from Fig. 1 that TEA blocks A-type K*
currents in these neurons. The effect of externally
applied TEA on the current-voltage relationship of 7
activation is shown in Fig. 2B. In control saline, I
activated around —40 mV and exhibited a slope
conductance of 1.20 £ 0.15 nS/pF between —20 mV
and 60 mV (Fig. 2B; n = 4). Bath application of
21.25, 42.5 and 85 mm TEA decreased the slope
conductance to 1.02 + 0.28, 0.84 + 0.10, and
0.68 = 0.07 nS, respectively (Fig. 2B; n = 4). A two-
way ANOVA (TEA at test potential between —20
and 60 mV) revealed a significant interaction
(P<0.001), indicating that the slope of the relation-
ship between test potential and current was altered by
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IA,TEAI IA,control

0 20 40 60 80
[TEA] mM

Fig. 3. Voltage dependence of TEA block of /4. Peak /4 at 0 mV
(filled circles) and 50 mV (empty circles) was recorded in 0, 21.25,
42.5, and 85 mm TEA-containing solution. The amplitude of 75
recorded in the presence of TEA was normalized to that measured
in control saline; data are expressed as fractional current (i.e.,
IATEA/IA control). Dose-response curves were fitted with a three-

parameter, single-exponential equation of the form: y = y, +
ae™*®, where y, is the asymptote of residual current at maximal

inhibition, « is the maximum current inhibition, and b is the TEA
concentration at which 63% of the TEA effect on 75 was reached.
n =5 in all cases.

the TEA concentration. To estimate the size of this
effect, we calculated the slope conductance for each
cell at each TEA concentration and used linear re-
gression to estimate the effect of TEA concentration
on the slope conductance. The regression indicated
that the slope conductance decreased on average by
0.007 + 0.003 nS/pF/mMm TEA (P = 0.02).

We next examined the voltage dependence of
block of I, by external TEA. If external TEA tra-
versed the transmembrane field potential to reach its
binding site in the pore, we predicted that the half-
inhibition constant (K, s5) for TEA would increase as
function of test potential. Figure 3 shows the dose-
response curve for TEA block, from which we esti-
mated K,s at different test potentials. The zero-
voltage Ky s was 21.2 mm; however, K, 5 at 50 mV
increased to 67.1 mm, indicating that TEA block was
indeed voltage dependent. The voltage dependence of
TEA block was further characterized across a range
of test potentials, and the fraction of /5 remaining in
21.25, 42.5, and 85 mm TEA-containing solution as a
function of test potential is shown in Fig. 4. A two-
way ANOVA (TEA concentration by test potential)
confirmed that block of I, by TEA was voltage de-
pendent (P = 0.008), and block was relieved at more
positive test potentials at all concentrations of TEA
(P<0.001). For example, 85 mm TEA blocked
81.1 £ 0.6% of I, at 0 mV, but inhibited only
56.6 £ 6.7% of I, at 60 mV. However, the slope of

107 o 21.25mmTEA
O 425 mMTEA
5 0841 v 850 mMTEA
£
8
_<“ 0.6 - *
h
3 041
0.2 - sk

T T T T

10 20 30 40 50 60
test potential (mV)

o

Fig. 4. Relief of TEA block by membrane depolarization. The
amplitude of /o recorded in TEA-containing solution (/5 Tga) Was
normalized to that measured in control saline (/ contror)- Fractional
currents (i.e., /o TEA/IA control) VErsus test potential are shown. The
TEA block of I, was voltage dependent at all concentrations of
TEA (¥, P = 0.008) and TEA block was relieved as the membrane
depolarization increased at all concentrations of TEA (**, P<
0.001). However, there was no significant interaction term. n = 5
in all cases, and data are means + SEM.

the voltage dependence of channel block was not
modified by the TEA concentration (there was no
significant interaction between TEA and test poten-
tial). Taken together, these experiments confirmed
that external TEA blocked the A-type K™ current in
H. aspersa neuronal somata in a voltage-dependent
manner.

The voltage dependence of TEA block of I, in-
dicated that TEA traversed a fraction of the trans-
membrane electrical field to bind its receptor in the
pore (Woodhull, 1973; Heginbotham & MacKinnon,
1992; Adams et al., 1999). From the model proposed
for external TEA block of Shaker K channels
(see Introduction), we predicted that the A-current of
H. aspersa neurons, which has a relatively low affinity
for extracellular TEA, would traverse a large fraction
of the field potential to reach its binding site. We
calculated the apparent electrical distance of the TEA
binding site in the membrane electric field using es-
timates of the TEA dissociation constant (Kp) plot-
ted as a function of test potential (Woodhull, 1973;
Adams et al., 1999). Fig. 5 shows the relationship
between Kp for TEA block at different test poten-
tials; the slope of this relationship yields an estimate
of the electrical distance of the TEA binding site
within the membrane electrical field. Surprisingly, the
mean apparent fractional distance for 21.25, 42.5,
and 85 mMm TEA was 0.65 = 0.02, suggesting that a
single extracellular TEA ion traversed 65% of the
membrane electric field.



22 J.S. Denton and J.C. Leiter: TEA Effects on A-Type Potassium Channels

70
v
60 - @
50 -
=
E 40
a
X
30
® 21.25mMTEA
20 - O 425 mMTEA
v 85mMTEA
10 . 1 ; ; .

0 10 20 30 40 50 60 70
test potential (mV)

Fig. 5. Voltage dependence of TEA dissociation constant (Kp).
The dissociation constant was estimated as follows: Kp =
([TEA] X [A‘TEA)/[A.comrol_IAﬂTEA)a where [TEA] is blocker con-
centration, /s Tga is peak /5 measured in the presence of blocker, and
I control 18 peak I recorded in control saline. Linear regression of the
Kp on the membrane potential revealed a slope of 0.65 £+ 0.02
(> = 0.99; P<0.01).

ExTERNAL TEA Mobiries A-Type K CHANNEL
GATING

During the course of these experiments, we observed
that, in the presence of 20-50 mm TEA, an inactiva-
tion pulse to —30 mV, which fully inactivates I, in
normal saline, only partially removed /5 from the
outward current trace. The outward currents evoked
from a holding potential of —30 mV in control saline
and 85 mm TEA-containing saline are shown in Fig.
6A. In control saline, only the delayed outward cur-
rent was activated from a holding potential of —30
mV (left panel) due to complete inactivation of /x.
However, in TEA-substituted saline, the same volt-
age-clamp routine clearly evoked the A-type K
current in this representative cell (right panel). This
suggested that TEA increased the available fraction of
A-type K" channels at depolarized holding poten-
tials. We tested this hypothesis by measuring the half-
inactivation voltage (7} s) for I in control and TEA-
substituted saline. Figure 6B shows that TEA caused a
dose-dependent, depolarizing shift in the steady-state
inactivation curve of /5. For example, the V5 for /5
in control, 21.25, 42.5, and 85 mm TEA were
—547 £ 0.37 mV, —49.6 = 0.4 mV, —47.3 + 0.69
mV, and —44.8 + 1.0 mV, respectively (n = 5 each).
The effect of TEA on the steady-state inactivation
characteristics of I, was reversible, and the TEA-in-
duced shift in Vs was observed in every cell studied
(n> 30 cells), implying that this was a general effect of
TEA on A-type K* channels in H. aspersa neurons.
During these experiments, TEA was substituted
isosmotically for Na*. Therefore, it was conceivable

A
control 85 mM TEA
90 mV
1.1 nA
-30 mV.
70 mV 600 msec
B 120 mV—>
1.0 -
20 MV~
-20 mv -10 mV
t’é @ control
£057 O 21.25mMTEA
= v 425mMTEA o
v 85mMTEA -110 mV
\\\\
0.0 . . . . 1
120 -100 -80 -60 -40 -20 0

holding potential (mV)

Fig. 6. TEA increased availability of A-type K" channels for ac-
tivation: (4) Current families were evoked from a holding potential
of —30 mV in control and 85 mm TEA-containing saline. /o was
completely inactivated in control saline (left traces), but was
prominent in the presence of 85 mm (right traces). Note that I, in
the right-hand traces had a larger amplitude than the delayed
outward current recorded in TEA-free saline. Therefore, TEA did
not simply uncover /4 by blocking Ixpr and the steady-state cur-
rent, but promoted the activation of /4 at a holding potential that
normally inactivates this current. (B) TEA shifted the steady-state
inactivation curve of conventional /4 in the depolarizing direction.
Peak current amplitude at —10 mV was recorded following 200-
msec conditioning pulses between —120 mV and —20 mV and
normalized to current evoked from —120 mV. Average Vi, ¢ values
were —54.7 £ 0.4 mV, —49.6 + 0.4 mV, —47.3 £ 0.69 mV, and
—44.8 £ 1.0 mV for 0, 21.25, 42.5, and 85 mm TEA-containing
saline, respectively (n = 5). A one-way ANOVA revealed a sig-
nificant linear dependence of Vy,r on the TEA concentration
(P = 0.015), and Ve increased approximately 0.13 £+ 0.06 mV/
mmM TEA. Standard error bars were omitted for clarity.

that the effect of TEA on the steady-state inactivation
characteristics of 7o was not due to TEA, but resulted
from removal of extracellular Na* from the bath. To
explore this possibility, we measured the effect of
complete Na* removal on the steady-state inactiva-
tion curve for /5. As shown in Fig. 7, the V5 for I
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® normal saline
0 Na-free saline
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Fig. 7. Sodium-free saline had no effect on availability of A-type
K™ channels. The availability of A-type K channels for activation
was evaluated in normal and sodium (Na)-free snail Ringer as
described for Fig. 6B. Data were fitted with a Boltzman function of
the form: I/l = [1 + e(Vhar— Vslep)/K]’l, where I, was the
maximal current measured from a holding potential of —110 mV,
Vhair Was the potential at which half of A channels were inactivated,
Vsep Was the current measured at a particular step potential, and K
was the slope factor. Ve values for normal and Na-free saline
were —60.4 £ 0.7 mV and —61.6 = 0.7 mV, respectively, and
these values were not significantly different. Likewise, K values
between treatments were not significantly different: K for control
and Na-free saline were —8.9 + 0.6 mV and —8.7 £ 0.6 mV, re-
spectively (n = 6).

was independent of bath Na*, indicating that TEA,
and not Na™ removal, was responsible for this effect
on gating of A-type K* channels.

One possible explanation for the effect of exter-
nal TEA on the Vs for I, was that TEA biased the
gating potential detected by A-channel voltage sen-
sors toward a more hyperpolarized potential. To test
this hypothesis and to explore the possibility that
TEA affected other voltage-dependent processes, we
measured the effect of TEA on the time for removal
of inactivation (de-inactivation). Figure 8 shows
that, in control saline, the removal of inactivation at
—60 mV had a time constant of approximately
242 £ 23 msec. In the presence of 85 mm TEA,
however, the de-inactivation time constant decreased
to 115 £ 10 msec. Since the time for removal of in-
activation is voltage-dependent and is faster at hy-
perpolarized potentials (Neher, 1971), this result was
consistent with the idea that TEA hyperpolarized the
gating potential sensed by A-type K channels.

These effects of TEA on gating of the A-type
channel are similar to those reported for divalent
cations, which too are known to also affect the volt-
age-dependent properties of /5 in H. aspersa neurons
(Bal et al., 2000). Another common effect of divalent
cations is slowing of channel activation kinetics
(Hille, 1992; Spires & Begenisich, 1992; Zhang, Kehl

& Fedida, 2001a). Therefore we measured the time
required to reach peak current amplitude in control
and TEA-substituted saline. As shown in Fig. 9, a
two-way ANOVA (TEA concentration by test po-
tential) indicated TEA significantly slowed the acti-
vation kinetics of I, at all test potentials between 10
and 40 mV (P = 0.03), and as the test potential be-
came more positive, the time to peak was faster at
both TEA concentrations (P = 0.005). But there was
no significant interaction, indicating that the slope of
dependence of the time to peak amplitude on test
potential was not modified by TEA.

Discussion

In this study, we examined the voltage dependence of
external TEA block of A-type K* currents in H. as-
persa neurons, and TEA block of I, was strongly
voltage dependent (Figs. 3-5). Moreover, during the
course of these studies, we found evidence that TEA
augmented several voltage-dependent properties of 7
at concentrations below that required to fully sup-
press Ixpr. As will be discussed below, we believe
these findings have important consequences for re-
cent and future studies of I, in snail neurons.

VOLTAGE-DEPENDENT TEA BLOCK OF I4:
IMPLICATIONS FOR INTERPRETATION OF ‘ELECTRICAL
DiSTANCE’ VALUES

The most obvious effect of external TEA on I, was
the dose-dependent suppression of peak current am-
plitude (Fig. 24), which has been reported previously
(Neher & Lux, 1972). TEA decreased the slope of the
current-voltage relationship at all concentrations
tested (Fig. 2B). This implies that TEA decreased
single-channel conductance and/or open probability
of A-type K* channels, and the effect of this blocker
was not simply due to a depolarizing shift in the
voltage dependence of channel activation.

The Kp for block of I5 by external TEA ex-
hibited strong voltage dependence (Fig. 3), and the
calculated TEA binding site was 65% of the distance
across the membrane potential. To our knowledge,
this large electrical distance, a value that normally
ranges between 0 and ~30%, is unprecedented for
TEA block of a K* channel. Traditionally, the cal-
culated electrical distance was interpreted as the
physical distance of the TEA receptor within the
channel pore (Woodhull, 1973). Thus, in A-type K"
channels from H. aspersa neurons, TEA appeared to
traverse 65% of the linear distance of the conduction
path to block the channel. However, this interpreta-
tion has recently been called into question.

The determination of the three-dimensional
structure of the bacterial K channel, KcsA, using X-
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Fig. 8. TEA modulation of time-dependence of /4
de-inactivation: (4) Representative current traces
showing time-dependent removal of inactivation
of Ix. Current was evoked using voltage clamp
protocol shown in the inset of panel B. I5 was
inactivated with a 200-msec conditioning pulse to
—20 mV, and peak I, was recorded at —10 mV
following a variable-length recovery interval (RI)

-10 mV

at —60 mV. (B) Normalized current ({/1,.x) plot-
ted as a function of recovery-interval duration in
control saline and 85 mm TEA-containing saline.
The time constants for removal of inactivation in
control and TEA-containing saline were 242 + 22
msec and 115 + 10 msec, respectively (n = 5).
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ray crystallography (Doyle et al., 1998) has made it
possible to test structural models of TEA-pore in-
teractions deduced from biophysical measurements.
Recently, Roux and colleagues used molecular dy-
namics (MD) simulations of an atomic model of
KcsA to reexamine the molecular mechanism of K"
channel blockade by external TEA (Crouzy et al.,
2001). These MD simulations revealed, in remarkable
agreement with predictions from electrophysiological
data (Heginbotham & MacKinnon, 1992), that TEA
interacts simultaneously with four aromatic residues
close to the outer pore of the channel to produce
high-affinity channel block. Due to its shape and

800

strong coordination by the aromatic residues, TEA
behaves as an ideal plug in the wild-type channel. In a
mutant channel lacking the pore-lining aromatic
residues, however, TEA was off-center and tilted with
respect to the axis of the pore. As a consequence,
TEA binding was less energetically favorable and
occurred with lower affinity.

A surprising result of the MD simulations con-
cerned the location of TEA with respect to the axis of
the pore in wild-type and mutant KcsA channels. Due
to its shape and strong coordination by aromatic re-
sidues, TEA does not physically enter the selectivity
filter (Crouzy et al., 2001), where the majority of the
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Fig. 9. TEA slows I activation kinetics. /o was evoked at the test
potentials shown, and the time required to reach peak amplitude
was measured (n = 5). TEA slowed the time to reach peak ampli-
tude (*, P = 0.03) and as the test potential became more positive,
the time to peak was faster (**,P = 0.005). There was no significant
interaction between the TEA concentration and test potential.

voltage drop across the channel’s conduction path is
thought to occur (Roux, Berneche & Im, 2000). Fur-
thermore, TEA bound ~1.5 A deeper along the chan-
nel axis in wild-type channels than in mutant channels
lacking the aromatic residues. This result was in stark
contrast to the interpretation that the increased voltage
dependence of channel block of mutant Shaker chan-
nels resulted from penetration of TEA deeper in the
channel pore (Heginbotham & MacKinnon, 1992).

The MD simulations also predicted that TEA
and the outermost K ion in the selectivity filter more
strongly repelled one another in the mutant channel,
because only a single water molecule separated these
ions, whereas the wild-type channel accommodated
two water molecules between external TEA and K.
Thus, differences in electrostatic interactions between
TEA and permeating K ions may account for dif-
ferences in potential-dependent block of the K
channel pore (Crouzy et al., 2001). We believe that
the large electrical-distance value calculated for TEA
block of I, in H. aspersa is incompatible with the
traditional interpretation that TEA traversed 65% of
the voltage drop across the channel pore. We there-
fore propose that strong electrostatic coupling be-
tween TEA and nearby K ions within the water-
filled ion conduction pathway may explain the large
electrical distance calculated for TEA block of H.
aspersa A-type K channels.

ErrecT oF TEA oN I, GATING
An unexpected result of this study was that TEA

caused substantial depolarizing shifts in the voltage
and time dependence of A-type K™ channel gating

below the concentration required to fully suppress
Ixpr. For example, TEA caused a dose-dependent
depolarizing shift in the activation curve for /5 (Fig.
2B). TEA also increased the availability of A-type K*
channels for activation at depolarized holding po-
tentials (Fig. 6), decreased the time for removal of
inactivation (Fig. 8), and slowed the activation ki-
netics of 1o (Fig. 9). Taken together, these observa-
tions suggest that TEA biased the transmembrane
electrical field potential, and consequently, the volt-
age sensors of A-type channels were exposed to a
relatively hyperpolarized membrane potential.

The effects of TEA on channel gating are similar
to those reported for divalent cations, suggesting that
these ions may augment gating through a common
mechanism. Originally proposed to result from non-
specific screening of anionic surface charges
(Frankenhauser & Hodgkin, 1957), a growing litera-
ture suggests that divalent cations act by binding to
specific charged residues on the channel protein
(Spires & Begenisich, 1992; Talkuder & Harrison,
1995; Elinder, Liu & Arhem, 1998; Zhang et al.,
2001a). In the present study, TEA, which is a
monovalent cation, was substituted on an equimolar
basis for Na . Thus, net charge and ionic strength
were not changed during application of TEA or Na -
free saline. For this reason, the effects of TEA on I
gating are unlikely to be explained according to sur-
face charge theory (Hille, 1992) or by confounding
effects of bath Na ™ removal on I, gating (Fig. 7). We
propose that TEA interacts with the channel at spe-
cific residues or specialized cation-binding structures
on the outer portion of the channel protein. Because
divalent cations have TEA-like effects on A-type
channel gating in H. aspersa neurons (Bal et al.,
2000), it will be of interest to assess whether TEA
competes with divalent cations at a common binding
site or if these ions have separate extracellular re-
ceptors.

From the available data, we cannot determine
whether TEA modifies channel permeation and gat-
ing of A-type channels through a single binding site
or through multiple TEA receptors. Conceivably, a
single TEA molecule binding in the channel pore
could induce structural changes that bias the local
field potential surrounding voltage-sensing domains
and, consequently, modify the voltage dependence of
channel gating. Alternatively, TEA could alter
channel gating by binding to multiple receptors lo-
cated inside and outside the pore. Swartz and
MacKinnon (1997) provided evidence that hanatoxin
modifies K channel gating through binding of four
toxin molecules to the same number of receptors
outside the pore. In addition, the effects of zinc
(Zn?>") on Kv1.5 channel gating support the existence
of multiple cation binding sites on the extracellular
surface of this channel (Zhang et al., 2001a, b). Fu-
ture studies will be directed toward understanding the
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stoichiometry of TEA binding to H. aspersa A-type
K" channels.

IMpPLICATIONS FOR THE EFFECT OF EXTERNAL TEA ON
GATING OF A-tyPE K™ CHANNELS IN SNAIL NEURONS

H. aspersaneurons are used widely as a source of native
ion channels for electrophysiological studies of ion
channel function (Neher, 1971; Crest & Gola, 1993; Bal
et al., 2000) and selectivity (Reuter & Stevens, 1980;
Taylor, 1987), and snail neurons are increasingly used
in electrophysiological experiments to identify poten-
tial ion channel targets of novel pharmacological drugs
(Walden et al., 1993; Solntseva et al., 1997; Krishtal et
al., 2001; Solntseva, Bukanova & Skrebitsky, 2001)
and biologically active peptides (Garateix et al., 2000;
Kiss et al., 2000). Such studies often require pharma-
cological suppression of delayed outward currents to
isolate /5, and TEA is routinely used for this purpose.
In the present study, we showed that TEA blocked 7
and modified its gating at concentrations below that
required to completely block Iy pr (Fig. 1). Thus, in H.
aspersa neurons, complete suppression of Ixpr with
TEA necessarily comes at the expense of affecting
several gating characteristics of /5. We believe that this
is an underappreciated pharmacological characteristic
of I, in H. aspersa neurons that can complicate in-
vestigation of 75 when high concentrations of TEA are
used to isolate /4.

For example, Bal et al. (2001) recently reported
the identification of a novel A-type K™ current in H.
aspersa neurons that differed from conventional 74 in
its voltage- and time-dependence of gating (Neher,
1971; Taylor, 1987; Bal et al., 2000). Specifically, this
novel A-type current, termed Iaqepor (Bal et al., 2001),
could be evoked from a holding potential of —40 mV,
a potential that completely inactivates conventional
I5. The steady-state inactivation curve of /5gepol Was
shifted by ~30 mV in the depolarizing direction
compared to conventional I, and, consequently,
could be evoked at relatively depolarized holding
potentials. The activation curve of Ixgepor €xhibited a
similar rightward shift along the voltage axis, and the
activation kinetics of /agepor Were moderately slower
than those of conventional /5. An important detail of
this study, however, is that Jagepor Was studied after
suppression of delayed outward currents with 40-50
mmM TEA. Conventional /5 was isolated by standard
current subtraction techniques (Hille, 1992) in TEA-
free saline.

The results of our study suggest that many of the
characteristics attributed to Ja4epor may be explained in
terms of TEA-induced modification of conventional 7
characteristics. For example, we found that conven-
tional 7 could be evoked even at a holding potential of
—30 mV in TEA-containing saline, and that this effect
was due to a rightward shift in the steady-state inacti-
vation curve (Fig. 6). We explicitly activated conven-

tional /5 by restricting the test pulses to —10 mV;
Iadepol Was activated only at voltages more depolarized
than —5 mV (Bal et al., 2001). In 42.5 mm TEA, which
is close to the concentration of TEA used to isolate
Iadeipol the half-inactivation voltage was shifted by ~7
mV (Fig. 6); this is a considerably smaller shift than
that reported for Iagepor. However, estimates of the
half-inactivation voltage were not derived in the same
way in the two studies, and this may explain the dis-
crepancy between these two studies. For instance, in
the present study, the steady-state inactivation curves
for I, were constructed by normalizing the current
evoked at all test potentials to —120 mV. Bal et al.
(2001) normalized currents to the maximum current
recorded at —100 mV for conventional /4, but nor-
malized currents to that recorded at —40 mV when
studying Jagepor- This procedure necessarily forced the
half-inactivation potential for Iagepol to be more pos-
itive than —40 mV. When we duplicated the current
normalization protocol used by Bal et al. (2001) with
our current measurements recorded in 42.5 mmMm TEA,
the V5 of conventional I, was shifted to —30 mV,
which represents a 25-mV TEA-induced shift. This
value is very close to the ~30-mV shift reported for
Iadepot, Which again was measured in the presence of
40-50 mm external TEA (Bal et al., 2001). We also
found that TEA slowed the activation kinetics of I
(Fig. 9), a result that may explain the slower activation
kinetics reported for Iagepol. Finally, the current am-
plitude of /4 gepot Was smaller than that of conventional
I at equivalent test potentials. From our results, this
may be explained by block of conventional 75 by TEA.
Hence, we propose that the effect of TEA on a
conventional A-type K current, which has been
described and studied at the whole-cell and single-
channel level by others (Neher, 1971; Taylor, 1987; Bal
et al., 2000), accounts for many of the biophysical
characteristics attributed to Jagepor-

It is important to note that TEA had a similar
effect on the voltage-dependent properties of a con-
ventional A-type K* current expressed in Lymnaea
stagnalis neuronal somata (Alekseev & Ziskin, 1995).
To our knowledge, the sensitivity of these molluscan
A-currents to external TEA in Lymnaea and Helix is
unique among the considerable number of K™ cur-
rents studied to date. Consequently, important in-
sights into the structural basis of TEA-dependent
alteration of K channel gating may be gained from
studying cloned genes encoding A-type channels from
molluscan neurons.

In summary, extracellular TEA blocked conven-
tional /5 in a voltage-dependent manner. The re-
lationship between external TEA sensitivity and
electrical distance agrees with predictions from the
model of TEA blockade of low affinity Shaker K™
channels (Heginbotham & MacKinnon, 1992). How-
ever, the large electrical distance (65%) that we mea-
sured in this study raises concerns about the
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traditional interpretation of this value (Hille, 1992).
The large electrical distance calculated for TEA block
of I, in this study is unprecedented among other K *
channels, and we believe that electrical-distance values
do not provide useful information about the depth of
TEA binding in the external pore. Rather, the strength
of electrostatic repulsion between external TEA and
K™ ions exiting the selectivity filter may account for
the steep relationship between membrane potential
and channel block. Finally, TEA modified gating of
conventional /4 at concentrations below that required
to fully suppress Ixpr. Thus, pharmacological isola-
tion of I with high concentrations of TEA necessarily
comes at the expense of biasing the voltage-dependent
properties of this current. It will be important to
consider this caveat when studying A-type currents in
H. aspersa and, perhaps, other snail A-type K" cur-
rents (Alekseev & Ziskin, 1995) in the future.

This work was funded by NIH grants HL 19827 and HL 51238 and
an Albert J. Ryan fellowship to J.S.D.
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