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SUMMARY
The chemical modifiers N-bromoacetamide (NBA), N-bromo-
succinimide (NBS), and chloramine-T (ChT) are commonly used
to remove fast inactivation of sodium currents and transient
potassium currents (l,J. In the present study, I examined the
effects of these chemical modifiers as well as of others on ‘A in
neurons dissociated from several brain regions. External appli-
cation of NBA irreversibly inhibited ‘A’ with higher NBA concen-
trations increasing the rate of inhibition. The current kinetics,
however, were not altered by external NBA at any concentra-
tion. ‘A was also inhibited by internal NBA but only at high
concentrations, and the rate of inhibition was much slower. The
current kinetics were not altered by internal NBA at any con-
centration. NBA is a nonspecific chemical reagent that can
modify a protein at several target amino acids. The NBA-

induced irreversible inhibition of ‘A was reproduced by external
diethylpyrocarbonate, a reagent that specifically modifies his-
tidine residues, and by ChT and cyanogen bromide, reagents
that modify methionine residues through distinct mechanisms.
However, NBS, a reagent that cleaves the peptide bond at
tryptophan residues, had no effect on 1A’ nor did chemical
modifiers specific for cysteine and tyrosine residues. Taken
together, these results suggest that the conserved, functionally
important methionine and/or histidine residues are the likely
targets for NBA modifications. These novel pharmacological
properties are in sharp contrast to those known previously,
despite their similarity in both kinetics and 4-AP sensitivities.
Therefore, the pharmacological treatments presented in the

present study should be useful for characterizing other ‘A#{149}

‘A activate rapidly and transiently in the presence of main-
tamed membrane depolarization. These currents are gener-

ally involved in the setting of action potential duration and

the firing frequency ofcells (1). Because the inactivation rate

of this current determines how long the current will remain

activated, it is a potential target for regulating ‘A activity

and, thus, cellular activity. An example is the activation of

thrombocytes in association with nearly complete removal of

‘A inactivation (2). NBA, a widely used chemical modifier,
also removes the fast inactivation of ‘A in thrombocytes (2)

and in GH3 cells (3-6). This chemical has also been used on

a widespread basis to remove fast inactivation of sodium

currents (7-9). Because NBA is membrane permeable, the

slowing of the fast inactivation of ‘A may be achieved by

applying NBA from outside (3-6) or from inside (2, 4, 6) the

cell. Although the action sites ofNBA are commonly believed

to be located at the intracellular surface of the membrane, a
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separate, extracellular target for NBA has also been sug-

gested (4).

I recently identified an ‘A in suprachiasmatic nucleus neu-

rons, the resting inactivation of which can be removed by

external Zn2� application (10). In an attempt to remove ‘A

inactivation with NBA, I found that NBA inhibited ‘A instead

of removing its fast inactivation, as in GH3 cells and throm-

bocytes. NBA is a nonspecific chemical modifier that oxidizes

the sulfur-containing amino acids, such as cysteine and me-

thionine, and breaks the peptide bonds at the nitrogen-

containing amino acids, such as histidine, tryptophan, and

tyrosine (7). To elucidate the mechanisms underlying the

NBA-induced inhibition, I examined the effects on ‘A of

chemical modifiers specific for these potential NBA targets.

Experiments were performed using whole cell recording tech-

niques with neurons dissociated from the suprachiasmatic

nucleus and from other brain regions. The results of the

present study indicate that in these neurons, NBA inhibits

the ‘A without altering its kinetics, including the inactivation

rate. Furthermore, the NBA effect is mimicked by modifiers

specific for histidine and methionine residues but not by
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modifiers specific for cysteine, tryptophan, or tyrosine resi-

dues. These novel pharmacological properties reveal that the

‘A in these neurons is remarkably different from those in
GH3 cells and thrombocytes, and the methodology presented

in the study should therefore provide an additional pharma-

cological tool for studying other ‘A#{149}

Materials and Methods

Cell preparation. Central neurons were dissociated from three
different brain regions: SCN, RCA, and the cortex. The neurons from
the SCN and the RCA were acutely dissociated from postnatal (after

PlO) and adult albino rats (Sprague-Dawley) as previously described
(10, 1 1) with some modifications. Briefly, the anterior hypothalamic

slices (750 �.tm) containing SCN and RCA, respectively, were first

preincubated in an enzyme-free solution at 37#{176}for 2-8 hr as de-
scribed (12). The incubation solution contained (in mM): 125 NaCl,

2.5 KC1, 2 CaCI2, 1 MgCl2, 26 NaHCO3, 1.25 NaH2PO4, and 25
glucose (pH 7.4 when continuously bubbled with 95% O�/5% CO2).

Enzyme digestion was then carried out in the incubation solution

containing 0.05-0.25% trypsin at 37#{176}for 5-45 mm. After enzyme

digestion, the slices were transferred back to the enzyme-free incu-

bation solution. When needed, the SCN or RCA was dissected from

the hypothalamic slices, dissociated into isolated neurons, and

plated onto coverslips coated with concanavalin-A (Sigma Chemical

Co., St. Louis, MO). The isolated neurons were stored in incubation
solution under an atmosphere of 95% O�/5% CO2.

Only undifferentiated cortical neurons from E18 rats were used in

the study. The cortical neurons were acutely dissociated from the

fetal cortex, which was dissected from the fetus after the fetus was

removed from the pregnant rat. The isolated neurons were stored as

described.

Recordings. Membrane currents were recorded with the whole
cell, patch clamp technique (13) at room temperature (20-22#{176})as
described previously (10, 11). The perfusing bath solution contained

(in mM): 110 choline Cl, 30 TEA Cl, 5 KC1, 2 CaCl2, 1 MgCl2, 0.2

CdCl2, 10 TMA-HEPES, and 10 glucose (pH 7.4). TEA (30 mM) was

added to block most ofthe delayed rectifier. Cd2� (200 �M) was added

to block the calcium currents and to remove the resting inactivation
of ‘A to allow its activation when stepped from a holding potential of

-60 mV (10). The bath solution was admitted via a 1-mm-diameter

capillary positioned a few millimeters from the recorded cell. Solu-

tion change around the cell was complete within a few seconds. The
patch electrodes contained (in mM): 120 KC1, 10 K-HEPES, 10

K2EGTA, and 1 CaCl2 (pH 7.3). The liquidjunction potential was -7

mY and was not corrected. In some experiments (Fig. 1), 20 mM Na�

substituting for the same concentration of K� was used to study

outward sodium currents. Signals were low pass filtered at 2-2.5
KHz (eight-pole Bessel) and digitized on-line at 5 KHz (or 20 kHz for

sodium current) via a 12-bit analog-digital digitizing board (Data

Translation DT2821F-DI) with my program written in C Language.

Linear leakage and capacitive currents were subtracted using a P/2

pulse protocol (14). Data were analyzed and plotted with custom-

made programs. The current traces shown are leak subtracted.

Chemicals. The chemical reagents NBA, NBS, DTNB, PCMPS,
DEP, ChT, CNBr, and NM were purchased from Sigma Chemical

Co. All chemicals were freshly made before the experiments, and

some of the solution bottles were wrapped with aluminum foil to

protect the solution from light. All solutions were adjusted to pH 7.4

with HEPES.

Results

NBA inhibits ‘A’ A 200-msec step depolarization to +30

mV activated an outward current in neurons dissociated

from the SCN and RCA. At this potential, most SCN and

RCA neurons have peak outward current amplitudes in the

range of 200-1000 and 1000-2000 pA, respectively. The out-

ward currents contain both transient components (‘A) and

sustained components, the latter of which are probably the

residual delayed rectifiers not blocked by TEA. In contrast,

the outward current in the fetal cortical neurons has only the

transient component (‘A), with peak amplitude in the range

of 100-300 pA at +60 mV. Although these ‘A differ in size,

their kinetics were similar (see later). Bath application of 100

jtM NBA rapidly inhibited ‘A (Fig. 1, A through C), leaving

mostly the sustained components (Fig. 1, B and C). The

inhibition appears to be irreversible, because no recovery of

‘A amplitude was observed after NBA was washed out for as
long as 10 mm. The specific inhibition of ‘A by NBA is also

apparent from its lack of effect on ‘Na within minutes of

application (Fig. 1D). At a longer exposure time, however, the

inactivation rate of ‘Na appeared to slow slightly. The rates of

‘A inhibition increased with greater concentrations of NBA.
Fig. 1E (left) is a plot of the inhibitory time courses of ‘A

recorded from four different SCN neurons in response to

NBA at four different concentrations: 10, 30, 100, and 1000

p.M. At 1 mM, NBA also inhibited ‘Na and the residual delayed

rectifiers (not shown). However, no slowing of ‘A inactivation

rate was observed at any concentration. Because NBA is

sensitive to light and temperature, the rate of inhibition also

decreased with aging of the NBA solution (Fig. 1E, right).

Taken together, these results indicate that the NBA com-

pound irreversibly inhibits ‘A�

NBA does not alter ‘A kinetics. The inhibitory effect of

NBA on ‘A in these central neurons is in sharp contrast to its

action on slowing the inactivation rate of ‘A in both GH3 cells

(3-6) and newt thrombocytes (2). To better determine

whether NBA alters ‘A kinetics, the outward currents of Fig.

1 (A through C) are plotted again in Fig. 2. On the left are

shown superimposed outward currents elicited during NBA

application. As clearly indicated in the figure, although the

peak amplitude is dramatically reduced, there is no obvious

change in the current kinetics. Also notable is the persistent

presence of the residual delayed rectifiers in both SCN and

RCA neurons. Better comparison of the NBA-sensitive ‘A in

these neurons can be achieved when the NBA-insensitive

sustained currents are subtracted from the total outward

currents (right). The similarity between the NBA-sensitive ‘A

in the three different central neurons is apparent. After

proper scalings, the I� current traces (right) can be almost

perfectly superimposed (insets). The results clearly indicate

that NBA does not alter the ‘A kinetics.

NBA acts at or near extracellular sites of ‘A chan-

nels. NBA is membrane permeable and has been shown to

remove ‘A fast inactivation when applied at either side of the

membrane (2-6). The question arises of whether internal

NBA, in contrast to external NBA, can remove inactivation of

‘A In all of the experiments with low concentrations (10-100
�tM) of internal NBA (n = 10; 10-30 mm in the whole cell

mode), no effect was observed on ‘A� Therefore, 1 mM NBA

was used in all subsequent experiments. In general, the

results for high internal NBA experiments are as follows: in

the absence ofbath perfusion, on breaking into the whole cell

mode, the ‘A current amplitude remained fairly constant for

the first few minutes and then gradually declined (Fig. 3).

However, during the declining phase, bath perfusion abol-

ished the slow inhibition and stabilized the current ampli-

tude in some cells (Fig. 3A; n = 2), as if the NBA molecules,
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0 100

SCN
Fig. I . Inhibition of IA by exter-
nal NBA in central neurons.
Whole cell transient potassium
currents were activated every
10 sec from a holding potential
of -60 mV to +60 mV in a cor-
tical neuron (A) and to +30 mV
in an SCN (B) and an RCA (C)

n� neuron. NBA inhibited the IA but�A not INa (D). Total outward cur-

rents IA and INa were activated
at +30 mV in a RCA neuron
(left). Time courses of these two
currents are plotted (right). De-
pendence is shown of inhibition
rate of ‘A on NBA concentration
(E). Left, Plots of the response
time course of IA evoked at +30

mV to NBA at 10 �tM (Eli), 30 ,.tM

I Na (t, 100 ,.LM (Li), and 1000 �M

(A). Right, Plots of the time
course of ‘A (+30 mV) in the
presence of 1-hr-old (A), 8-hr-
old (D), and 24-hr-old (0) 100

MM NBA. Straight lines, time
during which NBA was applied.
1A and ‘Na amplitude were mea-
sured at the peak.

diffusing out of the cell to inhibit the ‘A from the outside,

were washed away by perfusion. Note that the current begins

to decline again (dashed lines), with some delay, only after

perfusion is halted, possibly indicating the time for NBA to
diffuse outside to inhibit the current. However, in other cells,

this perfusion effect is less obvious or not present (Fig. 3B; n

= 5). Even in the continued presence of 1 mM internal NBA,

which produced only very slow inhibition, bath application of

100 �tM NBA still rapidly reduced ‘A (Fig. 3A). This indicates

that the rapid inhibition of ‘A is mediated by NBA acting on

the extracellular targets (see Discussion). Again, no slowing

of inactivation rate was observed even with 1 mr�vt internal

NBA (n = 11). Fetal cortical neurons were not tested because

of the small size of the cells and of the ‘A amplitude and

because of the difficulty involved in doing the experiments.

Taken together, these results indicate that unlike in GH3

cells (3-6) and thrombocytes (2), the kinetics of ‘A in SCN

and RCA neurons are not altered by internal NBA.

The NBA effect is reproduced by chemical modifiers

specific for methionine or histidine residues. NBA is a

nonspecific reagent that can modify proteins at cysteine,

methionine, tyrosine, tryptophan, and histidine residues (see

introductory paragraphs). To determine the potential targets

for NBA modification, the effects on ‘A of chemical modifiers

specific for each of these residues were determined. A 2-mm

application of DTNB (Fig 4A; n = 10), NBS (Fig. 4B; n = 6),

and NM (Fig. 4E; n = 6) had no effect on ‘A#{149}However, the

subsequent application of a 10-fold lower concentration of
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NBA (100 p.M) still rapidly inhibited ‘A (Fig. 4, A through C).

These chemical modifiers are specific for cysteine, trypto-

phan, and tyrosine residues, respectively (for reviews, see

Refs. 15 and 16). PCMPS, another cysteine-specific modifier,

also had no effect on ‘A (n = 6). At a longer exposure time,

however, NBS appeared to slightly inhibit the ‘A (not shown).

In contrast, 1 mM DEP, a histidine-specific modifier, irrevers-

ibly inhibited ‘A (Fig. 4D; n = 10). Nevertheless, the inhibi-

tion was incomplete (n = 10). However, 1 mivi ChT, a methi-

onine modifier, completely inhibited ‘A in an irreversible

msec

msec

Fig. 2. Lack of effect of NBA on
‘A kinetics. The transient compo-
nents of outward currents de-
creased proportionally during
NBA application (A through C,
left). Current traces are from Fig. 1
(see text). Note that NBA inhibited
only the transient (I� but not the
sustained components. The NBA-
sensitive currents were obtained
after subtracting the NBA-insen-
sitive current from the outward
currents (right). Insets, first three
scaled superimposed NBA-sensi-
tive 1A traces.

manner (Fig. 4E). CNBr (1 mrvO, a reagent that cleaves pep-

tide bonds at methionine residues, also rapidly eliminated ‘A

(see Fig. 4, inset). Taken together, the results reveal that the

histidine and methionine residues on the ‘A channel protein

are the likely targets for NBA modifications.

Discussion

The results of the present study demonstrated an inhibi-

tory effect of NBA on ‘A in central neurons dissociated from
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A 1 mM NBA inside the pipette

0 10 20

; ON

0

-a Fig. 3. Slow inhibition of ‘A by high internal NBA. NBA
,)r’ ml n (1 mM) was present in the pipette during the recordings.
uu ‘A was evoked by a depolarizing pulse to +30 mV.

Inhibition began with some delay and proceeded slowly.
A, Turning on the perfusion rapidly stabilized the current
amplitude. Note that the current only began to decline
again with some delay (dashedllnes) after turning off the
perfusion (see text). A 10-fold lower concentration of
external NBA rapidly reduced ‘A’ as opposed to the slow
onset and slow inhibition by internal NBA. B, In this cell,
perfusion did not appear to have clear effect on 1A�

three different brain regions. The inhibition is rather spe-

cific, because at concentrations of < 100 jtM, as typically used

in the present study, NBA has no effect on the sodium cur-

rents and delayed rectifiers. Furthermore, no alterations of

‘A kinetics (including the inactivation rate) are observed with
external andlor internal NBA. This observation is remark-

ably different from the well known effects of NBA in remov-

ing fast inactivation of ‘A in GH3 cells and thrombocytes.

It could be argued that the inability to detect an alteration

of the inactivation rate can be attributed to the rapid inhibi-

tion by NBA, which then masks the slow removal of the

inactivation rate. This may not be the case, however, because

the slowing of the inactivation rate by external NBA in GH3

cells is fast (1-100 �.tM NBA slows the inactivation rate in

1-30 sec [4]). During this period, the ‘A in central neurons is

only partially inhibited by NBA (inhibition complete in 1-4

mm at 10-100 p.M NBA; Fig. 1E). If slowing of inactivation

did occur, I would have observed the reduction of inactivation

rate along with the reduction of peak amplitude. This never

happened in these central neurons. Even with internal NBA,

the reported values for slowing I� inactivation rate are 1-10

mm (2, 4). However, in the present study, even with 1 m�i

internal NBA for more than 10-30 mm, no slowing of mac-

tivation was observed. The only reasonable conclusion is that

these ‘A are different, probably reflecting distinct molecular

identities.

The rapid inhibition of ‘A is apparently mediated by NBA

acting on its targets at or near the outside of the membrane.

This conclusion comes from the observation that in the pres-

ence of 1 mM internal NBA, which produced only very slow

inhibition, a 10-fold lower concentration ofexternal NBA still

rapidly inhibits ‘A#{149} If external NBA had to cross the mem-

brane to inhibit I� from inside the cell, then 1 mr� internal

NBA should have totally and very rapidly eliminated the

current, as did 1 mi’s external NBA (Fig. 1E). Nevertheless,

this does not rule out the possibility of additional intracellu-

lar NBA targets.

The slow inhibition of ‘A induced by high concentrations of

internal NBA suggests three possibilities. First, NBA mole-

cules may simply diffuse out of the cell to inhibit ‘A from

outside. Second, the slow rate of ‘A inhibition may be a result

ofa very different nature ofinternal NBA targets, as opposed

to its external targets. Third, high internal NBA may slowly

damage the cell and cause irreversible decline of the current.

The first possibility is supported by the repeatable observa-

tion that perfusion abolishes the slow inhibition and stabi-

lizes the current (Fig. 3A). Perfusion totally eliminates any

further inhibition, suggesting that the inhibition is caused by

NBA molecules that diffuse out of the cell and are then

washed away by perfusion and arguing against the second

possibility. Nevertheless, in more than half of the experi-

ments, this perfusion effect is less obvious or not present. It

is tempting to suggest that in these cases, the cells are

deteriorating. This is not unlikely, because external NBA at
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1.0

A 0.5
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1 mM DTNB

00000000000000000000 0

NBA

0
D#{176}DD
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0

.‘ control

DTN�

NBA

800

pA 400

0

Fig. 4. Chemical modifications
of IA by reagents specific for
cysteine, tryptophan, tyrosine,
histidine, and methionine resi-
dues. Straight lines, duration of
application of chemical modifi-
ers DTNB, NBS, NAI, DEP, and
ChT. Left, Time courses of ‘A’

evoked by a depolarizing pulse
to +30 mV. Right, Representa-
tive current traces. DTNB (A),

: NBS (B), and NAI (C) had no
effect on ‘A and did not prevent
NBA from inhibiting ‘A#{149} Only
modifications of histidine (D)
and methionine (E) residues
were able to reproduce NBA ef-
fects. Note that DEP at 1 m�i
only partially inhibited ‘A� Inset,
Inhibition of ‘A by CNBr.

1 mM also slowly increases the leak conductance of SCN

neurons. The increase in the leak conductance could indicate

deterioration of the cell condition. A similar increase in leak

current in response to prolonged exposure to NBA has also

been reported (7). Although the presence of internal NBA

targets are not certain at this point, the rapid, irreversible

inhibition of ‘A caused by NBA is clearly mediated by acting

on targets located at or near the extracellular surface.

NBA has several potential targets, but only modifiers of

methionine and histidine residues are able to reproduce the

NBA effects, suggesting that NBA exerts its effect by modi-

fying these two residues on the ‘A channel proteins. Note that
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although both CNBr and ChT covalently alter methionine

residues, their actions are distinct (15, 16). CNBr acts by

cleaving the peptide bond, and ChT, similar to NBA, acts by
oxidizing it. Likewise, the mechanisms of modification of the
histidine residues by DEP and NBA are different. NBA acts

by breaking the peptide bond at histidine residues, whereas

DEP acts by ethylcarboxylating the nitrogen at position 1 or

3 of the imidazole ring of histidine (15, 16). However, unlike

NBA, DEP at 1 mrvi only partially inhibited ‘A#{149} It is possible

that higher concentrations might cause complete inhibition.
The observation that modification of these two residues by

different methods yields the same results suggests that me-

thionine and/or histidine residues are important in the nor-
mal function of ‘A channels. Because the ‘A in each of these
central neurons respond similarly to these chemicals, these

residues are probably conserved, at least among the channels
in these neurons.

On the contrary, chemical modifiers for cysteine (DTNB

and PCMPS), tryptophan (NBS), and tyrosine (NM) have

virtually no effect on ‘A’ and at the same time they do not
prevent NBA from eliminating ‘A#{149}A simple explanation is
that these residues are not responsible for the NBA effects.

However, it is possible that these chemical modifiers simply

do not reach the NBA targets. It should be noted that 200-
fold higher concentrations of NBS (2 m� NBS versus 10 p.M

NBA) still cannot reproduce the NBA effect. This is unlike
previous results showing that NBS mimics, although less

effectively, the effects of NBA in removing the fast inactiva-
tion of ‘A and sodium currents (4, 7, 17).

‘A are characterized conventionally by rapid activation and
inactivation and by sensitivity to 4-AP (18, 19), although

native ‘A channels in different tissues vary widely in their

kinetics and pharmacological profiles (1). For comparison, ‘A

in both SCN neurons and GH3 cells have rather similar

inactivation time constants (-20-30 msec between + 10 and

+60 mV in SCN neurons [10]; 21 msec between - 10 and +90
mV in GH3 cells [4]) and 4-AP sensitivities (complete inhibi-

tion by 5 mM 4-AP in SCN neurons [101; complete inhibition
by 3.5 mM 4-AP in GH3 cells [41). However, their pharmaco-
logical responses to NBA and other chemical modifiers are

remarkably different. In thrombocytes and GH3 cells, NBA,

NBS, and ChT remove fast inactivation of ‘A and increase ‘A

amplitude (2-6; ChT effect is noted in Ref. 20). Similar ef-

fects of these chemicals are observed on sodium channels
(7-9, 21, 22). In contrast, in the central neurons described in

the present study, ChT and NBA irreversibly inhibited ‘A

without altering its kinetics, and NBS was without effect.

This indicates that although the conventional characteriza-

tion of ‘A reveals similarities, the responses of these currents
to chemical modifiers are very different. Therefore, the phar-
macological treatments discussed in the present study should

be useful in characterizing other ‘A#{149}

The mechanisms underlying these different pharmacolog-
ical properties for central neurons and GH3 cells are not

clear. To further elucidate these differences, a certain degree

of knowledge about the molecular identities of the proteins
involved is probably required. Recent advances in molecular

cloning and biophysical studies of ‘A channels have indicated

that the remarkable diversity of ‘A channels might be due to

a large number of subunits of K� channels along with their

ability to form heteromultimeric channels, with kinetics and

pharmacological characteristics that are different from those

of homomultimeric channels (for review, see Ref. 23). In

vertebrates, one member in each of the subfamilies Kvl.4

and Kv3.4 has been found to express a rapidly inactivating,

A-type K� channel. Although the molecular identity of the

subunit or subunits composing the ‘A channel in the central

neurons is not known, the ‘A in the GH3 cells has been

suggested to be mediated by homomultimeric or heteromul-

timeric channels containing Kvl.4 subunits (23). It is possi-
ble that the differences lie in one or more of the subunits.

Similarly, it is not unlikely to find other I� channels that

have a combination of properties of the ‘A channels in GH3

cells and in central neurons. Along that line of thinking, it is

worth mentioning that in expressed noninactivating mouse

Kvl.1 channels, shaker B peptide and human Kv3.4 peptide

both inactivate the channels, but only the channels with

human Kv3.4 have their inactivation rate slowed by NBA

and ChT (24).

Acknowledgments

I thank Drs. Chung-Chin Kuo and John Finn for reading the

manuscript. I am indebted to Dr. King-Wai Yau for his support,

without which this work could not have been completed.

References

1. Rudy, B. Diversity and ubiquity ofK� channels. Neuroscience 25:729-749
(1988).

2. Kawa, K. Transient outward currents and changes of their gating proper-
ties after cell activation in thrombocytes of the newt. J. Physiol. 385:189-

205 (1987).

3. Matteson, D. R., and P. Carmeliet. Modification of K channel inactivation
by papain and N-bromoacetamide. Biophys. J. 5&641-645 (1988).

4. Oxford, G. S., and P. K. Wagoner. The inactivating K� current in GH3

pituitary cells and its modification by chemical reagents. J. Physiol. 410:
587-612 (1989).

5. Robertson, B. Properties of the transient outward K� current in cultured
GH3 rat pituitary cells. J. Physiol. 446:38p (1992).

6. Wagoner, P. K., and G. S. Oxford. Aminopyridine block an inactivating
potassium current having slow recovery kinetics. Biophys. J. 58:1481-

1489 (1990).
7. Oxford, G. S., C. H. Wu, and T. Narahashi. Removal of sodium channel

inactivation ofin squid giant axons by N-bromoacetamide. J. Gen. Physiol.
71:227-247 (1978).

8. Patlak, J., and R. Horn. Effect of N-bromoacetamide on single sodium

channel currents in excised membrane patches. J. Gen. Physiol. 79:333-

351 (1982).
9. Gonoi, T., and B. Hille. Gating of Na channels: inactivation modifiers

discriminate among models. J. Gen. Physiol. 89:253-274 (1987).

10. Huang, R.-C., Y.-W. Peng, and K.-W. Yau. Zinc modulation of a transient
potassium current and histochemical localization of the metal in neurons
of suprachiasmatic nucleus. Proc. Nati. Acad. Sci. USA 90:11806-11810

(1993).
1 1. Huang, R.-C. Sodium and calcium currents in acutely dissociated neurons

from rat suprachiasmatic nucleus. J. Neurophysiol. 70:1692-1712 (1993).
12. Edwards, F. A., A. Konnerth, B. Sakmann, and T. Takahashi. A thin slice

preparation for patch clamp recordings from neurones of the mammalian

central nervous system. P/lugers Arch. 414609-612 (1989).
13. Hamill, 0. P., A. Marty, E. Neher, B. Sakmann, and F. J. Sigworth.

Improved patch-clamp techniques for high resolution current recording
from cells and cell-free membrane patches. Pflugers Arch. 39:85-100

(1981).
14. Armstrong, C. M., and F. Bezanilla. Charge movement associated with the

opening and closing of the activation gates of the Na channels. J. Gen.
Physiol. 63:533-552 (1974).

15. Glazer, A. N., R. J. DeLange, and D. S. Sigman. Chemical modification of
proteins, in Laboratory Techniques in Biochemistry and Molecular Biology
(Work, T. S. and E. Work, eds.), Vol. 4, Part I., American Elsevier Pub-
lishing Co., Inc., New York. (1976).

16. Lundblad, R. L. Chemical Reagents for Protein Modification. CRC Press,

Florida. 2nd Ed. (1991).

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


458 Huang

17. Nonner, W., B. C. Spalding, and B. Hille. Low intracellular pH and chem-
ical reagents slow inactivation gating in sodium channels of muscle. Na-

ture. 284:360-363 (1980).
18. Connor, J. A., and C. F. Stevens. Voltage clamp studies of a transient

outward current in gastropod neural somata. J. Physiol. 213:21-30(1971).
19. Neher, E. Two fast transient outward components during voltage clamp on

snail neurons. J. Gen. Physiol. 58:36-53 (1971).
20. Robertson, B., and D. G. Owen. Pharmacology of a clones potassium

channel from mouse brain (MR-i) expressed in CHO cells: effects of block-
era and an ‘inactivation peptide.’ Br. J. Pharmacol. 109:725-735 (1993).

21. Wang G. K., M. S. Brodwick, and D. E. Eaten. Removal ofsodium channel
inactivation in squid axon by the oxidant chloramine-T. J. Gen. Physiol.
86:289-302 (1985).

22. Huang, J. M., J. Tanguy, and J. Z. Yeh. Removal of sodium inactivation

and block of sodium channels by chloramine-T in crayfish and squid giant
axons. Biophys. J. 52:155-163 (1987).

23. Pongs, 0. Molecular biology of voltage-dependent potassium channels.

Physiol. Rev. 72:569-588 (1992).

24. Stephens, G. J., and B. Robertson. Modification ofthe inactivation induced
by synthetic peptides in mouse brain Kvl.1 cloned potassium channels.
J. Physiol. 479.P:116P (1994).

Send reprint requests to: Dr. Rong-Chi Huang, Department of Physiology,
Chang Gong College of Medicine and Technology, 259 Wen-Hwa 1st Road,
Kwei-San, Tao-Yuan, Taiwan, Republic of China.

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



