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Abstract. The effects of thyroid status on the properties Key words: ATP-sensitive potassium channel — Ven-
of ATP-sensitive potassium channels were investigatedricular myocytes — Hypothyroidism — Patch clamp
Single-channel recordings were made using excised in-
side-out membrane patches from enzymatically dissoci-
ated ventricular myocytes from hearts of control and thy-Introduction
roidectomized rats and each group was studied with and
without administration of thyroid hormone. A direct link between the metabolic state of cardiac cells

In patches excised from hypothyroid myocytes theand their electrical activity can occur through the activa-
ICs, for ATP inhibition of Kurp channels was 110m.  tion of ATP-dependent potassium curreifyare
This value was 3-fold higher than the JCin control  (Noma, 1983). This current has been extensively studied
myocytes (43uwm). Treatment of hypothyroid rats to re- (for reviews see Nichols & Lederer, 1991; Wilde &
store physiological levels of thyroid hormone (tri- Janse, 1994), and the pore-forming subunit and associ-
iodothyronine, ), resulted in a return to normal ATP- ated sulfonylurea receptor have recently been cloned (In-
sensitivity (IG, = 46 um). In patches from animals agaki et al., 1995,1996). Some of the mechanisms for
rendered hyperthyroid, the igfor ATP was 50um and  regulation of this channel have been elucidated. For ex-
this value was not significantly different from the con- ample, the channel is known to be closed by increasing
trol. There was no difference in the cooperativity of ATP levels and to be modulated also by intracellular
ATP-binding (Hill coefficient, p,)) among control (n =  Mg?*, ADP and pH (Nichols & Lederer, 1991; Fan &
2.2), hypothyroid (n = 2.1), Ty-treated (p = 2.0) and  Makielski, 1993). K.;p channels can be activated phar-
hyperthyroid groups (@ = 2.4). The unitary conduc- macologically by K channel “openers” such as pinaci-
tance was unchanged and there was no apparent changig and levcromakalim (Sanguinetti et al., 1988; Na-
in intraburst kinetics between examples of singlgrK  kayama et al., 1990), and inhibited by sulfonylurea com-
channels from control and hypothyroid rats. Action po-pounds such as glibenclamide. Recently, a significant
tentials recorded in myocytes from hypothyroid rats weremodulation ly a G protein (Ito et al., 1994) and a regu-
significantly shortened by 5@m levcromakalim, a K+ latory role for protein kinase C have also been described
channel openerR < 0.001) but unchanged in control (Hu et al., 1996; Light et al., 1996). Taken together,
myocytes. these findings suggest thit,p may be involved in

We conclude that hypothyroidism significantly de- cardio-protection during ischemic episodes or in isch-
creased the ATP-sensitivity of 4 channels, whereas emic preconditioning (Liu et al., 1996).
the induction of hyperthyroid conditions did not alter the Very few studies have addressed the regulation of
ATP-sensitivity of these channels. Thus, hypothyroid-|, ., under conditions where cellular metabolism is
ism is likely to have important physiological conse- altered for extended time periods as may occur during
quences under circumstances in whigkyKchannels are  hormonal imbalance. A key determinant of cellular me-
activated, such as during ischemia. tabolism is the level of thyroid hormone (Dillman, 1990).

Changes in the levels of tri-iodothyroninegffrre known
to significantly alter oxygen consumption as well as gly-

- colytic rate (Seymour, Eldar & Radda, 1990; Morkin,
Correspondence taP. Light Flink & Goldman, 1996). Over the last few years it has



218 P. Light et al.: Hypothyroidism and Cardiac,& Channels

become apparent that; Tegulates several Kcurrents ~ SINGLE-CHANNEL RECORDINGS

(Shimoni, Severson & Giles, 1995). It has been sug- _ .

gested thalK ATy MAy be preferentially dependent on Standard patch-clamp techniques (Hamill et al., 1981) were used to
glycolytically(der?ved ATP (Weiss & Lamp 1989) al- record single-channel currents in the inside-out patch configuration.

h h d derived id The internal faces of the patches were directly exposed to test solutions
though a recent study suggests ATP derived from oxi WBia a multi-input perfusion pipette. Single-channel currents were re-

tiV? phosphorylation is more important (Shigematsu &corded at fixed holding potentials, amplified (Axopatch 200, Axon
Arita, 1997). Reduced jllevels may also affect glyco- Instruments, Foster City, CA), digitized (Neuro-corder DR-384, Neuro
Iytic function (Gualberto, Molinero & Sobrino, 1987; Data Instruments, New York, NY), and then stored on videotape. All
Morkin et al., 1996). We therefore considered it to be ofdata were sampled at 500 Hz and filtered at 200 Hz unless otherwise
interest and importance to establish whether there argated.

. . . K atp channel open probability was expressed&s, the product
changes 'an(ATP) during the chronically depressed of N, the number of channels in the patch, aRg the mean open

metabolic state achieved under the hypothyr0|d Condl'probability. NP, was calculated by dividing the mean patch current
tion. Thus, we set out to determine whether thyroidec-over a 10-30 sec test period) by the mean unitary current amplitude.
tomy elicits any changes in the properties gfip), SUCh  For measurements of ATP sensitivitylP, was usually expressed in
as the current-voltage relationship, channel kinetics an#ormalized form for each patch, i.e\NP(test{ATP])NP,(zero ATP).
ATP-dependence. Our results show that reproduciblé/Pon excision, patches were continuously exposed tom ATP,
changes occur during the hypothyroid state, and thafxcept for a brief exposure to 0 ATP at the beginning and end of

th h b d withrEat ¢ experiments to estimate (i) the number of channels in a patch, and (ii)
ese changes can be reversed wigftréatment. the degree of rundown (Kakei & Noma, 1984). Data from patches

exhibiting >25% rundown were discarded.

Materials and Methods
UNITARY CONDUCTANCES

Single-channel conductances were measured under symmetrical con-
ditions using the standard internal solution as pipette solution. Mean
unitary current amplitudes were calculated from the difference between
Single rat ventricular myocytes were prepared by enzymatic dispersiopeaks in a multiple Gaussian fit to all-points histograms from data
(seeShimoni et al., 1995 for details) from 4 groups of age-matched segments of 10-30 sec in duration. Mean open and closed dwell times
male Sprague-Dawley rats (i) control, untreated rats; (ii) thyroidecto-were generated from events lists (2818-10150 events) obtained from
mized rats, used 4-6 weeks after surgery; (iii) thyroidectomized ratsdata segments 5-10 sec in duration.

which received physiological doses of T10 wg/Kg, given daily for

5-6 days, 4 weeks after thyroidectomy); (iv) control rats receivigg T

(250 p.g/Kg, given daily for 5-6 days) to render them hyperthyroid. STATISTICS

Measurement of Jlevels from rats used in this study were pooled with

values obtained previously in our laboratory using the same protocolstatistical significance was evaluated by Student’s patirest. Dif-

and were as follows: Hypothyroid rats (= 12) all had plasma J  ferences with values of probability°(< 0.05) were considered to be
levels of 0.4 m or less (limit of detection). The thyroidectomized rats Significant. All values in the text are meansem.

which received T replacement 0.70 + 0.14wn(n = 6). T; concen-
trations in control rats were 0.78 + 0.1%irfn = 18). In control rats
rendered hyperthyroid the;Tevels were 3.37 + 0.86n(= 6).

ExPERIMENTAL GROUPS AND CELL | SOLATION

DRUGS AND REAGENTS

ATP (as MgATP, Sigma Chemical, St. Louis, MO) was added as
required from a 10-m stock, which was prepared, immediately before
use. Glibenclamide (Sigma) was stored as a Mstock solution in
dimethyl sulfoxide (DMSO). Levcromakalim was generously pro-
The standard pipette solution used for excised, inside-out, patch revided by SmithKline Beecham Pharmaceuticals (UK) and stored as a

SOLUTIONS

cordings contained the following (in m): NaCl 140; KCI 5; HEPES

50-mwv stock in DMSO. Both glibenclamide and levcromakalim were

10; CaC} 1; MgCl, 1; glucose 10 at pH 7.4. The standard bath solution diluted to the required concentration immediately before use. The con-

contained (in mn): K Aspartate 130; KCI 10; HEPES 10; EGTA 1,
MgCl, 1.4; glucose 10. The pH was adjusted to 7.4 with KOH.

ACTION POTENTIAL RECORDINGS

centration of DMSO used in this study (<0.1%) has previously been
shown to be without effect on & channels (Findlay, 1992).

Results

Action potentials were recorded (under current clamp) from single rightTyyroID STATUS AND ATP-SENSITIVITY
ventricular myocytes from control and hypothyroid rats, using the con-

ventional whole cell, suction electrode recording method. The bath

solution contained (in m): 140 NaCl; 5.4 KClI, 1.0 CaGJj 1.0 MgCl,;

5 HEPES; 5.5 glucose (pH 7.4). The pipette solution contained: 13

K-aspartate; 10 KCI; 1.4 MgGJ 10 HEPES; 10 glucose, 1 MgATP, at

Spontaneous ke channel activity was inhibited by
ATP in a concentration-dependent manner in both con-
trol and hypothyroid membrane patches. However, the

a pH of 7.4. All recordings were done at room temperature (20-22°C).IC, for ATP inhibition of K, channels was increased
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from 43 pum in control to 110um in hypothyroid myo- A

cytes geeFig. 1A andB, P < 0.05). In T;-treated hypo- Control Hypothyroid
thyroid animals, ATP sensitivity reverted to control lev- FTTST I e
els (IG, = 46 pum). In hyperthyroid animals, the g WW W
for ATP-inhibition was not significantly different from

controls (IG, = 50 pwm). The ATP concentration- 0ATP 0ATP
response curves in Fig.B2were fitted using the least WWM‘T"- T TR T AT
squares methodséeequation below) to give values for WWW
the Hill coefficient (n,) of ATP-binding of 2.1 (control), ,

2.2 (hypothyroid), 2.0 (I-treated) and 2.4 (hyperthy- 50 uM ATP 50 uM ATP
roid). 3pA
NormalizedNP, = NPy/NPymax B 5

= 1/[1 + (ATP)/ICso™].

1.0

Here, NP, is the product ofP, (open probability)

A ® Control

and N (the number of channels in a patchyPymay 08 o onfhymid
denotesNP, in the absence of ATP. [ATP] is the test A Hypothyroid + T,
ATP concentration, IG, signifies the concentration of 0.6 - a

X . LD Hyperthyroid
ATP at which half-maximal inhibition occurs. ypertvro!

0.4

normalized NPo

SINGLE-CHANNEL CONDUCTANCE AND CHANNEL DENSITY

0.2
Under symmetric conditions (140nmK™) single Kyrp

channels from control myocytes displayed a unitary 00 - ‘
slope conductance, at negative potentials, of 66 + 3.2 p! o 10 100 1000
(n = 3 patchesseeFig. 2). Single channels from hy- Log [ATP) M

pothyroid myocytes exhibited a similar unitary slope Fig. 1. (A) Single-channel recordings of & channels from rat ven-
conductance to control (66 +42p8,= 3 patches). tricle in symmetrical K (140 mv) at a holding potential of -=50 mV.
Channels from hypothyroid myocytes displayed some« ., channel activity, from control and hypothyroid myocytes, is
what less inward rectification at positive potentials whenshown at two different internal ATP concentrations, zero ATP and 50
compared to control; at a holding potential of +60 mV um. (B) Effect of ATP on the normalized open probabilitMi,) of
the mean unitary currents from hypothyroid and controlKare channels from@®) control (1 = 14 patches),©) hypothyroid @
channels were 2.07 + 0.31 and 1.45 + 0.14 pA respec.. 12 Patches).4) T replacementr( = 6 patches) andA) hyper-
. . thyroid (n = 5 patches) groups.
tively (P < 0.05seeFig. 2).

To assess whether thyroid status affects channel
density, we estimated a lower limit on the number oféVer, it was possible to analyze the single-channel open
channels in each patch using pipettes of a similar resisand closed times within a burst of activity from single
tance and tip diameter. A comparison of the number ofthannels, one from a control myocyte and one from an
channels in excised patches, shows no differences iRypothyroid myocyte, in the absence and presence of
K o1 Channel density between control (19.4 + 3.8 chaninternal ATP. We were unable to obtain patches con-
nels,n = 14 patches), hypothyroid (20.2 + 5.5 channels,taining only a single channel from theyTreated and
n = 12 patches), hypothyroid jftreated (21.2 + 5.0 hyperthyroid groups. The mean open times for control
channelsn = 6 patches) and hyperthyroid (17.6 + 3.4 and hypothyroid myocytes were 4.01 and 4.38 msec re-
channelsn = 5 patches) conditions. None of these val- Spectively. The closed time was identical for control and
ues were significantly different from each other. Chan-hypothyroid myocytes (0.43 mseseeFig. 3). Both the
nel density was calculated by dividing the mean currenPpen and closed time distributions were well fitted by
under maximally activating conditions (0 ATP) by the single exponentials for either control or hypothyroid
single channel current amplitude. 10-20-sec long segchannels. To investigate whether the intraburst kinetics
ments of data were used in these analyses. Patches exere altered in the presence of internal ATP, we sub-
hibiting Kxrp channel rundown were not included (see jected the same two patches tos@ internal ATP. Un-

Materials and Methods). der these conditions, the mean open and closed times fol
the control channel were 4.2 and 0.45 msec respectively.
KINETIC ANALYSIS The mean open and closed times for the hypothyroid

channel were 4.15 and 0.42 msec respectively. In addi-
The high density of K;p channels in cardiac tissue tion, in the 6 patches containing a small number of chan-
makes single channels patches highly improbable. Hownels (2—4) used to measure unitary conductance, there
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Control Hypothyroid
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Fig. 2. Current-voltage relationships for single,}& channels from 500 500
(®) control and ) hypothyroid rat ventricular myocytes. Recordings 0 0
were made using symmetrical*140 mv). The unitary slope con- 0 2 4 6 8 10 0 2 4 6 8 10

ductance at negative potentials was 66 + 3.6 pS=(3) and 66 + 4.2

pS ( = 3) for K p channels from control and hypothyroid myocytes Fig. 3. Open and closed time distributions of singlg K channels

respectively. from control and hypothyroid groups. OpeA &ndB) and closed €
andD) time histograms were constructed from 10-15 sec of data from
inside-out patches containing single# channels. K concentration

were no observable qualitative changes that suggesteghs symmetrical (140 m) and the holding potential was -50 mV. All

any differences in kinetics. Thus, intraburst kinetics ap-histograms were fitted with a single exponential using a least-squares

pear to be independent of [AT—P&nd the hypothyroid method. The time constants) @re shown above each curve. The sam-
state ' pling rate and filter frequency (-3dB) were 2 and 1 kHz respectively.

LEVCROMAKALIM SHORTENS THEACTION POTENTIAL IN Discussion
HYPOTHYROID MYOCYTES

The Ky1p channel opener, levcromakalim, activates theThe present results demonstrate that thed<hannel, in
channels, in part, by inducing a rightward shift in the addition to being regulated by a variety of pathways on
ATP dose-response curve (Terzic, Jahangir & Kurachia moment-to-moment basis, can also be altered by long-
1995). If this effect were additive with the similar term hormonal regulation. In adult rat ventricle, plasma
change associated with reduced thyroid activity, one€T, levels have clear effects on the ATP-sensitivity of the
would expect electrical activity to be more sensitive toK 51 channels. Reduced plasmag [Evels were associ-
levcromakalim in hypothyroid myocytes than in controls, ated with a significant increase in the JCvalue for
because the channels in the hypothyroid myocytes wouléhhibition of the channel by ATP (Fig.B) of approxi-

be operating on a slightly steeper part of the ATP-dosamately 3-fold. Other single-channel parameters, such as
response curveséeFig. 1B). Thus, in a final series of unitary conductance, intraburst dwell times and channel
experiments, we decided to test whether there were difdensity, were not affected by the thyroidectomy (Figs. 2,
ferential effects of levcromakalim (50m) on the action 3). By using T replacement in thyroidectomized ani-
potential waveform in hypothyroid and control myo- mals, it was established that the observed changes wert
cytes. As previously documented, the action potential isa direct result of the fall in plasmagTevels.

prolonged under hypothyroid conditions (Sharp et al.,  These results, which agree well with findings in vas-
1985). With 1 nm ATP in the pipette, 5QuMm levcro-  cular smooth muscle from hypothyroid rats (Jagadish et
makalim induced no significant change in ARfn con-  al., 1996), may have significant implications for cardiac
trol myocytes P > 0.05,n = 12). However, in myo- activity when thyroid activity changes. Under hypothy-
cytes from hypothyroid rats, application of the same con+oid conditions, there is a well-documented attenuation
centration of levcromakalim resulted in a significant of several cardiac K currents (Shimoni et al., 1995),
reduction in AP, (-31 £ 8.7 msecP = 0.02,n = 6) leading to prolongation of the action potential (Binah et
from the pretreatment APJvalues (Fig. 4). This effect al., 1987). The increase in the JCof ATP inhibition of

was reversed on levcromakalim washout, and wad{,;p channels (Fig. 1), suggests that these channels are
blocked by the addition of a kK channel inhibitor, more likely to be open in hypothyroid animals. This en-
glibenclamide (1Qum). Glibenclamide was without ef- hanced K current may play a significant role under
fect on control action potentials when applied alone. “normoxic” hypothyroid conditions, by counteracting
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CONTROL
A
Cont
Crom Cont
Crom
>
E
sl
100 ms Fig. 4. Effects of levcromakalim on action
potentials in single myocytes from norma)(and
hypothyroid B) rats. Action potentials were
B elicited by steady stimulation (at 0.5 Hz) under
control conditions (cont) and following addition of
HYPOTHYROID 50 um levcromakalim (crom). With 1 m ATP in

the pipette solution, levcromakalim produced only
a minimal shortening of action potential duration
in normal cells (two examples shown 4. In
marked contrast, there was a much greater
shortening in the myocytes from hypothyroid rats
(B). This effect could be reversed by washout (left
panel), or, after a second exposure to
levcromakalim in the same cell, by addition of 10
wM glibenclamide (Glib, right panel). The solid
line indicates zero potential.

the reduction in other repolarizing *Kcurrents. How- changes. In addition, K channels may play a more
ever, in hypothyroid animals, another functional roleimportant role because of downregulation of other K
may become apparent during ischemia/hypoxia, wherthannels (Shimoni et al., 1995), which would result in a
K atp Cchannels will be activated by a smaller reduction inhigher input impedance during the prominent plateau
intracellular ATP levels, as compared to euthyroid heartgphase of the action potential observed in hypothyroid
under similar metabolic deprivation. It has been sug-myocytes (Binah et al., 1987). Although the effects of
gested that activation of cardiag & channels can pro- levcromakalim on the AP duration are consistent with
vide protection against ischemic damage (e.g., Nichols &he reduced sensitivity to ATP, it should be noted that
Lederer, 1991), perhaps by shortening the action poterevcromakalim has inhibitory effects on other repolariz-
tial and reducing the accompanying contraction, thusng K™ currents, such as IKr and IKs in cardiac myocytes
conserving energy. Consistent with these results, Abe dtom guinea-pig (Heath & Terrar, 1994). If this effect
al. (1992) have reported improved mechanical recoverypccurs in rat myocytes, the amount of cromakalim-
following ischemic episodes in hypothyroid conditions. induced AP shortening would be less due to the reduc
Due to the high input resistance of myocytes it has beetion in these other repolarizing currents, however we still
proposed that only small changes in the open probabilitypbserved significant AP shortening under hypothyroid
of Katp Channels can significantly alter the shape of theconditions.
action potential (Nichols & Lederer, 1991). The change  The concentration of glibenclamide used in this
in ATP-sensitivity we observed is likely to play an im- study, 10uwm, is at the higher end of the range (1+11)
portant role in shaping the hypothyroid action potentialnormally used to inhibit whole-cell and single channel
under conditions in which K channels are activated. cardiac K, currents in many studies. In addition, there
The shortening of the ventricular action potential are reports showing cardiac,i& channel inhibition at
induced by the K1 channel opener, levcromakalim, in nanomolar concentrations (Arena & Kass, 1989; Findlay,
hypothyroid, but not control myocytes (Fig. 4), demon-1992). Higher concentrations than L& were not used
strates the possibility of a stronger influence on the acas they may lead to undesirable nonspecific effects such
tion potential waveform of K;p channels under hypo- as chloride channel inhibition. Nevertheless, some pos-
thyroid conditions. This may result from additive effects sibility remains that 1Qum glibenclamide used in this
of the levcromakalim and the long-term modulation study may not block 100% of channels. Because our
of the channel's ATP-sensitivity as thyroid activity experiments were performed at room temperature, care



222 P. Light et al.: Hypothyroidism and Cardiac,& Channels

should be taken in extrapolating to physiological condi-Dillman, W. 1990. Biochemical basis of thyroid hormone action in the

tions. Our conclusions are therefore based on the prem- heartAm. J. Med.88:626-630

ise that there are no alterations in the long-term hormonafan. Z., Makielski, J.C. 1993. Intracellulartand C&* modulation of

modulation effects on Kr channels in the short time trypsin-modified ATP-sensitive Kchannels in rabbit ventricular
P

eriod during which recordings were made at a lower myocytes.Cire. Res.72:715-722
P 9 9 Findlay, I. 1992. Inhibition of ATP-sensitive Kchannels in cardiac
temperature.

. . . muscle by the sulfonylurea drug glibenclamidePharmacol. Exp.
The underlying mechanism for the change in ATP-  Ther. 261:540-545

sensitivity following thyroidectomy is not known. How- Gualberto, A., Molinero, P., Sobrino, F. 1987. The effect of experi-
ever, several lines of evidence provide some clues. It is mental hypothyroidism on phosphofructokinase activity and fruc-
known that thyroid hormones act through nuclear recep- tose 2,6-biphosphate concentrations in rat heBiochem. J.
tors, thereby regulating the expression of proteins (Po- 244137-142
likar et al., 1993). Glucocorticoid hormones also affectHamill, O.P., Marty, A., Neher, E., Sakmann, B., Sigworth, F.J. 1981.
the expression of voltage-gated khannels in the heart Imprpved patch-clamp technique for high-resolution current re-
(Levitan & Takimoto, 1994). It is, therefore, possible cord_lng from cells and cell-free membrane patcidiegers Arch.
. . . . 391:85-100

that expression of .functlonally Q|fferent ISOfOI‘mS of Heath, B.M., Terrar, D.A. 1994. Effect of glibenclamide, forskolin and
K ate channel subunits may underlie the changes in ATP-  isoprenaline on the parallel activation ofk» and reduction of J
sensitivity which we observed. We have recently shown by cromakalim in cardiac myocyte€ardiovasc. Re<28:818-822
that protein kinase C (PKC) can activatg channels  Hu, K., Duan, D., Li, G.-R., Nattel, S. 1996. Protein kinase C activates
in rabbit heart (Light et al., 1996). In addition, certain  ATP-sensitive K current in human and rabbit ventricular myo-
PKC isoforms are upregulated under hypothyroid condi- cytes.Circ. Res.78:492-498
tions (Rybin & Steinberg, 1996). Thus, a maintained 'nagaki, N., Gonoi, T'., Clement IV, JP Namba, N., Inazawa, J.,
(tonic) enhancement of activity of PKC isoforms may be ~ G°nzalez, G., Aguilar Bryan L., Seino, S., Bryan, J. 1995. Recon-
responsible for the differences in ATP sensitivity in our f::;‘;t;’;'ggitfgé%,Tﬂsaerdlrf%f'er subunit plus the sulfonylurea
study. In our pl’e_VI_OUS_ StUdy'_ PKC ?IICIted its effects Qn Inagaki, N., Gonoi, T., Clement IV, J.P., Wang, C., Aguilar-Bryan, L.,
K arp channel activity, in rabbit ventricular myocytes, via  pryan, 3., Seino, S. 1996. A family of sulfonylurea receptors de-
changes in the Hill coefficient of ATP-binding (Light et termines the pharmacological properties of ATP-sensitivefian-
al., 1996). However, we observed no changes in the Hill nels.Neuron16:1011-1017
coefficient under hypothyroid conditions. This suggestslto, H., Vereecke, J., Carmeliet, E. 1994. Mode of regulation by G
that if PKC is involved in the regulation of K channel protein of the ATP—ser_lsitive Kchannel in guinea-pig ventricular
activity during hypothyroid conditions, then the mecha-  ¢ell membraneJ. Physiol.478:101-108 _
nism of action is different from that previously observed. Jagadish, M., Lynch, J.J., Uprichard, A.C.G., Kitzen, J.M., Singh, B.N.,

In conclusion, we have demonstrated tha&TK Lucchesi, B.R. 1996. Modulation of vascular,¥ channels in

h | der the infl £l t lati hypothyroidism.Eur. J. Pharmacol309:63—69
channels are under the Influence of long-term regula Iorkakei, M., Noma, A. 1984. Adenosine-friphosphate-sensitive single

by thyroid hormone. Given the complexity of \p potassium channel of the atrioventricular node cell of the rabbit

channel regulation by a variety of factors (Noma, 1983; heart.J. Physiol.352:265-284

Nichols & Lederer, 1991, Light et al., 1996; Liu et al., Levitan, E.S., Takimoto, K. 1994. Glucocorticoid induction of Kv1.5

1996), extensive studies will be required to fully eluci-  K* channel gene expression in ventricle of rat he@itc. Res.

date the exact pathway(s) by which channel activ- 75:1006-1013

|ty is regu|ated as thyro|d hormone levels Change_ Light, P.E., Sabir, A.A., Allen, B.G., Walsh, M.P., French, R.J. 1996.

Protein kinase C-induced changes in the stoichiometry of ATP

binding activate cardiac ATP-sensitive potassium channels: A pos-

sible mechanistic link to ischemic preconditionin@irc. Res.

79:399-406

Liu, Y., Gao, W.D., O'Rourke, B., Marban, E. 1996. Synergistic modu-
lation of ATP-sensitive K currents by protein kinase C and aden-
osine.Circ. Res.78:443-454

Morkin, E., Flink, I.L., Goldman, S. 1996. Biochemical and physi-
ologic effects of thyroid hormone on cardiac performareeg.
Cardiovasc. Dis25:435-464
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