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Modulation of a Voltage-activated Potassium Channel by Peptide 
Growth Factor Receptors 

Leslie C. Timpe’ and Wendy J. Fantl* 

‘Program of Excellence in Molecular Biology, Cardiovascular Research Institute, and *Department of Medicine and 
Cardiovascular Research Institute, University of California at San Francisco, San Francisco, California 94143 

Regulation of the activity of a cloned component of a voltage- 
activated K+ channel, K,,,, was studied by expressing the 
K+ channel and receptors for platelet-derived growth factor 
(PDGF) or fibroblast growth factor (FGF) simultaneously in 
Xenopus oocytes. Receptor activation mediated a decline 
in the K,,, current amplitude, with a half-time of about 20 
min. The reduction in K+ current amplitude occurred with 
little change in the kinetics or voltage sensitivity of activa- 
tion. A similar phenomenon was found when the human 
thrombin or rat SHT,, receptors, two receptors that increase 
phospholipase C activity, were tested in coexpression ex- 
periments. A mutant FGF receptor, which does not activate 
phospholipase C-y 1 but retains several of its other func- 
tions, did not modulate the K,,, current. Simultaneous injec- 
tion of inositol trisphosphate and superfusion of phorbol 12- 
myristate 13-acetate reproduced the modulation of the K,,., 
current. These results demonstrate that the PDGF and FGF 
receptors can modulate a voltage-activated K+ channel by 
increasing phospholipase C activity, and suggest that PDGF 
or FGF may be able to alter rapidly the electrical excitability 
of neurons. 

[Key words: potassium channel, platelet-derived growth 
factor, fibroblast growth factor, growth factor receptors] 

Modulation of ion channel activity by neurotransmitter or hor- 
mone receptors is an important and widespread means of al- 
tering electrical activity in neurons (Kaczmarek and Levitan, 
1987). Examples of modulation are known for Ca2+ channels 
and for a wide variety of K+ channels, including those activated 
by voltage. For example, in the dorsal raphe nucleus and hip- 
pocampus of the rat, stimulation of a,-adrenoreceptor or mus- 
carinic receptors, respectively, reduces the amplitude of a volt- 
age-activated K+ current, thereby accelerating the rate of 
repetitive firing (Aghajanian, 1985; Nakajima et al., 1986). Du- 
binsky and Oxford (1985) have shown that one of the effects of 
thyrotropin-releasing hormone (TRH) in a pituitary cell line, 
an increase in action potential duration, results from the de- 
crease in the amplitude of a slowly inactivating K+ current. Not 
all cases of modulation of voltage-activated K+ channels lead 
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to increased electrical excitability, however. Akins et al. (1990) 
showed that stimulation of a muscarinic receptor decreases the 
ability of rat neostriatal neurons to respond to excitatory syn- 
aptic input by shifting the activation curve ofa voltage-activated 
K+ channel; this shift increases the K+ conductance at the resting 
membrane potential. The adrenergic, muscarinic, and TRH re- 
ceptors mediating these responses are likely to be coupled to 
their effecters by heterotrimeric G-proteins. In this article we 
describe a novel example of K+ channel modulation, by peptide 
growth factors, and experiments designed to determine which 
of several possible intracellular signaling pathways regulates the 
K+ channel activity. 

To examine the interaction between growth factor receptors 
and a voltage-activated K+ channel, we coexpressed the cloned 
mouse type fl platelet-derived growth factor (PDGF) receptor 
(Yarden et al., 1986) and a cloned voltage-activated K+ channel 
component, K,,., (Swanson et al., 1990), in Xenopus oocytes. 
Activation of the PDGF receptor caused the amplitude of the 
K,, 5 current to decline, with a half-time of about 20 min. Since 
PDGF is known to be mitogenic for glia (Noble et al., 1988; 
Raff et al., 1988; Richardson et al., 1988) and neurotrophic for 
neurons in vitro (Smits et al., 1991) the observation was in- 
triguing as it suggested that PDGF may also be able to alter the 
pattern of a cell’s electrical excitability. Furthermore, the mod- 
ulation of K,, 5 by the PDGF receptor might occur by a novel 
mechanism. The receptor for PDGF is a transmembrane protein 
with an extracellular ligand binding domain and an intracellular 
tyrosine kinase domain. Modulation of K,, 5 channels by the 
PDGF receptor may result directly from phosphorylation of the 
channel on tyrosine, or indirectly through the activation of any 
of several intracellular signaling pathways. Proteins known to 
be phosphorylated on tyrosine by the activated PDGF receptor 
include the phosphatidyl inositol 3’ kinase (PI3-kinase), ras 
GTPase-activating protein (GAP), phospholipase C--y 1 (PLC-7 
l), and c-Src Nck (reviewed in Fantl et al., 1993); there may 
be other, unidentified, substrates. The possibility that phos- 
phorylation of ras GAP may be required for modulation of this 
channel seemed particularly interesting, as ras GAP has been 
shown to interfere with activation of cardiac inward rectifier K+ 
channels by the muscarinic receptor (Martin et al., 1992). 

The oocyte expression system is advantageous for studying 
the interactions between receptors and ion channels. An ex- 
pression system provides the opportunity to use mutant recep- 
tors or channels to identify modulatory pathways. If channel 
phosphorylation is suspected as a mechanism for modulation, 
it may be possible to test the idea by labeling with 32P0,2-, by 
site-specific mutagenesis of candidate acceptor sites or by pro- 
teolytic mapping techniques. In the experiments reported here 
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Table 1. Effects of activation of several receptors on K,,., current 
amplitude 

Receptor 
Ligand 
concentration 

Normalized K,, 5 
current amplitude 
(30 min) 

PDGF 2-5 nM 0.25 i 0.12 n = 6 
K602A PDGF 2 nM 0.92 i 0.20 n = 4 
FGF 3 nM 0.23 i 0.09 n = 5 
Y766F FGF 3 nM 0.96 + 0.15 n = 4 
Thrombin 10 nM 0.21 *0.13n=11 
Insulin0 10 @M 0.82 + 0.08 n = 4 

K, , i currents were measured and normalized as in Figure.1. The fraction of the 
original current remaining 30 min after exposure to the l&and is provided, -ISEM. 

” The insulin receptor is endogenous to the oocyte. 

we describe the modulation of the K,,., current and identify the 
associated intracellular signaling pathway as a prelude to future 
experiments on the mechanism of K+ channel modulation. 

Materials and Methods 

The K, 5 cDNA, a gift from Dr. Leonard Kaczmarek, was originally 
named “K ” by Swanson et al. (1990). We follow the nomenclature of 
Chandy (l& 1). The K,, 5 sequence predicts a homolog ofthe Drosophila 
Shaker channel that is expressed in rat brain, heart, and the anterior 
pituitary (Swanson et al., 1990; Levitan et al., 199 1). The cloning and 
seauences of the PDGF. fibroblast growth factor (FGF) ftvoe 1). throm- 
bin, and 5-HT,, receptors are desc;ibed by Yard& et ai. G986j, Lee et 
al. (1989), Vu et al. (1991), and Julius et al. (1988), respectively; the 
mutant FGF receptor clone is a gift from Dr. K. Peters, and the thrombin 
and 5-HT,, receptor cDNA clones are gifts from Drs. S. R. Coughlin 
and D. Julius. Capped RNA for K,, 5 and for the four receptors was 
synthesized in runoff transcriptions using RNA polymerases (T3, T7) 
under standard conditions. After 2 hr transcriptions the samples were 
extracted with 1: 1 phenol:chloroform, precipitated in ethanol, and taken 
up in distilled water for injection into Xenopus oocytes. 

Xenopus females (Nasco) were anesthetized with 0.15% tricaine, a 
small incision was made in the abdomen, and sections of the ovary 
were removed. Folliculated oocytes were injected with roughly 50 nl/ 
oocyte of specific RNA using a Drummond microdispenser. Approxi- 
mately 10 ng of K,, 5 RNA and 25 ng of receptor RNA were injected 
per oocyte. On the day after injection the follicular cells were softened 
by digestion with 4 mg/ml collagenase (Sigma type 1A) for 2-4 hr at 
room temperature. to ease impalement with microelectrodes. Oocvtes 
were studied on the second or third day after injection, when the-re- 
sponsiveness to PDGF or basic FGF was maximal. 
- A conventional two-microelectrode voltage-clamp circuit (Axon In- 

struments) was used; current was measured with a virtual ground circuit. 
Microelectrodes were filled with 3 M KC1 and had tip resistances of 0.2- 
1 MQ. Series resistance was determined by injecting a current step (under 
current-clamp conditions) and measuring the initial jump in potential 
with a second intracellular microelectrode. Seventy to ninety percent of 
the series resistance was compensated by scaling the current signal and 
adding it to the voltage command. The current and voltage signals were 
digitized at 12-bit resolution, written to a hard disk, and analyzed using 
~CLAMP version 5.5 (Axon Instruments). The current and voltage traces 
were sampled at 104, 5 x 101, or 2 x lo3 Hz, and the current traces 
were filtered (-3 dB) at 1 O’, 5 x 1 O’, or 2 x 10’ Hz, respectively, using 
an 8-pole Bessel filter (Frequency Devices). The current traces displayed 
in the figures and used to calculate entries in Table 1 were corrected for 
leak current. Linear leak current was estimated by voltage steps from 
the holding potential to more negative potentials (-P/4 procedure). In 
the Results and in Table 1 average values of normalized current am- 
plitudes are given at specified times after introducing a ligand into the 
chamber. In some cases there was no measurement within 1 min of the 
time indicated; linear interpolations between the two nearest measure- 
ments were then used. 

The oocytes were studied at room temperature in a chamber con- 
taining about 250 ~1 of saline. In most experiments the chamber was 
perfused at 2 ml/min, and growth factors, thrombin, or 5-HT were 

applied via the perfusion system for 5-10 min. In a few experiments 
the ligand was maintained in the saline for the duration of the experi- 
ment, 30 min or more. In these experiments with a longer exposure to 
ligand there was no detectable difference in the magnitude or rate of 
onset of the response. For experiments with arachidonic acid or pros- 
taglandins, the bath perfusion was stopped and the compounds applied 
directly into the chamber to bypass the reservoir and perfusion lines. 
For inositol trisphosphate (IP,) injections, the IP, (Sigma) was taken up 
in 3 M KC1 at 1 mM and loaded into the micropipette by backfilling. 
The IP, (current-passing) electrode was inserted into the oocyte’s animal 
pole. Within a few minutes of impaling the oocyte and clamping at the 
holding potential of - 80 mV, the holding current and the Ca*+ -activated 
Cl- current began to increase; these responses indicated that sufficient 
IP, had entered the cell to trigger Ca2+ release. 

The Ca*+-activated Cl- current that is endogenous to the oocyte can 
interfere with measurement of the K,, 5 current. Current separation was 
achieved by expressing the K,, 5 channel at l-10 /IA, when measured 
in the steady state at 40 mV. This current level is larger than the back- 
ground current, which varies from undetectable to 0.5 PA when mea- 
sured at 40 mV in unstimulated oocytes. Furthermore, activation of the 
Ca2+-dependent Cl- current is slow, and is not complete when the 
amplitude of the K,, 5 current is measured 400 msec into the voltage 
pulse. When oocytes express receptors for PDGF or FGF, stimulation 
with the growth factor induces a transient increase in the Ca2+-activated 
Cl- current (see Fig. 3B). The induced current typically subsides by 30 
min, when the measurements reported in Table 1 were taken. In pre- 
liminary experiments we tested the usefulness of a low-Cl- saline (13 
mM Cl-, substituting with SOq2m) for reducing the level of background 
current. The amplitude of the endogenous current was reduced in this 
saline, but the recordings were less stable than in the standard saline. 

The standard saline solution contained (in mM) 88 NaCI, 1 KCl, 2.4 
NaHCO,, 0.82 MgSO,, 0.7 CaC12, and 10 HEPES, at pH 7. Prosta- 
glandins E, (PGE,) and El (PGE,), and arachidonic acid (Sigma) were 
taken up in absolute ethanol, aliquoted, and stored under nitrogen at 
-20”. The prostaglandins and arachidonic acid were diluted in saline 
immediately before use. Human thrombin was a gift from Dr. J. W. 
Fenton II. 5-HT (Sigma) was taken up in distilled water and stored at 
- 80”. Aliquots were thawed and diluted to 1 Om7 mM shortly before use. 
Phorbol 12-myristate 13-acetate (PMA) was stored at 1 mg/ml in di- 
methyl sulfoxide and diluted before use. 

J5S labeling and immunoprecipitation. Oocytes (40 per lane shown in 
Fig. 3) were injected with wild-type or mutant FGF receptor RNA and 
incubated in 1 mCi/ml 3SS-methionine and 15S-cysteine (Translabel, 
ICN) and frog saline. After 2 d of incubation the oocytes were washed 
gently in frog saline and lysed in a buffer containing 50 mM Tris (pH 
7.8), 150 mM NaCl, 1 mM EDTA, 0.5% NP 40, and 10% glycerol. 
Phenylmethylsulfonyl fluoride (2 mM), sodium vanadate (2 mM), and 
leupeptin (1 pg/ml) were added immediately prior to lysis. The lysate 
was agitated gently for 20 min at 4” and centrifuged, and the aqueous 
phase was separated from lipid and insoluble material. A rabbit poly- 
clonal antibody raised to an epitope in the juxtamembrane portion of 
the FGF receptor was used at a dilution of 1: 1000 for immunoprecip- 
itation of the receptor (Peters et al., 1992). The samples were incubated 
overnight at 4” with protein A, under denaturing conditions in the 
presence of 0.1% sodium dodecyl sulfate and 0.5% sodium deoxycho- 
late. The immunoprecipitates were washed as described previously (Fantl 
et al., 1992). The samples were subjected to SDS-PAGE. After fixing, 
the gel was soaked in Amplify for 30 min. The gel was dried and 
autoradiography carried out using Kodak XAR film. 

Results 
Figure 1A illustrates the modulatory action of the activated 
PDGF receptor on the K,,,, current. The PDGF receptor and 
the K+ channel were coexpressed in Xenopus oocytes; K+ cur- 
rent was measured under voltage-clamp conditions using two 
intracellular electrodes. Thirty minutes after stimulation with 
PDGF (2 nM), the current amplitude had declined to about 30% 
of its initial value. Figure 1 B charts the time course of this effect. 
After stimulation with PDGF (solid symbols) there was a delay 
of a few minutes before any change in K+ current amplitude 
was detected. When the K+ current began to decline the rate 
was slow, requiring 15-20 min to reach one-half the initial level. 
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If the oocytes were not stimulated with PDGF (open symbols), 
the L., currents could be recorded without significant decline 
for at least 45 min. During this time there was no indication of 
current recovery in oocytes exposed to PDGF. In a few exper- 
iments lasting an hour or more the current amplitude began to 
recover, but much more slowly than the initial rate of decline. 
Modulation ofthe K,,., channel requires tyrosine kinase activity, 
as a mutant receptor defective in this activity has little effect on 
the K,,,, current (Table 1). This mutation (alanine replaces lysine 
at position 602) alters a putative ATP binding site and has been 
shown to have no PDGF-sensitive tyrosine kinase activity (Es- 
cobedo et al., 1988). 

During the first few minutes after receptor stimulation, the 
Ca2+-activated Cl- current, which is endogenous to the oocyte 
(Barrish, 1983), increased in amplitude and then spontaneously 
declined (see Fig. 3B). The amplitude ofthis Cl- current reflects 
the cytoplasmic Ca*+ concentration, and its increase probably 
results from PDGF receptor activation, increased PLC activity, 
production of IP,, and the release of Ca*+ from intracellular 
stores. Activation of the receptors for PDGF caused a transient 
increase in the current required to hold the membrane at -80 
mV; this increase paralleled the increase in the Ca*+-activated 
Cl- current. After 30 min the holding current had usually re- 
turned to its initial value. The decline in K,, 5 current was not 
associated with an irreversible increase in the holding current. 

The decline in K,,,, current amplitude might be due to any 
of several causes, including a change in reversal potential, a shift 
in voltage sensitivity, or a change in gating kinetics such that 
the open probability is reduced at steady state. In four experi- 
ments the reversal potential was measured before and after stim- 
ulation with PDGF. Before PDGF the tail current reversed at 
-92 f 5 mV; 0.5 hr after stimulation with PDGF, when the 
currents had declined to an average of 27% of their control 
levels, the reversal potential was -84 f 5 mV (*SD). These 
differences are not significant at the 5% confidence level (two- 
sample t test). 

The decline in the amplitude of the K,, 5 current is not as- 
sociated with a large change in the kinetics or voltage sensitivity 
of the channels. Figure 2A demonstrates that there is little if 
any alteration in the activation kinetics even after the current 
amplitude has declined about 3.5-fold; the reduced currents can 
be scaled to superimpose on the control currents. Figure 2B 

shows the effect of current modulation on the steady state ac- 
tivation curve. The extent of activation in the steady state was 
determined from the relative amplitudes of tail currents 40 min 
after receptor activation. Activation data from each of four oo- 
cytes were fit to the Boltzmann equation using nonlinear re- 
gression. The average values for the midpoints before and 40 
min after exposure to PDGF were - 5 * 1.4 (&SD) and -2 t 
3.7 mV, respectively, which do not differ significantly at the 5% 
confidence level according to the paired t test. The slope factors 
before and 40 min after PDGF stimulation were 8 -t 0.67 and 
10 + 0.70 mV, values that differ significantly at the 5% confi- 
dence level. This reduction in voltage sensitivity is small, and, 
if real, should have less physiological importance than the large 
reduction in current amplitude. These results are compatible 
with a mechanism in which receptor activation reduces the num- 
ber of K+ channels that are available for opening, but the find- 
ings do not rule out the possibilities of either a very rapid block 
or a reduction in unitary conductance. 

How is the activity ofthe K,,., channel regulated by the PDGF 
receptor? One possibility is that the activated receptor phos- 
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Figure 1. Stimulation of the PDGF receptor causes a slow decline in 
K,, 5 current amplitude. A, K,,., current measured in an oocyte that had 
been iniected with specific RNA for the K+ channel and for the PDGF 
receptor. The upper set ofcurrent traces was taken before, and the lower 
set 42 min after, perfusion ofthe bath with PDGF (2 nM). The membrane 
was stepped from -80 mV to positive potentials from -40 to 40 mV 
in 10 mV increments, and then returned to - 60 mV. B, The time course 
of the current decline. The K+ current level was measured 100 msec 
after the membrane had been stepped to 40 mV, then normalized to 
the measurement made at t = 0 min, before exposure to PDGF. Each 
symbol corresponds to one oocyte. The solid s&nbols identify oocytes 
exposed to PDGF (2-5 nM) at the arrow; open symbols specify oocytes 
that were also injected with K,, 5 and PDGF receptor RNA but not 
stimulated with PDGF. 

phorylates the channel on tyrosine, making it less likely or un- 
able to open. Most ofthe known substrates ofthe PDGFreceptor 
contain Src homology domains (SH2 domains), which form 
high-affinity binding sites for the activated receptor (Koch et 
al., 199 1). A comparison of the predicted amino acid sequence 
Of-K,., to the SH2 domain sequences from Src tyrosine kinase, 
PLC--y 1 (domain l), and ras G.4P (amino SH2 domain) in the 
Protein Identification Resource (PIR) database showed no sig- 
nificant homology. Furthermore, the delay between receptor 
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Figure 2. Modulation of the K,, 5 current by the PDGF receptor has little effect on activation kinetics or voltage sensitivity. The oocytes expressed 
both K,, 5 and PDGF receptor RNA. A, The K,, 5 current elicited by a potential step from -80 mV to 40 mV is shown (larger current), as is the 
smaller current evoked by the same command 39 min after stimulation with 5 nM PDGF. When the smaller current is scaled by a factor of 3.45 
(dotted line), its activation rate nearly superimposes with that of the control current. The lower set of traces shows a similar experiment, with steps 
to - 10 mV. The scaling factor was also 3.45. B, Steady state activation before (open circles) and after (solid circles) modulation of K,,., by the 
PDGF receptor. The membrane potential was stepped from -80 mV to conditioning potentials between -30 and 40 mV for 100 msec, and then 
returned to -60 mV for measuring the amplitudes of the current tails (see Fig. 1). Tail current amplitudes were normalized to the value associated 
with 40 mV conditioning steps, averaged (n = 4; +SD where larger than the symbol), and plotted against the command potential. The measurements 
for the solidd symbols were made at an average of 4 1 min (range, 39-42 min) after exposure to 2-5 nM PDGF. The average reduction in current 
amplitude was to 20% of the initial value (range, 13-29%). The smooth curves are Boltzmann functions with midpoints of -5 and -2 mV and 
slope factors of 8 and 10 mV for the data taken before and after PDGF stimulation, respectively. 

activation and the beginning of the decline in current amplitude 
suggests that there may be one or more intervening steps. 

The PDGFreceptor phosphorylates several proteins including 
PLC-y 1, the ~85 component of the PI3-kinase, GAP, Src ty- 
rosine kinase, and Nck. We tested with coinjection experiments 
three other receptors known to increase PLC activity: the human 
type 1 FGF, human thrombin, and rat 5-HT,, receptors (Julius 
et al., 1988; Lee et. al., 1989; Vu et al., 1991). The FGF and 
thrombin receptors each induced a slow decline in K,,,, current 
amplitude, following a delay of a few minutes (Table 1). The 
receptor for S-HT induced a decline in K,, 5 current even in the 
absence of S-HT. This decrease was not seen in oocytes from 
the same donor frogs that were injected with cRNA for other 
receptors. In two experiments in which the amplitude of the 
K,, 5 current was fairly stable, 10m7 M 5-HT hastened the current 
decline. Increasing the activity of PLC is the only effect known 
to be shared by these receptors, suggesting that perhaps the 
regulation of K,, 5 current requires the activation of this enzyme. 
The receptors for thrombin and 5-HT are probably coupled to 
PLC by heterotrimeric G-proteins rather than by tyrosine phos- 
phorylation. In cows, for example, a heterotrimeric G-protein 
activates the p 1 isoform of PLC, but not the y 1 isoform, which 
is activated by receptor tyrosine kinases (Taylor et al., 1991). 
In toad oocytes the thrombin and 5-HT,, receptors may there- 
fore activate a variant of PLC different from that activated by 
the PDGF and FGF receptors. 

The receptors for PDGF and FGF are receptor tyrosine ki- 
nases that have overall structural similarity and that are thought 
to have a similar mechanism of activation (Cantley et al., 199 1; 
Fantl et al., 1993). The Xenopus oocyte expresses an endog- 
enous insulin receptor that is also a receptor tyrosine kinase, 
but which is a member of a different family and which in other 
tissues is unable to activate PLC-7 1. Stimulation of the insulin 

receptor has little effect on the amplitude of the K,, 5 current 
(Table 1). Stimulating cells with insulin increases PI3-kinase 
activity, perhaps by phosphorylating the protein directly (Roth 
et al., 1992). Thus modulation of the K,, 5 current by the PDGF 
receptor probably does not require activation of the PI3-kinase. 

Recent work on the PDGF and FGF receptors indicates that 
different substrates bind these receptors at different sites (Fantl 
et al., 1992) now raising the possibility of creating mutant re- 
ceptors that disrupt phosphorylation of individual substrates 
selectively. Peters et al. (1992) and Mohammadi et al. (1992) 
report that substitution of phenylalanine for tyrosine at position 
766 in the human FGF receptor creates a receptor that, when 
expressed in rat L6 cells, does not associate with or phospho- 
rylate PLC-7 1. Consequently there is no hydrolysis of phos- 
phatidylinositol. The mutant receptor is mitogenic in these cells, 
however, and does phosphorylate both itself and other sub- 
strates seen with the wild-type receptor. In Xenopus oocytes the 
mutant FGF receptor protein is expressed as efficiently as the 
wild type (Fig. 3A); both precursor and processed (glycosylated) 
forms are seen. The mutant receptor, however, is not able to 
activate the Ca2+-activated Cll current (Fig. 3B). This is the 
expected phenotype if the mutant receptor does not increase 
hydrolysis of phosphatidylinositol4,5-bis-phosphate (PIP,). In 
coexpression experiments the mutant FGF receptor is not able 
to modulate K,, 5 current amplitude (Fig. 4, Table 1). To the 
extent that the single residue substitution disrupts activation of 
PLC-7 1 specifically, this result provides strong evidence that 
increased PLC activity is required for the reduction in K,,,, 
current amplitude. 

PLC hydrolyzes PIP2 to IP, and to diacylglycerol (DAG). One 
possible signaling mechanism is through the production of ar- 
achidonic acid by the action of DAG lipase on DAG, leading 
to the formation of messengers such as leukotrienes, prosta- 
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Figure 3. The Y766F mutant receptor 
is expressed in Xenopus oocytes, but 
does not trigger Ca2+ release. A, The 
mutant and wild-type FGF receptors are 
expressed at similar levels in Xenopus 
oocytes. Forty oocytes were injected 
with wild-type or mutant RNA, or not 
injected, and incubated in ?S-methio- 
nine. Labeled protein was immunopre- 
cipitated with an anti-FGF receptoran- 
tiserum. then subiected to SDS-PAGE 
and autoradiography. The FGF precur- 
sor and processed forms (lower and up- 
per arrows) are present at similar levels 
in oocytes injected with mutant or wild- 
type RNA. Molecular weight (kDa) 
markers are shown on the left. B, Am- 
plitude of the endogenous Caz+-acti- 
vated Cl- current &A) in oocytes in- 
jected with wild-type FGF receptor 
RNA (open symbols) and mutant re- 
ceptor RNA (so/id symbols). Each sym- 
bol corresponds to one oocyte. At 0 min 
the oocytes were stimulated with 3 nM 
basic FGF. The Cl- current was mea- 
sured in the steady state, 0.5 set after 
a step from -80 mV to 40 mV. 

glandins, or thromboxanes. To test for a role for arachidonic 
acid metabolites in the modulation of K,,,, current, arachidonic 
acid (70-100 PM) was applied to oocytes expressing K,,,, in four 
experiments. After 2 min the average K,,., current amplitude 
was 95% of the control value; after 10 min the current was still 
95% of the control. In experiments with PGE, (6-30 MM) the 
current was 111% (n = 3) of the control after 2 min, 88% (n = 
4) after 10 min, and 85% (n = 2) after 30 min. In a single 
experiment with PGE, (3 FM) the current was 132% of the initial 
level after 2 min. Two minutes are sufficient to detect the ac- 
tivation of cardiac muscarinic K+ channels by arachidonic acid 
in experiments with cell-attached patch electrodes (Kim et al., 
1989). Lacking a positive control it is difficult to judge the sig- 
nificance of the measurements at 10 or 30 min, as arachidonic 
acid and prostaglandins are quite labile in aqueous solutions at 
room temperature. Nevertheless the results do not support the 
hypothesis that arachidonic acid metabolites, particularly PGE,, 
mediate the regulation of K,,,, channels. 

If PLC activity is required for the modulation of Kv,.5 current, 
it should be possible to mimic the effect by simultaneously 
injecting oocytes with IP, and superfusing them with a DAG 
analog. IP, was injected iontophoretically using the current- 
passing microelectrode; at the same time the experimental 
chamber was perfused with 10 nM PMA. In seven experiments 
the average current was reduced to 34% at 20 min, with little 
variation among the oocytes (Fig. 5, top). The reduction in 
current amplitude appears to be slightly faster than the receptor- 
mediated effect, with a half-time of about 12 min. Neither IP, 
nor PMA alone was as effective in modulating the current am- 
plitude. In a series of nine experiments IP, injections caused a 
reduction in K,,., current to 77% of the initial level by 30 min 
(Fig. 5, middle); this is less than the reduction to 25% seen with 
PDGF receptor. The responses to IP, injectiqn were more vari- 
able than the responses to receptor stimulation or simultaneous 
exposure to both messengers. The nine experiments included 
oocytes in which the current amplitude increased or did not 
respond to IP,, and oocytes in which the decrease was nearly 

as rapid as the receptor-mediated responses. In another set of 
experiments seven oocytes were exposed to 10 nM PMA, but 
no IP, (Fig. 5, bottom). After 30 min the currents were reduced 
to 59% of the initial level, with significant variation in the in- 
dividual responses as in the IP, experiments. While these results 
support the role of PLC in receptor-mediated modulation, they 
do not distinguish clearly between a mechanism that depends 
on the activation of protein kinase C, or one that requires ele- 
vated intracellular Ca*+ for channel modulation. Both mecha- 
nisms have been proposed for the modulation of other voltage- 
activated K+ channels by 5-HT receptors (Hoger et al., 1991; 
Kavanaugh et al., 199 1; Attali et al., 1992). 

Discussion 

These experiments reveal some novel aspects of ion channel 
modulation. This is the first report of modulation of a voltage- 
activated K+ channel by receptors for peptide growth factors. 

30 m 

FGF-R 

-ml400 

Y766F 
FGF-R 

-= FE,1 uA - 
10 ms 10 ms 
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Figure 4. K,,., current is regulated by the wild-type FGF receptor, but 
not by the Y766F mutant FGF receptor. The upper row of traces shows 
control K,,,, current (left) and the current reduction 30 min after stim- 
ulating the wild-type FGF receptor with 3 nM basic FGF. The lower 
row demonstrates the result of a similar experiment on an oocyte ex- 
pressing the Y766F mutant FGF receptor. The voltage was stepped 
from the holding potential (-80 mV) to test potentials between -40 
and 40 mV in 20 mV increments. 
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Figure 5. Intracellular iontophoresis of IP, and simultaneous bath 
perfusion of PMA reduce K,, 5 current amplitude. The oocytes expressed 
K,, 5 channels, but had not been injected with receptor RNA. The upper 
panel shows the results of joint IP, iontophoresis and exposure to 10 
nM PMA in seven oocytes. The rate of decline of the K,,,, current was 
similar to that found with PDGF and FGF receptor activation. The 
middle pane/ displays the results of nine experiments in which IP, was 
iontophoresed from the current electrode into the oocyte. The lower 
panel shows the results of seven experiments in which the bath was 
perfused with 10 nM PMA at time zero, and PMA was maintained in 
the bath for the duration of the experiment. In the upper and middle 
panels time zero corresponds to current measurements taken within one 
minute of penetrating the oocyte and clamping to the holding potential. 

The reduction in amplitude of the K,,,, current requires the 
activation of PLC, and occurs rapidly compared to the time 
course of neurotrophic effects or to changes in electrical excit- 
ability that might be caused by altered gene transcription. For 
example, growth factors alter the expression of ion channels in 
PC12 cells, a clonal line derived from a pheochromocytoma. 
Cells cultured in medium supplemented with NGF or FGF 
increase the expression of voltage-activated Na+ channels in 
parallel with the outgrowth of neurites, compared with cultures 
not exposed to NGF or FGF (Garber et al., 1989; Pollock et 
al., 1990). The increase in Na+ channel density is associated 
with higher levels of Na+ channel mRNA following NGF treat- 
ment (Mandel et al., 1988). In these studies the effects of NGF 
or FGF were assessed after 2 d to several weeks in culture, rather 
than immediately after application of the growth factor. In con- 
trast, the experiments reported here identify an alternative, more 

rapid, means by which receptors for PDGF and FGF may alter 
the pattern of a cell’s electrical excitability. The one example of 
a similar phenomenon that we are aware of was reported by 
Puro and Mano (199 I), who found that basic FGF induces an 
increase in the amplitude of a voltage-sensitive Caz+ current in 
human retinal glia over 15-20 min. 

In non-neuronal cells, in contrast, there are several known 
examples of peptide growth factors altering ionic conductances 
within minutes of application. PDGF activates a channel selec- 
tive for monovalent cations in a mouse fibroblast line, LMTK- 
(Frace and Gargus, 1989). In two human carcinoma lines, A43 1 
and KB, stimulation of the epidermal growth factor receptor 
hyperpolarizes the membrane potential by opening a Ca*+-ac- 
tivated K+ channel (Pandiella et al., 1989). Human retinal glial 
cells express a CaZ+-activated Ca’+ channel that is insensitive 
to voltage; exposure to basic FGF increases the open probability 
of the channel (Puro, 199 1). Pandiella et al. (1989) and Puro 
(199 1) propose that intracellular Ca2+ may couple receptor ac- 
tivation directly to these Ca*+-activated K+ and Ca*+ channels. 

What would be the physiological consequence of reduced volt- 
age-activated K+ current in an electrically excitable cell? Mod- 
ulation of the K+ current would be expected to prolong the 
action potential, and perhaps to lower its threshold. An example 
is known in GH3 cells, a pituitary line, where TRH prolongs 
the action potential in spontaneously active cells by decreasing 
the amplitude of a voltage-activated K+ current (Dubinsky and 
Oxford, 1985). As the TRH receptor is coupled to PLC (Ger- 
shengorn, 1989), this phenomenon is similar to the modulation 
of K,, 5 by growth factor and neurotransmitter receptors in oo- 
cytes. Levitan et al. (199 1) have reported that the K,,,., mRNA 
is expressed in GH3 cells and in the anterior pituitary, raising 
the possibility that the voltage-activated K+ channels studied 
by Dubinsky and Oxford are K,, 5 homomultimers, or perhaps 
heteromultimers with one or more K,,,, subunits. 

Several recent reports have reported modulatory effects be- 
tween cloned 5-HT receptors and cloned voltage-activated K+ 
channels WV,.,, IL, K,,.,) expressed in Xenopus oocytes, as 
found here with K,, 5 (Hoger et al., 1991; Kavanaugh et al., 
1991; Attali et al., 1992). The mechanism of these effects re- 
sembles that described in this article, as the 5-HT,, and 5-HT, 
receptors are known to be coupled to PLC (Julius, 1991). Fur- 
thermore, the kinetics are comparable: in each case K+ current 
amplitude reaches nadir roughly 20 min after receptor stimu- 
lation, and then recovers slowly, if at all. These three groups 
differ, however, on whether the K+ currents are sensitive to 
analogs of DAG and to phorbol esters. Hoger et al. (199 1) and 
Kavanaugh et al. (199 1) report that PMA and phorbol dibu- 
tyrate have no effect on the K+ currents, whereas Attali et al. 
(1992) find that oleoylacetylglycerol and PMA both cause the 
current to decline. Therefore, the mechanisms of action on these 
K+ channel variants may not be identical to each other or to 
the phenomenon described here. 

There are several examples of receptors for PDGF or FGF 
and K+ channels being expressed in the same cells, providing 
an opportunity for the phenomenon that we have studied in 
oocytes to occur in vivo. Progenitor cells for oligodendrocytes 
and type 2 astrocytes, O-2A cells, express receptors for PDGF 
and FGF, and also voltage-activated K+ channels (Bevan et al., 
1987). PDGF is neurotrophic for adult rat neurons in primary 
culture (Smits et al., 199 1); likewise, FGF is neurotrophic and 
neuritotrophic for granule cells and hippocampal neurons in 
culture (Walicke et al., 1986; Hatten et al., 1988). It would be 
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Levitan ES, Hemmick LM, Bimberg NC, Kaczmarek LK (199 1) Dexa- 
methasone increases potassium channel messenger RNA and activity 
in clonal pituitary cells. Mol Endocrinol 5: 1903-l 908. 

Mandel G, Cooperman SS, Maue RA, Goodman RH, Brehm P (1988) 
Selective induction of brain type II Na+ channels by nerve growth 
factor. Proc Nat1 Acad Sci USA 85:924-928. 

Martin GA, Yatani A, Clark R, Conroy L, Polakis P, Brown AM, 
McCormack F (1992) GAP domains responsible for ras p21-de- 
pendent inhibition of muscarinic atria1 K+ channel currents. Science 
2551192-194. 

Mohammadi M, Dionne CA, Li W, Li N, Spivak T, Honegger AM, 
Jaye M, Schlessinger J (1992) Point mutation in FGF receptor elim- 
inates phosphatidylinositol hydrolysis without affecting mitogenesis. 
Nature 358:68 l-684. 

Nakajima Y, Nakajima S, Leonard RJ, Yamaguchi K (1986) Acetyl- 
choline raises excitability by inhibiting the fast transient potassium 
current in cultured hippocampal neurons. Proc Nat1 Acad Sci USA 
83:3022-3026. 

Noble M, Murray K, Stroobant P, Waterfield MD, Riddle P (1988) 
Platelet-derived growth factor promotes division and motility and 
inhibits premature differentiation of the oligodendrocyte/type 2 as- 
trocyte progenitor cell. Nature 333:560-562: -- 

Pandiella A. Maani M. Lovisolo D. Meldolesi J (1989) The effects of 

of interest to look for rapid effects of PDGF or FGF on the 
electrical excitability of glia or neurons. 
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