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SUMMARY
The actions of zinc ions on three species of K� channels were
studied using mouse fibroblasts stably transfected with a plasmid
containing both the appropriate K� channel gene and a steroid-
inducible promotor. The channels studied were rKvl .1 and
hKvl .5, delayed rectifiers cloned from rat and human tissue,
respectively, and hKvl .4, an inactivating human K� channel. Zn2�
shifted the activation curves for all three K� currents in the
depolarizing direction and also shifted the steady state inactiva-
tion curve for hKvl .4 in the depolarizing direction. The effect of
Zn2� was concentration dependent between 2 and 1 000 �M. As

a consequence of the modulation of gating, the activation kinetics
of the K� currents were slowed by Zn2�, an effect likely to delay
repolarization of the neuronal action potential. The action of Zn2�
on these diverse K� channels suggests the existence of a
common Zn2� binding domain, the occupation of which influences
the voltage sensor. The resulting modulation of gating of hKvl .4
by Zn2� may well be of physiological significance, in view of the
localization of this channel in mossy fiber nerve terminals in the
hippocampus, where Zn2� is found in abundance.

K� channels play an important role in regulating the excit-
ability of nerve and muscle cells (1). Multiple classes of K�

channels are known to exist (2), and many K� channels have
now been cloned from Drosophila (3, 4), mouse (5), rat (6, 7),
and human (8, 9).

Divalent cations have been shown to alter the gating behavior

of ion channels at millimolar concentrations. Voltage-depend-
ent Na� channels in squid axon (10-12), voltage-dependent

Ca2� channels (13), and some voltage-dependent K� channels
apparently share this property (14). Recently, we have dem-

onstrated that the gating of transient outward currents in

hippocampal neurons is modulated by Zn2� at low micromolar
concentrations (15). These observations may have important

consequences for regulation of central nervous system excita-
bility, because Zn2� is endogenous to the hippocampus and
other brain regions (16).

However, it is difficult to study K� channel modulation in
neurons, because multiple channel species are present, even
within one cell. For example, hippocampal neurons express

delayed rectifier current, A current, and Ca2�-dependent K�
current (17). In addition, it is known that, even within a single
neuron, each of these different classes of K� current may arise
from the presence of multiple members of a single K� channel
‘family’ (18); for example, the transient outward current found

in neurons may consist of several Shaker-like components.

Study of ion channels at the molecular level is greatly facilitated
by the expression of single gene products in host cells that have

no detectable native ion channels. In the present study we have
obtained functional expression of three cloned human and rat

K� channels in mouse L cells and report here the effects of
Zn2 on the gating of these individual K� channel species.

Materials and Methods

Plasmid construction, transfection, and dexamethasone in-

duction. Plasmid construction and transfection were carried out es-
sentially as described previously (19). Fragments containing the coding

region of each K� channel gene [rKvl.1, nucleotides -45 to 1548 (7);

hKvl.4, nucleotides 290-2800 (8); hKvl.5, nucleotides 161-2059 (8)]
were subcloned in the EcoRV site of pMSVNeo (20). This vector

contains a dexamethasone-inducible murine mammary tumor virus

promotor controlling transcription of the inserted cDNA and a gene

conferring neomycin resistance driven by the simian virus 40 early

promotor. The cDNA-containing expression vector was transfected
into mouse Ltk cells (21). After 24 hr, selection with 0.5 mg/ml G418

was initiated for 2 weeks or until discrete foci formed. Individual foci

were isolated, maintained in G418, and screened for the relevant RNA

by Northern analysis. One of the resultant cell lines was selected for

each channel species. Transfected cell lines were cultured in Dulbecco’s

modified Eagle medium supplemented with 10% horse serum and 0.2
mg/ml G418, under a 5% CO2 atmosphere. The cultures were passaged

every 3-4 days, using a brief trypsin treatment. Before experimental

use, subconfluent cultures were incubated with 2-20 .tM dexamethasone

for 24 hr. The cells were then removed from the dish with a rubber

policeman, a procedure that leaves the vast majority of the cells intact
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Fig. 1. Concentration-dependent effect of Zn2� on hKvl .5. A, Effect of three different Zn2� concentrations on the hKvl .5 current elicited by a 200-
msec depolarizing command to 0 mV from -80 mV. Traces were recorded in the presence of 0, 2, 20, and 200 �M Zn2�. B, Effect of 200 �M Zn2�
on the activation curve for hKvl .5. Conductance calculations and activation curve fitting were performed as described in Materials and Methods.
The control data were best fitted by an equation with slope factor k = 10.8 mV and half-activation voltage V1,� = -2.8 mV. In the presence of 200
�M Zn2�, the corresponding values were k = 15.4 mV and V1,� = 20.0 mV. Each point represents the mean ± standard error of four to six
experiments.
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and avoids the use of enzymatic treatment. The cell suspension was
then allowed to reattach for several hours before recordings were

initiated. Sham-transfected cells, untransfected cells, and transfected

cells that did not receive dexamethasone treatment have all been tested

(19), and no voltage-activated outward currents were recorded.

Solutions. The whole-cell patch-clamp technique was used to record

membrane currents. Patch pipettes were filled with a solution of (in
mM) 140 KC1, 5 K2ATP, 2 MgC12, 5 BAPTA, H8, and 5 HEPES/KOH,

pH 7.2. The osmolarity of the pipette solution was measured using an
osmometer and was adjusted to 310 mosmol. Seal resistances were �5
GO and pipette resistances were �4 MO. The extracellular medium

contained (in mM) 140 NaC1, 3 KC1, 6 D-glucose, 1.5 CaC12, and 1

MgCl2, buffered to pH 7.4 with 10 mM HEPES/NaOH. The neurons
were continuously perfused at 2 mI/mm at 25’. Zn2� was dissolved

directly in the recording medium and applied by superfusion or from
an array of 200-�tm-diameter “flow-pipes.”

Data acquisition and analysis. Currents were low-pass filtered at

5-10 kHz (-3 dB, Bessel filter 902; Frequency Devices Inc.), sampled

and digitized by using a TL-1-125 interface (Axon), and stored for off-

line analysis. Voltage commands, acquisition, and analysis of stored
data were achieved using AXOBASIC (Axon). The reversal potential,

ER, for each of the currents studied was measured using tail current
analysis, and the peak chord conductance values, g, at each potential

were calculated from the peak currents as follows: g = I/( V,� - ER).

Activation curves were then fitted using the following equation: g/gma,
= [1 + exp( V,,2 - V�,,,)/k]’, in whichg�, is the maximum conductance,

V1,2 is the voltage at which the current is half-activated, and k is a

factor describing the steepness of the activation curve. Similarly, steady

state inactivation curves were fitted using the following equation: 1/

Ima.x [1 + exp( Vh0Id V,,2)/k]’, in which ‘max �5 the maximum current,

V1,2 is the voltage at which the current is half-inactivated, VhOLd is the

conditioning potential, and k is a slope factor.

Results

Delayed rectifier currents. In cells expressing the delayed

rectifier current hKvl.5, a depressant effect of Zn2�, which was
fully reversible on washing out of Zn2�, was observed by using

a single-step command from -80 mV to 0 mV (Fig. 1A). To
quantify the effects of Zn2�, activation curves were constructed

for hKvl.5 in the presence and absence of various concentra-

A

tions of Zn2�; the holding potential was -80 mV throughout.

Fig. lB shows an example of activation curves obtained under

control conditions and in the presence of 200 �tM Zn2�. The
control curve was best fitted by a Boltzmann-type equation

(see Materials and Methods) with V112 = -2.8 mV and k = 10.8

mV. In the presence of 200 �M Zn2�, the corresponding values
were V112 = 20.0 mV and k = 15.4 mV. Zn2� at 200 �tM thus

caused a rightward shift (by 22.8 mV) of the activation curve

for hKvl.5 and somewhat depressed the slope of the activation

curve. In experiments with cells expressing the rat delayed

rectifier channel rKvl.1, an analogous effect of Zn2� was ob-

served (Fig. 2, A and B). The shift in the activation curve was

approximately parallel in this case, with a small decrease in the

slope of the curve in the presence of Zn2�. From a number of

experiments of this type it was possible to construct a concen-

tration-response curve for the modulation of rKvl.1 by Zn2�

(Fig. 2C). This curve was fitted according to a single-binding

site model, yielding best-fit estimates of 48 zM for the apparent

dissociation constant, Kd, and 38 mV for the maximal rightward

shift of the activation curve; the Hill slope was estimated to be

1.03.

Transient outward current. In cells expressing the tran-

sient outward current hKvl.4, Zn2 depressed outward currents
evoked by single-step commands in a concentration-dependent

manner (Fig. 3A) and shifted the activation curve for the

current in the depolarizing direction. Fig. 3B shows an example

of activation curves obtained under control conditions and in

the presence of 20 �zM Zn2�. The control curve was fitted best

by a Boltzmann equation with V112 = -14.1 mV and k = 13.8

mV. In the presence of 20 �M Zn2�, the corresponding values

were V112 = 0.5 mV and h = 14.8 mV. Zn2� at 20 �zM thus caused

a parallel rightward shift (by 14.6 mV) of the activation curve

for hKvl.4. In addition, Zn2� also modulated the inactivation

behavior of hKvl.4 (Fig. 3C). Fig. 3C shows inactivation curves

obtained under control conditions and in the presence of 20

and 200 �M Zn2�. The control curve was best fitted by a

Boltzmann equation with V112 = -39.7 mV and k = 3.7 mV. In
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Fig. 3. Zn2� shifts inactivation and activation curves for hKvl .4. A, Effect of three different Zn2� concentrations on the hKvl .4 current elicited by a
200-msec depolarizing command to 0 mV from -120 mV. Traces shown (from the top) were recorded in 0, 2, 20, and 200 MM Zn2�. B, Effect of
Zn2� � the activation curve for hKvl .4. The control data were best fitted by an equation with slope factor k = 13.8 mV and V112 = -1 4.1 mV. In
the presence of 20 MM Zn2�, the corresponding values were k = 14.8 mV and V1,� = 0.5 mV. Each point represents the mean ± standard error of
four to seven experiments. C, Effect of 20 and 200 MM Zn2� on the inactivation curve for hKvl .4. Conductance calculations and curve fitting were
performed as described in Materials and Methods. The control data were best fitted by an equation with slope factor k = 3.7 mV and V1,� = -39.7
mV. The dwell time at the conditioning potential was 500 msec. In the presence of 20 MM Zn2�, the corresponding values were k = 5.0 mV and V112
= -29.8 mV. In the presence of 200 MM Zn2�, the corresponding values were k = 5.8 mV and V1,� = -19.9 mV. Each point represents the mean ±
standard error of four to seven experiments.
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Fig. 2. Concentration-dependent effect of Zn2� on rKvl .1 . A, Concentration-effect curve for Zn2� inhibition of the steady state rKvl .1 current elicited
by a step to -20 mV from -80 mV. Each point represents the mean ± standard error of four experiments. B, Effect of 20 �M Zn2� on the activation
curve for rKvl .1 . Conductance calculations and activation curve fitting were performed as described in Materials and Methods. The control data
were best fitted by an equation with slope factor k = 1 0.5 mV and V,,2 = -30.8 mV. In the presence of 20 � Zn2�, the corresponding values were
k = 13.1 mV and V1� = -1 7.7 mV. Each point represents the mean ± standard error of four or five experiments. C, Dose-effect curve for Zn2� in
shifting the activation curve for rKvl .1 . The Zn2� concentrations used were 2, 10, 20, 100, and 1000 MM.

the presence of 20 �M Zn2�, the corresponding values were
V1!2 = -29.8 mV and k = 5.0 mV. In the presence of Zn2�, the

corresponding values were V112 = -19.9 mV and 200 �M k =

5.8 mV.

Modulation by Zn2� of hKvl.5 activation kinetics. At
any given membrane potential, Zn2� slowed activation of out-

ward currents activated by depolarizing commands. An example
of this effect is seen in Fig. 1, in which the delayed rectifier

current hKvl.5 activated progressively more slowly in the pres-
ence of increasing concentrations of Zn2�. The effect of mem-
brane potential on the activation kinetics of hKvl.5 and the
modulatory effect of Zn2� on the activation kinetics are dis-
played graphically in Fig. 4A. The activation kinetics for

hKvl.5 were slow at modest levels of depolarization and were

speeded by stronger depolarization, approaching an asymptote

at about +40 mV. In the presence of Zn2�, the activation

kinetics of hKvl.5 slowed still more at modest depolarizations

but tended to approach the same asymptotic value at stronger

depolarizations. The degree of slowing at a given membrane

potential was dependent upon the Zn2� concentration. The

influence of Zn2� on activation kinetics is more clearly illus-

trated in Fig. 4B, in which the same data are displayed as

reciprocals of the time to half-activation. In this plot, it is quite

clear that at low concentrations of Zn2� there was a pure parallel

rightward shift of the curve relating speed of channel opening

to membrane potential. This would tend to support the idea
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Fig. 4. Zn2� slows activation kinetics of hKvl .5. A, Effect of three different Zn2� concentrations on the time to half-activation for the hKvl .5 current
elicited by depolarizing commands from -80 mV; data are taken from a single experiment. Open symbols, control kinetics; filled symbols, data
obtained with 2, 20, and 200 MM Zn2�. B, The same data plotted as reciprocals of the half-activation times, illustrating the nghtward shift of the
curve toward more positive membrane potentials in the presence of Zn2�.
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that the primary action of Zn2� is to modify channel gating. At

the highest concentration of Zn2� shown in Fig. 4B, there was

a decrease in the slope of the plot, perhaps indicating an

additional effect of Zn2� on the kinetics of channel opening

that is independent of the shift in the voltage dependence of

channel gating.

Discussion

We have demonstrated a potent effect of Zn2� on the gating
of the delayed rectifier currents rKvl.1 and hKvl.5 and the

transient outward current hKvl.4, expressed in mouse L cells.

Lower concentrations of Zn2� cause approximately parallel

shifts in the activation and inactivation curves for these cur-

rents, whereas at higher concentrations (�200 1uM) the slopes

of these curves become more shallow. This suggests to us that

the primary effect of Zn2� is to modify channel gating at low

concentrations, whereas at higher concentrations (�200 �M)

an additional channel-blocking effect may also become appar-

ent. Divalent metal ion block of delayed rectifier channels (22,

23) and cardiac Na� channels (24) has been reported. In the

case of the delayed rectifier channels, such interactions have

occurred in the millimolar concentration range, as distinct from
the micromolar potency of Zn2� reported here in altering chan-

nel gating.

The concentration-response data for rKvl.1 do suggest that

a single binding site for Zn2� might be responsible for the

changes in gating and that Zn2� binds to this site with relatively

high affinity, with Kd in the vicinity of 50 �M. Zn2� also
modulates gating of transient outward current in hippocampal

neurons (15) and in cardiac myocytes (25) but does not alter

gating of delayed rectifier current in cultured hippocampal

neurons (15). This latter observation suggests that not all K�

channels are modulated by Zn2�, although all three channel
species studied here show Zn2� sensitivity. Sensitivity to Zn2�

may prove to be another useful tool for the correlation of cloned

K� channel gene products with endogenous K� channel activity.

0.4�

1ff1,2

0.2�

The identification of the binding site for Zn2� would be

greatly facilitated by the cloning of a Zn2�-insensitive K’ chan-
nel; unfortunately, such a cloned K� channel has yet to be

identified, although delayed rectifier currents in cultured hip-

pocampal neurons appear to be insensitive to Zn2� (15). Ex-

amination of the amino acid sequence of a Zn2�-insensitive K�

channel and comparison with the sequences of the Zn2�-sensi-

tive channels would undoubtedly yield interesting information

on the nature of the ion binding site. However, in the absence

of such information we can only speculate on the nature of the

binding site for Zn2�. The “zinc finger” binding domain is not

present in the K� channel polypeptides studied here. We can,

however, speculate that the Zn2� binding site is likely to be

located close to the S4 segment, which is believed to function

as a “voltage sensor” (26, 27). Binding of Zn2’� close to the four

positively charged amino acid residues of S4 might be expected

to modify gating by electrostatic interactions, as suggested

previously for channel modification by phosphorylation (28).

Clearly, further information will be required to pinpoint the

Zn2 binding site.

It has been reported that Zn2� causes abnormal discharges

(“giant depolarizing potentials”) in the CA3 region of the

hippocampus and that these may occur spontaneously and are

prevented by selective chelators of Zn2� (29). These giant

depolarizing potentials are prevented by the �y-aminobutyric

acid receptor antagonist bicuculline and thus appear to result

from the release of excessive amounts of -y-aminobutyric acid,

perhaps as a consequence of high frequency firing of interneu-

rons (30). It is interesting to note that the distribution of Kvl.4

has recently been mapped using immunohistochemistry. The

channel protein appears to be concentrated in axons and ter-

minals (31). In the hippocampal formation, the Kvl.4 immu-

noreactivity was concentrated in mossy fiber terminals, where

the highest concentrations of Zn2� are also found (16). It has

been suggested that Kvl.4 might play a role in regulating the

excitability of nerve terminals and thereby controlling neuro-
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transmitter release (31). The potent modulation by Zn2� of
gating of hKvl.4 reported here would, therefore, provide a
physiologically relevant mechanism for the alteration by Zn2�
of transmission in the hippocampus; however it should be noted
that Zn2� also inhibits N-methyl-D-aspartate receptor-gated

channels (32) and produces a voltage-dependent open channel
block of cardiac Na� channels (24, 33). In conclusion, we have
demonstrated a potent modulatory action of Zn2� on the gating

of cloned rat and human K� channels. Further investigation of
K� channel sensitivity to Zn24 might be expected to yield
interesting structural information on the nature and location

of the Zn2� binding site on these channel molecules.

Acknowledgments

The authors would like to thank Gargi Talukder for helpful discussion and
data analysis and Ed Schwartz for technical assistance.

References

1. Hille, B. Ionic Channels ofExcitable Membranes, Ed. 2. Sinauer, Sunderland,
MA (1992).

2. Rudy, B. Diversity and ubiquity of K channels. Neuroscience 25:729-749
(1989).

3. Schwarz, T. L., B. L. Tempel, D. M. Papazian, Y. N. Jan, and L. Y. Jan.
Multiple potassium-channel components are produced by alternative splicing
at the Shaker locus in Drosophila. Nature (Lond.) 331:137-142 (1988).

4. Timpe, L. C., Y. N. Jan, and L. Y. Jan. Four cDNA clones from the Shaker

locus of Drosophila induce kinetically distinct A-type potassium currents in
Xenopus oocytes. Neuron 1:659-667 (1988).

5. Wei, A. M., M. Covarrubias, A. Butler, K. Baker, M. Pak, and L. Salkoff. K�
current diversity is produced by an extended gene family conserved in
Drosophila and mouse. Science (Washington D. C.) 248:599-603 (1990).

6. Ruppersberg, J. P., K. H. Schroter, B. Sakmann, M. Stocker, S. Sewing, and
0. Pongs. Heteromultimeric channels formed by rat brain potassium-channel
proteins. Nature (Land.) 345:535-537 (1990).

7. Roberds, S. L., and M. M. Tamkun. Cloning and tissue-specific expression
of five voltage-gated potassium channel cDNAs expressed in rat heart. Proc.
NatL Acad. Sci. USA 88:1798-1802 (1991).

8. Tamkun, M. M., K. M. Knoth, J. Walridge, H. Kroemer, D. M. Roden, and
D. M. Glover. Molecular cloning and characterization of two voltage-gated
K� channel cDNAs from human ventricle. FASEB J. 5:331-337 (1991).

9. Phillipson, L. H., R. E. Hice, K. Schaefer, J. LaMendola, G. I. Bell, D. J.
Nelson, and D. F. Steiner. Sequence and functional expression in Xenopus
oocytes of a human insulinoma and islet potassium channel. Proc. NatL Acad.
Sci. USA 88:53-57 (1991).

10. Frankenhaeuser, B., and A. L. Hodgkin. The action of calcium on the
electrical properties of squid axons. J. PhysioL (Land.) 137:218-244 (1957).

11. Gilly, W. F., and C. M. Armstrong. Slowing of sodium channel opening
kinetics in squid axon by extracellular zinc. J. Gen. Physiof 79:935-964
(1982).

12. Hahin, R., and D. T. Campbell. Simple shifts in the voltage dependence of
sodium channel gating caused by divalent cations. J. Gen. Physiol. 82:785-
802 (1983).

13. Kostyuk, P. G., S. L. Mironov, P. A. Doroshenko, and V. N. Ponomarev.
Surface charges on the outer surface of mollusc neuron membrane. J. Membr.
Bad. 70:171-179 (1982).

14. Mayer, M. L., and K. Sugiyama. Modulatory action of divalent cations on
transient outward current in cultured rat sensory neurones. J. Physiol. (Load.)
396:417-433 (1988).

15. Harrison, N. L., H. K. Radke, and J. M. H. ffrench-Mullen. The effects of

zinc ions on transient outward currents in cultured rat hippocampal neurons

and acutely isolated CAl pyramidal neurons (Abstract). Biophys. J. 61:2186
(1992).

16. Frederickson, C. J., M. A. Klitenick, W. I. Manton, and J. B. Kirkpatrick.
Cytoarchitechtonic distribution of zinc in the hippocampus of man and the

rat. Brain Res. 273:335-339 (1983).
17. Storm, J. F. Action potential repolarization and a fast after-hyperpolarization

in rat hippocampal pyramidal cells. J. Physwl. (Load.) 385:733-759 (1987).
18. Solc, C. K., W. N. Zagotta, and R. W. Aldrich. Single-channel and genetic

analyses reveal two distinct A-type potassium channels in Drosophikz. Science
(Washington D. C.) 236:1094-1098 (1987).

19. Snyders, D. J., K. M. Knoth, S. L. Roberds, and M. M. Tamkun. Time-,
voltage-, and state-dependent block by quinidine of a cloned human cardiac
potassium channel. Mol. PharmacoL 41:322-330 (1992).

20. Chung, F.-Z., C. D. Wang, P. C. Potter, J. C. Venter, and C. M. Fraser. Site-
directed mutagenesis and continuous expression of human fl-adrenergic re-
ceptors. J. BiOL Chem. 263:4052-4055 (1988).

21. Takeyasu, K., M. M. Tamkun, N. R. Siegel, and D. M. Fambrough. Expression
of hybrid (Na�Ki-ATPase molecules after transfection of mouse LTK cells
with DNA encoding the fl-subunit of an avian brain sodium pump. J. BiOL.
Chem. 262:10733-10740 (1987).

22. Douglass, J., P. B. Osborne, Y.-C. Cai, M. Wilkinson, M. J. Christie, and J.
P. Adelman. Characterization and functional expression of a rat genomic
DNA clone encoding a lymphocyte potassium channel. J. Immunof
144:4841-4850 (1990).

23. Cai, Y.-C., P. B. Osborne, R. A. North, D. C. Dooley, and J. Douglass.
Characterization and functional expression of genomic DNA encoding the
human lymphocyte type N potassium channel. DNA Cell Bad. 1 1:163-172
(1992).

24. Sheets, M. F., and D. A. Hanck. Mechanisms of extracellular divalent and
trivalent cation block of the sodium current in canine cardiac Purkinje cells.
J. PhysioL (Load.) 454:299-320 (1992).

25. Apis, Z. S., I. D. Dukes, and M. Morad. Divalent cations modulate the
transient outward current in rat ventricular myocytes. Am. J. Physiol.
261:C310-C318 (1991).

26. Lopez, G. A., Y. N. Jan, and L. Y. Jan. Hydrophobic substitution mutations
in the 54 sequence alter voltage-dependent gating in Shaker K� channels.
Neuron 7:327-336 (1991).

27. Papazian, D. M., L. C. Timpe, Y. N. Jan, and L. Y. Jan. Alteration of voltage-
dependence of Shaker potassium channel by mutations in the 54 sequence.
Nature (Load.) 349:305-310 (1991).

28. Perozo, E., and F. Bezanilla. Phosphorylation affects voltage gating of the

delayed rectifier K� channel by electrostatic interactions. Neuron 5:685-690
(1990).

29. Xie, X., and T. G. Smart. A physiological role for endogenous zinc in rat
hippocampal synaptic neurotransmission. Nature (Load.) 349:521-524
(1991).

30. Lambert, N. A., M. Levitin, and N. L. Harrison. Induction of giant depolar-
izing potentials by zinc in area CAl of the rat hippocampus does not result
from block of GABAB receptors. Neurosci. Lett. 135:215-218 (1992).

31. Sheng, M., M.-L. Tsaur, Y. N. Jan, and L. Y. Jan. Subcellular segregation of
two A-type K� channel proteins in rat central neurons. Neuron 9:271-284
(1992).

32. Westbrook, G. L., and M. L. Mayer. Micromolar concentrations of Zn2�
antagonize NMDA and GABA responses of hippocampal neurons. Nature
(Load.) 328:640-643 (1987).

33. Satin, J., J. W. Kyle, M. Chen, P. Bell, L. Cribbs, H. A. Fozzard, and R. B.
Rogart. A mutant of TTX-resistant cardiac sodium channels with TTX-
sensitive properties. Science (Washington D. C.) 256:1202-1205 (1992).

Send reprint requests to: Dr. Neil L. Harrison, Department of Anesthesia and
Critical Care, Box 428, The University of Chicago, 5841 5. Maryland Ave.,
Chicago, IL 60637.

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



