
regularity. 
Some amino acid residues, notably Ala, 

show relativelv smooth and favorable histri- 
butions along the helix but are rarer at the 
caps. Ala has visible but slight preferences 
for outside over inside and middle over 
ends. Several of the amino acid residues that 
form side-chain H bonds (Ser, Thr, and 
Gln) show a smoothly increasing occurrence 
for C3, C2, and C1 but drop abruptly at the 
C-cap. 

Preferences are relativelv weak for the 
positions outside the caps, presumably be- 
cause those residues have a variety of other 
roles and constraints. The charge asymmetry 
is essentially gone by then (Fig. 1, D and E). 
There is a significant but weak preference 
for H bonding residues (up by 2 sigma) 
over hydrophobic residues (down by 2.5 
sigma) in positions N", C', and C", while 
position N' somewhat prefers the hydro- 
phobic~. The only individual preference in 
this region that is up by more than 3 
standard deviations is for Thr in C". Most 
of those C" Thr's are on the solvent side of a 
p strand or at the beginning of the next cx 
helix, but six of them show a specific interac- 
tion where they are in position 4 of a tight 
turn and both Oy and N H  of the Thr are 
hydrogen-bonded to the carbony10 of resi- 
due C1. 

It is interesting that a simple definition of 
helix ends in terms of Cu position gives 
stronger and more position-specific amino 
acid  references than more ~recise defini- 
tions based on hydrogen bonding or +, $ 
angles. Some of this effect may come from 
local errors in the less well-determined cws- 
tal structures, but in looking at the struc- 
tures it is hard to avoid the conviction that 
many of the local irregularities represent late 
folding adjustments %f the to its 
detailed environment in the final tertiary 
structure. Interactions important for sec- 
ondarv-structure formation-earlv in the fold- 
ing process may persist only approximately 
in the native structure, as is also strongly 
suggested by the work of Presta and ~ o s k  
(22). Presumably the definition that corre- 
lates most strongly with amino acid se- 
quence will be bkst for use in structure 
predictions. 

It remains to be seen whether these indi- 
vidual ~os i t ion  amino acid  references can 
be integrated into an improved helix predic- 
tion algorithm, and whether substitution of 
strongly preferred residues in appropriate 
positions can help to stabilize isolated heli- 
ces or entire proteins. 
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Effect of Porskolin on Voltage-Gated K+ Channels Is 
Independent of Adenylate Cyclase Activation 

Porskolin is commonly used to stimulate adenylate cyclase in the study of modulation 
of ion channels and other proteins by adenosine 3',5'-monophosphate (CAMP)- 
dependent second messenger systems. In addition to its action on adenylate cyclase, 
forskolin directly alters the gating of a single class of voltage-dependent potassium 
channels from a clonal pheochromocytoma (PC12) cell line. This alteration occurred 
in isolated cell-free patches independent of soluble cytoplasmic enzymes. The effect of 
forskolin was distinct from those of other agents that raise intracellular CAMP levels. 
The 1,9-dideoxy derivative of forskolin, which is unable to activate the cyclase, was 
also effective in altering the potassium channel activity. This direct action of forskolin 
can lead to misinterpretation of results in experiments in which forskolin is assumed to 
selectively activate adenylate cyclase. 

N EURONAL EXCITABILITY CAN BE dependent protein kinases (1-9). Recent 
modulated by phosphorylation of reports, however, have suggested that some 
ion channel proteins by protein of the actions of FSK on ion channels and 

kinases that are activated by specific second the glucose transporter may be inconsistent 
messengers, such as CAMP ( I ) .  Because of with a selective activation of adenylate cy- 
its high affinity for adenylate cyclase, forsko- clase and subsequent phosphorylation (9- 
lin (FSK) has been used to increase intracel- 
''la' levels, leading the presumed D e p m e n t  of Neurobiology, Stanford University 
phosphorylation of ion channels by CAMP- School of Medicine, Stanford, CA 94305. 
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14). Direct effects of FSK on ion channels, 
in addition to effects by means of the cyclase, 
could cause error in the interpretation of 
experiments designed to address-the involve- 
ment of cAMP as a second messenger in 
neuronal modulation. By using the whole- 
cell and single-channel voltage-clamp tech- 
niques, we have found that FSK directly 
alters the gating of voltage-dependent K+ 
channels in pheochromocytoma (PC12) 
cells. 

In undifferentiated PC12 cells K+ cur- 
rents activate rapidly in response to depolar- 
izing voltage pulses and then decline in 
amplitude slowly (Fig. 1). The bath applica- 
tion of FSK (1.2 to 120 IJ.M) consistently 
reduced the peak current amplitude and 
accelerated the time course of the current 
decline. The reduction of current on applica- 
tion of FSK and the recoverv on removal 
occurred within seconds and were probably 
limited by the diffusion time of the drug 
within the chamber. The fraction of the ~ e a k  
current reduced by FSK was not dependent 
on the test voltage. The actions of FSK did 
not require the presence of magnesium 
adenosine triphosphate (MgATP) in the pi- 
pette, suggesting that phosphorylation is 
not involved. 

If the alteration of K+ channel gating by 
FSK is mediated by the adenylate cyclase 

and the increase in intracellular CAMP, other 
agents that increase the cAMP level should 
produce the same effect. In fact, they did 
not. Several minutes after bath application 
of membrane-permeable phosphodiesterase 
inhibitors (PDEIs) [3-isobutyl-1-methyl 
xanthine (IBMX) or theophylline], whole- 
cell K+ currents increased slightly in ampli- 
tude at lower voltages ( 5 0  mV) and de- 
creased at higher voltages (Fig. 1B). This 
effect was not immediately reversible. In 
contrast to the effect of FSK, PDEIs did not 
markedly alter the time course of the K+ 
currents. The concurrent application of both 
FSK (24 to 60  IJM) and IBMX (120 to 240 
IJ.M) or theophylline (5 mM), however, 
consistently resulted in a decrease of whole- 
cell K+ currents (n = 7) similar to that 
obtained in the presence of FSK alone (Fig. 
1C). Dibutyryl cAMP (1  rnM) in the bath 
did not alter the effect of FSK. 

The reduction of peak K+ current and the 
accelerated time course of the K+ current 
decline was dependent on the FSK concen- 
tration (Fig. 2). The concentration required 
for half-maximal reduction in current was 
approximately 19 pJ4. This value is compa- 
rable to the dissociation constant of adenyl- 
ate cyclase for FSK determined in enzymatic 
assays (2). Application of 1,9-dideoxy-FSK, 
an FSK derivative incapable of stimulating 

Fig. 1. The effect of FSK on K+ -10 mV 
+60 mv 

-70 
currents is distinct from that of - 7 0 3  L mv - 
PDEIs. Whole-cell recordings (20) 
of K+ currents were elicited in re- Control 
sponse to 225-ms depolarizing 
pulses to a test voltage of -10 or A 
+60 mV from a holding potential 
of - 70 mV. Linear leak and capaci- 
tative currents have been subtract- 
ed. (A) The decrease in K+ current Control 
compared to control records from 

120 p M  IBMX 
the same cell after the application of 120 ~ M I B M X  
120 CJM FSK alone. (B) K+ cur- 
rent elicited from a cell 15 min after 
the application of 120 p M  IBMX 
alone did not show the distinct 

~m Control 

decrease in current and kinetic 
changes observed in the presence of 
FSK. (C) Concurrent application c 
of 24 CJM FSK and 240 CJM IBMX ,Control 

24 p M  FSK + 
to a cell on a fresh cover slip result- nR A 

24 p M  FSK + 240 p M  IBMX 
ed in a decrease of K+ current and 
an increase in decay rate similar to r3'oAms 

240 p M  IBMX 
r 3 P O m s  

that seen with FSK alone. The dif- 
ferences between the FSK plus IBMX traces and the 120 CJM FSK traces in (A) illustrate the slower 
decay of current with lower concentrations of FSK. MgATP (5 mM) was added to the pipette solution 
in this experiment. The bath solution contained 140 mM NaCI, 2.8 mM KCI, 2 mM MgC12, 1 mM 
CaC12, 10 mM Hepes, p H  adjusted to 7.2 with N-methylglucamine. The pipette contained 140 mM 
KCI, 11 mM EGTA, 2 mM MgC12, 1 mM CaC12, 10 nM free Ca2+, pH adjusted to 7.2 with N- 
methylglucamine. Working solutions were made up immediately before use from stock solutions of 
FSK (Sigma or Calbiochem), 1,9-dideoxy-FSK, and succinyl-FSK (7-0-hemisuccinyl-7-deacetyl-FSK) 
(purity >99%; Calbiochem) in 95% ethanol or 100% DMSO stored at -20°C. IBMX (Sigma or 
Calbiochem) was made up fresh from stock solutions kept in 50% ethanol at -20°C. Solutions 
containing theophylline (Sigma), dibutyryl CAMP (Sigma), or MgATP (Sigma) were also made up 
immediately before use. PC12 cells were obtained from the laboratory of E. M. Shooter. The cells were 
maintained in the absence of nerve growth factor in Dulbecco's modified minimum essential medium 
(Gibco) with 5% supplemental calf and 5% horse sera (Hyclone Laboratories) (21). The cells were 
plated on glass cover slips 1 to 14 days before use. 

the adenylate cyclase (2), resulted in a de- 
crease of whole-cell K+ currents that was 
indistinguishable from that caused by FSK. 
This result indicates that the effect of FSK 
on K+ current does not involve the cyclase. 
Succinyl-FSK, a more hydrophilic derivative 
of FSK, which is approximately 1/10 as 
effective in stimulating the cyclase (2), was 
similarly less effective in reducing K+ cur- 
rents (Fig. 2). This result suggests that the 
hydrophobic properties of FSK are impor- 
tant in its ability to alter K+ currents and to 
activate the adenylate cyclase. The organic 
solvents used to solubilize FSK, either etha- 
nol (1%) or dimethyl sulfoxide (DMSO) 
(1%), had no effect when applied to the 
bath alone. 

The mechanisms of the FSK action on 
voltage-dependent K+ channels were h r -  
ther analyzed with single-channel currents in 

w FSK 
+ Recoverv 

"..w 
m... 

1 10 100 1000 

Concentration ( k M )  

Fig. 2. The progressive decrease of the K+ current 
amplitude with increasing concentrations of FSK 
and derivatives. The current amplitude at the end 
of a 225-ms voltage pulse to +60 mV was used as 
a measure of the efficacy of FSK. The current was 
normalized to control traces taken from the same 
cell, before perfusion (three to five times the 
chamber volume) of FSK, using 1% ethanol or 
DMSO as vehicle. AU points are the averages of at 
least three separate determinations. Standard er- 
rors are shown for each point or are smaller than 
symbols. The effect of FSK was independent of 
the vehicle used, as indicated by multiple symbols 
at indicated values of concentration. Recovery 
was measured after FSK was washed out (three to 
five times the chamber volume). The outward 
current measured in the presence of vehicle only 
(ethanol or DMSO) is given as points at 0 CJM 
FSK. The decrease in the current at these control 
points and after recovery is in part due to run- 
down. The dashed h e  was fitted to the data by 
eye according to the following relation: 
1/10 = c - (n[FSK])!(KApp + [FSK]) where the 
slope, n, was equal to 1, and the half-maximal 
reduction in current in the presence of FSK, 
K A ~ ~ ,  was equal to 19 (LM. The constant C was 
equal to 0.92 instead of 1.0 to account for a small 
amount of rundown in current amplitude during 
the experiment; 1,9-dideoxy-FSK was equivalent 
in potency to FSK but succinyl-FSK was 1/10 as 
effective in reducing K+ current. Because the 
current at the end of the 225-ms pulse had not 
reached a steady-state value at low concentrations 
of FSK, the steepness of the curve is somewhat 
overestimated. 
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Fig. 3. Effect of FSK on the activity A +20 rnv B +20 rnv 
of single K, channel in an "outside- -90 -V m V m r n ~  - - 
out" cell-free patch. Representative 
openings of a K, channel recorded 
before (A) and after (B) addition of 
- L 

my 
120 (IJM FSK to the bath. The .d- 

patch was depolarized to +20 mV 
for 304 ms from the holding volt- 
- - 

age of -90 mV and then repolar- - L 
ized to -35 mV for 40 ms. The n M; 

pulses were applied every 6 s. The 2 PA, 0.4 
data were filtered through an eight- L o  "7s 

pole Bessel filter at 1.2 kHz and h 
digitized at 10 kHz. The bottom 
trace in each column is an ensemble average of the openings, showing the time course of the probability 
of the channel being open. The scale bar for the ensemble averages is expressed in terms of probability 
(calibration equals 0.4). 

cell-free patches. Under these conditions, 
any changes in the CAMP concentration 
caused b y  the activity of the adenylate cy- 
clase in a membrane patch should have been 
negligible. Furthermore, the concentrations 
of-drffisible cytoplasmic enzymes, such as 
protein kinases, were also unlikely to be 
significant. A single class of K+ channels, 
the K, channel, is the dominant channel 
contributing to the whole-cell K+ current in 
PC12 cells (15). The channel opened rapidly 
on depolarization and generally exhibited 
bursting activity until it was repolarized 
(Fig. 3). On  repolarization, the channel 
often remained open for a few milliseconds, 
resulting in singie-channel "tail" openings. 
An ensemble average of many such traces 
shows that the probability of the channel 
being open declkes very slowly during the 
voltage pulse (Fig. 3). 

When FSK (120 pW,! was applied direct- 
ly to the extracellular face of the patches, it 
decreased the overall probability of the K, 
channel being open during a voltage pulse 
(Fig. 3). I t  also decreased the mean open 
duration in a concentration-dependent man- 
ner (to approximately 115 as long at 120 
pN) ,  suggesting that FSK binds to a con- 
ductive conformation of the channel (16). 
However, FSK did not noticeably change 
the amplitude of unitary channel openings. 
A comparison of the ensemble averages be- 
fore and after applying FSK showed the 
peak probability of being open typically 
decreased by approximately 112 (Fig. 3). 
With FSK present, the decline of the proba- 
bility of the channel being open during 
depolarizing pulses was greatly accelerated, 
and openings near the end of the pulse were 
absent. Additionally, the tail openings were 
no longer observed on repolarization (- 35 
to - 50 mV). However, K, channels could 
reopen in the presence of FSK after a few 
seconds of hyperpolarization (-70 to - 100 
mV), indicating that the effect was not an 
irreversible decrease in opening probability. 
The probability that a K, channel failed to 
open-during a depolarizing pulse did not 

show a marked increase in the presence of 
FSK at pulse intervals of 6 s. 

The observations of the sinzle-channel " 
activity agree well with those made on 
whole-cell K+ currents. These effects oc- 
curred in the absence of MgATP in the 
pipette and were readily reGersible with 
washout of FSK, suggesting that phospho- 
rylation was not involved. Additional ex- 
periments on cell-free patches support the 
conclusion that the action of FSK was not 
medated by CAMP-dependent phosphoryl- 
ation. Application of millimolar concen- 
trations of cyclic nucleotides (8-bromo- 
CAMP, n = 6; 8-bromo-guanosine 3',5'- 
monophosphate, n = 2) to inside-out 
patches containing K, channels had no ef- 
fect. Bath application of FSK alone in the 
cell-attached configuration also had essen- 
tially no effect (n = 3).  In contrast, prelimi- 
nary experiments indicated that applying 
PDEIs to the bath increased K, channel 
activity recorded in the cell-attached patch- 
es; this finding is consistent with the poten- 
tiation of current with PDEIs at lower volt- 
ages in whole-cell experiments (Fig. 1) .  The 
results confirm that dffisible cytoplasmic 
agents are not involved in the FSK action on 
the K, channels. 

When FSK was applied to the intracellu- 
lar side of an inside-out patch, it did not 
alter K, channel activity within 5 min 
(n = 6). Thus, FSK must act preferentially 
from the extracellular side of the channel. 
Other classes of voltage-dependent K+ 
channels and voltage-dependent Na+ chan- 
nels were not noticeably affected by FSK, 
except for a large conductance Ca2+-depen- 
dent K+ channel in which the probability of 
opening appears to increase slightly, similar 
to an effect seen with cell-attached patches 
from cultured kidney cells (1 7). 

The effectiveness of FSK in altering the 
K, channel activity in cell-free patches, the 
ability of 1,9-dideoxy-FSK to duplicate the 
effect, and the inability of PDEIs to repro- 
duce the effects of FSK on whole-cell K+ 
current argue that FSK acts independently 

of adenylate cyclase (18). It is most likely 
that FSK acts by directly binding at a hydro- 
~ h o b i c  site at or near the extracellular face of 
the K, channel protein. Other reports sug- 
gesting direct effects of FSK not mediated 
by increases in intracellular CAMP have ap- 
peared. McHugh and McGee (10) have 
proposed that FSK decreases Rb' flux 
through nicotinic acetylcholine receptors 
(AChR) in a manner similar to the effect of 
local anesthetics. Middleton et al. (9) have 
reported that FSK alters the activity of 
single AChR channels but only at high 
concentrations (100 pI4) of FSK. Coombs 
and Thompson (12) and Watanabe and 
Gola (13) have also suggested that FSK 
directly decreases K+ currents in molluskan 
neurons, although these effects were slow to 
develop and reverse (>30 min). 

In addition to its effects on ion channels 
and adenylate cyclase, FSK has also been 
shown to bind to the glucose transporter 
and disrupt transport (14). ~ l t h o u g h  the 
underlying mechanisms of the effects of FSK 
on K+ channels, the glucose transporter, 
and the adenylate cyclaie are probably dif- 
ferent, the concentration of FSK needed to 
induce half-maximal effect is similar (1  to 20 
w. This value may be limited by the 
physical ability of the drug to bind to a 
hydrophobic site. It is possible that these 
membrane-bound proteins, in addition to 
nicotinic AChRs, have a binding site for 
FSK at a membrane-protein interface. 

The direct effect of FSK on ion channels 
limits the usefulness of this drug in the study 
of the modulation of excitability and sug- 
gests that caution be applied in its use. 
Decreases in peak current and accelerated 
time course of decay of FSK-treated K+ 
currents have been reported in a number of 
dfferent cell types (4-6) where they have 
been attributed to phosphorylation. Our 
results suggest that the direct effect of FSK 
on K+ channels may be responsible in part 
for these previous results. ~ncreases in action 
potential duration or amplitude that are 
induced by FSK are also consistent with 
direct actions on K+ channels (6-8). Experi- 
ments that do not directly control the mem- 
brane voltage, such as flux and binding 
assays on populations of cells, are particular- 
ly vulnerable to FSK-induced alterations of 
excitability that are independent of the 
CAMP cascade. 

Note added in prooj Similar direct effects 
of FSK have been recently found on K+ 
channels of human T lymphocytes (19). 

REFERENCES AND NOTES 

1. L. K. Kaczmarek and I. B. Levitan, Neuromodula- 
twn: The Biochemical Control ofNeuronal Excitability 
(Oxford Univ. Press, New York, 1987). 

2. K. B. Seamon and J. W. Daly, Adv. CyclicNaleotide 
Protein Phosphmylatwn Res. 20, 1 (1986). 

SCIENCE, VOL. 240 



3. J. A. Strong, J. Neurosci. 4, 2772 (1984). 
4. a n d  L. K. Kaczmarek, ibid. 6, 814 (1986). 
5. D. Choquet, P. Sarthou, D. Primi, P. A. Cazenave, 

H. Kom, Science 235, 1211 (1987). 
6. K. Dunlap, P'uegenArch. 403, 170 (1985). 
7. J. A. Ribeiro and A. M. Sebastiao, Br. J. Pharmml. 

85, 309 (1985). 
8. D. S. Grega and R. L. MacDonald, J. Neurorci. 7, 

700 (1987). 
9. P. Middleton, F. Jaramillo, S. M. Schuetze, Pmc. 

Natl. Acad. Sci. USA.  83, 4967 (1986). 
10. E. M. McHugh and R. McGee, Jr., J. Bwl. Chem. 

261, 3101 (1986). 
11. F. Grassi, L. Monaco, F. Eubesi, Bwchem. Bmpbys. 

Res. Cummun. 147, 1000 (1987). 
12. J. Coombs and S. Thompson, J. Neurosci. 7, 443 

(1987). 
13. K. Watanabe and M. Gola, Neurosci. Lett. 78, 211 

(1987). 
14. A. Kashiwagi, T. P. Huecksteadt, J. E. Foley, J. Bwl. 

Chem. 258, 13685 (1983); I. Mills, F. J. Moreno, J. 
N. Fain, EndamMmla&y 115, 1066 (1984); S. Ser- 
geant and H .  D. Kim, J. Biol. Chem. 260, 14677 

(1985); M. F. Shanahan, B. M. Edwards, A. E. 
Ruoho, Bwchim. Biophys. Acta 887,121 (1986); M. 
F. Shanahan, D. P. Morris, B. M. Edwards, J. Bwl. 
Chem. 262, 5978 (1987). 

15. T. Hoshi and R. W. Aldrich, J. Gen. Pbyrwl. 91, 73 
(1988). 

16. The rate constant of FSK binding to the open state, 
k,,, may be calculated from the mean open durations 
obtained before and after application of FSK; 
k,, = ( 1 1 ~ ~  - ~IT,)I[FSK], where T~ is the mean 
open duration with FSK and T, is the mean open 
duration in the absence of FSK. Typically, k,, was 
1 x lo6 to 5 x lo6 s-' M-' ,  depending to some 
extent on the filter and sampling rates used to obtain 
the data. The infrequent openings of K, channels 
with FSK present prevented a reliable determination 
of k , ~  from the mean-blocked time. It is possible, 
however, to roughly estimate the k , ~  to be on the 
order of 1 s at depolarized voltages (for example, 
+20 mV) as the channels were not observed to 
reopen frequently in the presence of FSK during 
304-ms voltage pulses. 

17. S. E. Guggino ecal.,Am. J .  Pbyrwl. 249, F448 (1985). 

18. It is unlikely that a common contaminant of FSK 
and 1,9-dideoxy-FSK is responsible for the effects. 
Because the reagents were greater than 99% pure, 
the binding rate of the hypothetical contaminant 
would have to be 100 times greater than we have 
measured, or -5 x lo's-' M-' ,  which would be 
rather unreasonable. 

19. D. Krause, S. C. Lee, C. Deutsch, P'uegersArch., in 
press. 

20. 0. P. Hamill, A. Marty, E. Neher, B. Sakmann, F. J. 
Sigwonh, ibid. 391, 85 (1981). 

21. L. A. Greene and A. S. Tischler, Proc. Natl. A c ~ d .  
Sci. U.SA.  73,2424 (1976); D. Schubert, S. Heine- 
mann, Y. Kidokoro, ibid. 74, 2579 (1977). 

22. We thank P. J. Casey for confirming the inability of 
our samples of 1,9-dideoxy-FSK to activate adenyl- 
ate cyclase in plasma membranes from S49 cyc- 
cells; and D. Baylor, M. P, Nusbaum, and H. 
Schulman for critical reading of this manuscript. 
Supported by NIH grants NS23294 and NS07158 
and an NIH postdoctoral fellowship (T.H.). 

10 February 1988; accepted 13 April 1988 

Modulation of Acetylcholine Receptor Desensitization 
by Porskolin Is Independent of CAMP 

Biochemical and electrophysiological studies suggest that adenosine 3',5'-monophos- 
phate (-)dependent phosphorylation of the nicotinic acetylcholine receptor 
channel is functionally significant because it modifies the receptor's rate of desensitiza- 
tion to acetylcholine. In studies that support this conclusion researchers have used 
forskolin to stimulate --dependent phosphorylation in intact muscle. It is now 
shown that although forskolin facititated desensitization in voltage-clamped rat 
muscle, this effect was not correlated with the abilities of forskolin and forskolin 
analogs to activate adenylate cyclase or phosphorylate the receptor. Furthermore, 
elevation of intracellular cAMP or addition of the catalytic subunit of A-kinase failed 
to alter desensitization. Therefore, in intact skeletal muscle, CAMP-dependent phos- 
phorylation does not modulate desensitization. 

W HEN NICOTINIC ACETYLCHO- stimulates phosphorplation of the S subunit 
line receptors (AChR) are ex- of AChR in intact rat myotubes (7) or 
posed to cholinergic agonists, mouse myocytes (8). The apparent function- 

they show a decline in sensitivity (desensiti- al consequence of this phosphorylation is 
zation) that persists as long as the agonist is 
present (1, 2). Although the physiological 
role of desensitization is uncertain, it might 
be involved in neural plasticity (3)  or in 
protecting the neuromuscular junction from 
prolonged depolarization (4). If desensitiza- 
tion is functionally significant, one might 
expect to find modulatory mechanisms 
(such as phosphorylation) that could cause 
relatively long-lasting changes in the pro- 
cess. A modulatory role for receptor phos- 
phorylation is suggested by electrophysio- 
logical studies in which desensitization in rat 
muscle is accelerated by forskolin (FSK) (4, 
5), an activator of adenylate cyclase (6) that 
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suggested by flux measurements from recon- 
stituted Torpedo AChR in which CAMP- 
dependent phosphorylation of the S and y 
subunits results in faster desensitization (9). 
We show here that FSK modulates desensi- 
tization in intact muscle by a mechanism 
that does not involve activation of adenylate 
cyclase or CAMP-dependent phosphotyl- 
ation. 

Sustained application of 10 pi'd ACh to 
voltage-clamped rat myoballs evoked an in- 
ward current that peaked in 0.2 to 0.4 s and 
then declined (desensitized) (Fig. 1) with a 
time course described by the sum of two 
exponentials (Fig. 2A and Table 1) (2, 9, 
10). This ACh-induced current was derived 
from openings of nicotinic channels, since 
the currents were abolished by overnight 
incubation with a-bungarotoxin (1  pglml) 
(11). After bath application of 20 p.A4 (Ta- 
ble 1) or 50 lJJM (Fig. 1) FSK for 3 min, 
ACh evoked an inward current that desensi- 
tized much more rapidly than control cur- 

Table 1. 1)esensitization kinetics of ACh-evoked currents from control and treated cells. Kinetic 
constants were derived from exponential fits to the decay phase of the currents. Currents obtained from 
cells with elevated CAMP were typically unsteady, and satisfactory quantitative fits could not always be 
obtained. These currents, which included three cells in which cAMP and 90 p.M IBMX were included in 
the patch electrode and five that had been treated with dibutyryl CAMP, were at least as slow as controls 
but are excluded from the means below. Abbreviations: T, time constant of the fast component; T,, time 
constant of the slow component; and %Af, percentage of the extrapolated peak current accounted for by 
the fast component. Results are presented as means t SEM. 

Treaunent 

Control 
FSK 

20 M 
50 M 

1,9-Dideoxy-FSK 
20 M 
50 fl 

L858051 (50 M) 
CAMP, (1  to 4 m M )  
8-btcAMP (100 #) 
PT (300 nglml) 
CS (100 ~*g/ml) 
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