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Application of 1O aM Epidermal Growth Factor (EGF) to single EGFR-TI7 flbroblasts induced a marked 
hyperpolarization that  cuuld last for tens of minutes; in many cases the first transient was f~llowed by s series ef  
oscillations of the membrane potential. The outward current responsible for the h~x,,rpelatizing response could be 
recorded simultaneously to an increase in the intracellular calcium concentration, as measured with the fluorescent 
indicator tufa-2. The conductance was nearly linear in the voltage range llrom -1O0 to +50 inV. White the 
EGF-induced current had many charactesisties of a K + current and was strongly reduced by 50 nM charybdoto',dn 
(ChTx), its reversal potential was al~mlentl~ mole negative than tiN: potassium equilibri:~m potential (VK). Tile 
application of 2 / tM euahaln pr ier  to EGF stimulation produced responses that were similar  to these obtained 
without cuahain; hawever, under these conditions the EGF.laduced current shewed a reversal potential of 
-96 .6  ± 3.2 mV, very close to Vg. Simultnn.-ous apldkatiom of beth 2 # M  euahain and .f~ nM ChTx completely 
abolished the response, i t  cun be concluded that  the cesponse to EGF stimulation in EGFR-TI7 cells consists of two 
compenenL.: the first is a current carried t h r e u ~  Ca2+-activated K + channels; the second is due to the 
acceleration of the operation of the Na ÷ / K  +-ATPase. 

Introduction 

Among the early events triggered by the binding of 
growth factors to their receptors, an increase in [Ca 2 + ]i, 
mainly mediated by phosvhoinositide hydrolysis, is a 
common finding in many cell types [1-.~]. This pathway 
may lead not only to a single transient calcium rise, but 
to a train of oscillations in [Ca2+]i, for which a role in 
frequency coding of information relevant, to the control 
of cell growth has been proposed [3]. 

Another class o! mitogen-induced early events that 
has been the object uf considerable interest is repre- 
sented by the activation of pumps and antiports [2]; 
more recently, it has been shown that mitogens and 
growth factors can also directly stimulate ionic fluxes 
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through membrane channels and thus induce electrical 
responses. Although the role of the latter events as 
intracellular signals in the transduct/on of mitogenie 
agonist action has not yet been clarified, they appear to 
be quite ubiquitous. Early experiments reported depo- 
larizations induced by epithelial growth factor (EGF) 
or serum in an epithelial cell line [5] and by serum in 
human fibroblasts [6]; in contrast, in neuroblastoma 
cells a more complex response to dialyzed serum and 
other mitogens was observed [7,8], part of which was 
attributed to a Ca2+-aetivated opening of K + channels. 

Single-cl~annel recordings of currents flowing 
through Na ~ [9] and Ca 2+ conducting channels [ :03 !] 
in fibroblasts stimulated by growth factors have also 
been reported. That the [Ca2+]t iv.crease may be due 
not only to intracellular release but also to inflow 
through cation channels of the plasma membrane has 
been suggested by several experimental findings at 
least in some cell types [3,12,13]. 

Recently, Pores and co-workers [14-16] have re- 
ported that, in human fibroblasts, foetal calf serum, 
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platclct-dcrived growth factor (PDGF) and bradykinin 
elicit a ~ r i e s  of transient rises in membrane conduc- 
tam:c, due to the opening of K + channels induced by 
an increase in internal Ca 2÷. Combining fluorometrio 
experiments in cu'.,ctte wilh patch clamp recordings on 
single cells, we have ploviously reported that, among 
the early effects of EGF stimuiation in a NIH-3T3 
molsc  fibroblast line overexpressing the transfccted 
human EGF receptor, named EGFR-TI7  [19], and in 
other cell lines, a fast hyperpolarization can be ob- 
served, fol|owcd in .some cases by voltage oscillations 
that can last for tens of minutes [17]. On the basis of 
fluorometric cuvette experiments, aud of preliminary 
results with simultaneous patch clamp recordings and 
tufa-2 measurements op single cells [4], the ionic cur- 
rent that causes these effects was labeled as a Ca 2÷- 
activated K* current. A causal relationship between 
the [Ca2*]i rise and the ionic fluxes seen in response to 
mitogen stimulation seems therefore to be a common 
finding in different cell types. However. the ionic chan- 
z, cl ,  _invoivea appear  to belong '.o different types, and 
the pos~ib!!i:7 :'~f -. ;.L,: t~au.sp~;rt mechanisms in addi- 
tion to passive io. ic channels has not been fully ex- 
plored. 

This paper  analyzes in detail the main p;operties of 
the c;ectrical rcspon:,c induced by EGF in EGFR-TI7  
ceils. "Foe cascade of intraeelhdar events that mediates 
the early effects of the growth factor is rather well 
understood for til,~ EGF molecule; the tyrosinc kinase 
activity of the activated EGF-receptor  phosphorylates 
various substrates, among them phospholipase C'y, thus 
inducing phosphoinositide hydrolysis and the genera- 
lion of two well-known second messengers: inositol 
1.4,5-trisphosphate (that in turn induces release of 
Ca-'* from intraceilular stores) and diacylglyccrol, that 
activates the protcirb kinase C pathway [18]. More~wer. 
in the EGFR-TI7  cell line the response |n  Er jF  stimu- 
lation is particularly strong and reproducible. 

Experir~ental evidence is giver~ here that this re- 
s0onse is due to two components,  a Ca z +-activated K + 
current, that has propcrlies that arc different from 
those reported for human fibroblasts [14-16], and a 
current due to the activation of the Na ~ / K "  pump. 

Materia |s  and  Methods 

Cell culture and incul~ation protocols 
EGFR-TI7  cells (mouse NIH 3T3 fibroblasts over- 

cx~re.:~ir,~ ~he human EGF eeceptor cloned fiom A431 
ce~is; [19]) were maintained in Duibecco's modified 
Eagh.'s medium (DMEM) supplemented with 10% 
heat-inactivated foetal calf serum (FCS), 100 uni t s /ml  
p~.-nicillin and 100 # g / m l  streptomycin, at 37°C, in a 
humidified atmosphere of 5% CO,-air .  Exponentially 
growing cells were shifted to DMEM containing i% 
FCS 48-72  h bcfi~re the electrophysiological expert- 

me6ts Under  such conditions more than 95% of the 
population is in the G 0 / G I  state (as measured by 
DNA flow cytometry). 

Electrophysiology 
Cells used in most electrophysiological experiments 

were flat and firmly at tached to the dish (35-ram dishes, 
Nunc, Denmark). Some experiments were performed 
on suspended cells obtained from the monolayer. 
Briefly, monolayers were first washed with phosphate- 
buffered saline (PBS) co.ltaining 0.5 mM EDTA, then 
with PBS containing 0.1c/,: trypsin and (I.5 mM EDTA, 
detached by gentle scraping with a rubber policeman 
and resuspended in the. conditioned medium. Cells 
were then incubated at 3;~C in a ,  oscillating bath for 
2 -3  h before the experiment. 

The external solutk;ns arc listed in Table I. Unless 
othe~,ise indicated, s tandard Tyrode solution (Soln. A, 
Table I) was superiused at a velocity of 3 ml /min .  It 
was then switched to a Tyrode solution containing 10 
nM E G F  (Collaborative Research, USA). SirJce the 
dish contained about I ml of solution, the change of 
solution was complete in about 1 rain. When ion chan- 
nel or  pump blockers were used, the cells weft= equili- 
brated for several minutes in the solution containing 
the blockers before, switching to a ,solution of the same 
composition with EGr: added. 

Temperature  was 31-33°C. The composition of the 
intraeellular solution used in most experiment~ was the 
following (in mM): KCI, 133; MgCI, ,  3" EG.TA, 0.1; 
Hepes-KOH, 5; NaGTP, 0.4; Na2ATP, 5; I~a2PC, 5. 
pH was 7.3. In some experiments I mM EGTA was 
used, in order  to increase the Ca -'+ buffering capacity; 
in others, ~CI and KOH were replaced equimolarly 
with CsCI and CsOH. 

Whole cell patch clamp recordings were 9erformed 
using electrodes of 3 -8  MOhm impedance connected 
t¢ a Bio-logic RK 300 patch clamp ampl tier. Data  
were digitized and recoroed ol, a VCR -,ideo recorder. 
Off-line analysis of  the dat~. was perfo, '~ed on a 
Hcwlett Packard 9816A computer.  Stimulation ~Jroto- 
cols (square waves and ramies) were generated hy a 
modified Commodore VIC 20 computer.  

TABLE I 

Compositi¢m of external sohaions (raM) 

All ~lulions were buffered to pH 74. 

SoIu- NaCI KCI CaC!. Mg(.I 2 TEA- Na- Glucose 
lion CI ]tepes 
A 154 4 2 I 5 5.5 
B 154 4 - ~ 5 .~.5 
C 18 140 2 I - 5 5.6 
D 134 4 2 I 2II 5 5.5 
E 4 4 2 I 15l) 5 5.5 
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Capacitance measurements were per fo rmed by 
means of analog eompens ttion. 

Charyhdotoxin was from Latoxan (France). 
Values are given as mean a: 5.D. 

Ca 2+ measetrements Results 

Sin#e-cell Ca "-+ mtat¢uremcnts ~ith simultaneous 
electrophysioiogy were performed as previously de- 
scribed [15]. Briefly, suspended cells were loaded with 
fura-2 pcma-,potassium salt through the patch pipette 
by replacing the EG'[A with the dye (1(~;/.tM) in the 
pipette solution; dual excitation (350 and 3g0 nm) was 
performed by means of a filter wheel aiiowing the 
determination of intraccllular Ca .'+ every 50 ms. A 
special spectrophotomet~:r (Cairn Research Ltd,, UK) 
prov ided synchronization and decoding of the emhted 
light and generation of the F350/F380 ratio, accord- 
ing to Grynkievicz et al. [20]. The background fluores- 
cence of each cell was electronically subtracted while 
in cell-attached conditions. Calibration of the fluores- 
cence ratio in terms of Ca 2+ concentration was per- 
formed as indicated by Almers & Neher [21]. In these 
experiments the perfusion was halted and EGF was 

mV A oA/pF 
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applied ritually, i.e. :.t,~ a smaq :onccmratcd drop giving, 
after mixing with the ~,mw,'n b~' ;~ volume, the desired 
final concentration. 

Resting potential and current-voltage < tu. es o f  EGFR. 
TI 7 cells 

In !18 EGFR-TI7 cells studied in the ~,',,)le cell 
configuration with ~igh K * intracellular ~ l u t l . n  the 
rcsting membrane potential was -37.2  +_ 13.-13 inV. 
This value is consistently more negative than the m~e 
reported for human fibroblasts [14], Swi~,; 3T3 cel!s [22j 
and L ceils [?.3]. even if it is less negative than the 
lusting potentiai of ~ ! b / e  3T3 cells [24]. 

In most cells, the resting potential was rather stable; 
a decrease of a few mV was observed in ~ m e  eases 
during the fim¢ (5-10 rain) in which the cells were 
observed under control conditions, b~fore addition of 
EGF to the bath. in 12 cells the resting potential 
showed oscillatior. ~ of a few mV; in three cells these 
oscillations were at ?reatcr amplitude, 2:1 to 41) mV, 

mV 
~°TI. I 

;I I 

-50 .  ~V 

pA/pF" 

160 l 

ii!t L 
Fig. I. t~xamplcs of different time course~ of the ~lectrical response to application at ,0 nM EGF to EGFR-TI7 cells. (A and B) Hyp~:rlX)hlrlzing 
voltage responses recorded in current ¢larrp mnde. (C and D) Outward current r¢,l',onsex recorded in voltage clamp mode at V h = -50  inV. 
Horizontal bar is 2 :nin in A. I rain in ~. C and D. In B and D oscillations are sur:r mlxY-~d ol, the re, avery pha.,~. Large. rapid deflccfi, =ns arc 
voltage ramps applied in order to monitor the r~ V relationship. Small deflections i l  C indicate rapid shifts to the current clamp medc, ix order 
to read zh~ membrane voltage. The first arrow indicates time of application Gf EGP the second arrow (when present) indicates time of re~.urn to 

Tyrod¢ solution without E;,IF. 
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and after application of EGF no definite response 
could Ix: ,~bser','cd. 

Current-voltage ( i / ! " )  curves obtained in control 
conditio~ts by application of  voltagc ramps from a hold- 
ing lew:! o f  - ! 0 0  (or - 50 )  mV to +50 mV were 
nearly linear in all cells investigated (~,ee below). 

The re~'potlse to E G F  with high intent.l  K + 
"i ne effects of E G F  on membrane voltage and cur- 

rents were stndied by switching from the control solu- 
tion (Soln. A, Table I) to a soluiion of  the same 
composition to which 10 nM E G F  was added. 

In 29 EGFR-TI 7 cells investigated in the whole ceil 
current  clamp mode with the 133 mM KCI internal 
solution, application ~7 10 nM E G F  caused, within 1 
min from the change of  solution (see Methods)= a 
ra!her  fast hypcrpolarization (time to pe.~i:. 37.2 ~ 14.6 
s) from a resting value of - 3 0 . 5  ± 9.14 n~V to - 6 9 . 7 6  
± 10.21 mV, followed by a slowcr decay; the voltage 
relurned to the control level in a time th~!t varied from 
few minuter, to 20-30  rain (Fig. IA). f'he maximal 
hyperpolarization obser,~ed was to - 9 5  inV. In 15 of 
th,.~se ce!!~, repe~tted voltage oscillations, that could 
also last. for tens of ntinutes, were superimposed on the 
decay pi~aS¢. DifferePtly from those obser~,ed in human 
fibroblast stimulated with serum or bradykinin [14-16], 
t~ese ose~llations did not h a v c a  spike-like appearance,  
but were in most cases of sinusoidal shape, with ampli- 
tudes rangit:g from few mV to 20-30  mV (Fig. IB). 

The ampGtade of  the voltage response was also 
determined in 22 of the cells studied in :h~: voltage 
clamp mode (see below) by switching for a few seconds 
to ihe e . r r en t  clamp mode at the peak of  the current 
response (Fig. IC). In thcse ceils the average hyper- 
polarization was from - 3 5 . 6  ± 12.34 mV to - 6 6 . 8  ± 
10.8 inV. 

Thirty cells were studied in thc voltage ciamp mode, 
at V h = - 5 0  mV. Some other  cells were kcp! at V h = 
- 2 0 ,  + 2 0  and + 5 0  mV. In all these experir~tents, the 
F'{~F-;.iiggcrcd r~:spon,~e appeared as an outward cur- 
ren~, with ro, tghly the same time course of  the voltage 
response (Fig. IC). 

Ag with voltage responses, in 13 ceils ,~seillations in 
the reco,;ery phas~ of the current rc~p,~-l,~t, were ob- 
sewed (Fig. ID). 

In 21 of  the ceils recorded at V h = - 5 0  mV the cell 
capacitance was also measured; the current density of 
the response ( p e a k -  control level) was 28.9 :J. 16.6 
pA/pF. 

When the external solution was changed back to 
norm~l T~rode during the recovery phase, no change in 
the time couc._~e of the response could be ,~bserved 
(Fi~. I A,C). 

Except for the three ,.ells that  showed large re:,*ing 
voltage oscillations (sec ahoy:),  .the respoa~.- to EGF 
was observed in i00% of the ce!is investigated. 

:,o[ 

V h ffi + 20 mV 

Fig. 2, Simultaneous recording of cytosolic Ca ~+ and membrane 
current, In these experiments I:GF was applied directly to the bath 
as a small drop giving a final concentration of 10 nM, In this ease, 
the drop w.~s aplied 50 s before the beginning of the tr;,ces. Upper 
trace: cS.ro~l,: Ca -'~ concentration: lower trace: outward current at 
V h : 4" 20 mV; rapid deflections in this trace indicate the responses 

to appltcatiom of voltage ramps. 

The role of cytosolic Ca z+ in medEiating the re- 
sponse to EGF was directly verified in some experi- 
ments in which the electrophysioiogical recording was 
coupled to fura-2 microfluorometry on the same ce l l  
~:ig. 2 presents one such experiment: as expected, in 
addition to the outward current  rise, E G F  stimulation 
elicits a simnltaneous Ca z+ elevation. The same result 
was observed in four other  cells; ~.he average basal 
Ca -'+ level was 178 + 43 nM and the peak level was 
1.93 ± 0.76 p.M. 

Two cells were tested in 0 external Ca 2+ (,'/oln. B, 
Table !). In these ceils EGF application induced nor= 
mal hypcrpolarizing responses from - 2 0  to --63 mV 
and from - 1 2  to - 7 7  mV, respectively. 

Tbe oscillations in the recovery phase were observed 
both with ! m M  (I 7 cells) and 0.1 mM E G T A  { 11 cells) 
in the intracellular solution. 

in some cells, I / V  relationships at the peak of tile 
res0onse to E G F  were obtained by applying ramp 
voltages from - 1 0 0  (or - 5 0 )  mV to + 5 0  mV in *.h.; 
voltage clamp experiments, or, in current  clamped ceRs, 
by temporary switching to voltage clamp, with V~ = 
- 1 0 0  mV, and a~plying ramps from - 1 0 0  to -b.~0 
mV, before and at ~he peak of the response to EOF, 
As can be seen in Fig. 3.~, also the EGF-induced 
current  is nearly linear over this voltage range. 

The I / V  curves in control conditions and at the 
peak of  the response shown in Fig. 3A do not cross 
within the voltage range tested. This h;~ppcned in the 
majority of  the ceils investigated: only in two cells, out 
of 18 in which ramps from - 1 0 0  to .~-50 mV were 
applied, the curves did ~ross at voltages between - 9 0  
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Fis. 3. The apparent rever~i o~ient;a: of the EGF-induced current 
is more negative th~n 1/~..(A) I/V curv,:s for the con,ol current 
and the current seen at the peak of the response to EGF applicatioo 
in *he cell of Fig. |C (first and second ramp of Fig. IC). The two 
curves do net cross at all in the voltage range tesled. (B) The 
response to EGF stimulation obsePted at V h = - lilO inV. The r~e:m- 

ins of the deflections is the san~e .is in Fis. I 

and  - I00 mV; in all e ther 'cases  the crossing point was 
apparent ly mudT, more negative than - I00 inV. Since 
the c. 'e~ieg point of  the two cur~es indicates the 
reversal potential for the EGF-induced current,  the 
above finding apparent ly does noc su~port the hypoth- 
esis that  this current  is carr ied by K + ions, since the 
calculated V K in these experiments L,, - 9 3  mV. 

This finding was also confirmed by three additional 
experi~nents performe,l  at  I/h = - I00 mV: in all cases 
a n  um~r- ,d  cui'~eiit w~s ~till observed in response to 
E G F  stimulation, as ~Lown in Fig. 3B. 

Effects of ion substitutions and of blocke~ 
In order  :o clarify the ionic nature of the EGF-in-  

duced current,  ,:xperiments were performed in which 
~he electrochemical gradient  for K + was inverted. ~n~ 
the CI -  gradient was unchanged.  In three experiments 
the s tandard external Tyrode solution was substituted 
with a solution contait~ing 140 mM KCI (Soln. C, Table 
I). After  the membrane potential had reached a value 
of  about 0 mV. a I,'~ of  - 5 0  mV was imposed and 
Soln. B with I0 nM E G F  added  w a s  applied. In all 
three cases, th, ~. response appeared  in the form of an 
inward current  (Fig. 4A), with a time course similar to 
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t h a i  of the ottt~.vard ,current respenses described above 
in s tanda,d  Tyrode solution. 

This observation is qualitatively in agreement with 
:he hypothesis of a response due to a K + current (in 
these conditions V n is more negative than V K) and 
seems to ea':lude the involvement of ~ C!-  current,  
since the clee;rochemical gradJen I for CI-  ts :he same 
as in the experiments with V h = - 5 t )  mV in Tyrode 
,,oluticn. 

Complete substitution of internal K ÷ with Cs + did 
not abolish the voltage response recorded in current  
clamp mt~e  lone ceil), nor the outward current  re- 
se-,onse seen in voltage-clamped ceils (!5 cells; Vh= 
- 5 0  mV- Fig. 4B). in nine of the latter cells, the 
current  density was measmed and the average peak 
value of  the response to E G F  was 16.0 ± 10.4 p A / p F .  
This value was compared with that obtained in the 
same experimental conditions from cells ir.ternally per- 
fused with high K + (Soln. F): 28.9 + 16.6 p A / p F  (21 
cells, see above). The reduction in the amplitude of the 
respons,: observed in the Cs+-perfused cells was statis- 
tically stgnificant (t-test, P < 0.05). The effect of Cs + 
on this current  is less marked than the effect observed 
on serum-induced K + currents in human fibrob!~'~s 
[14i and  in other  CaZ~-activated K* chatmels [25,261. 
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Fi~. 4. Effec;, of ieq 5u~lituti~ns. (A)  Inward current seen in 
response ~,) EGF stimulation at I/i, - -oO mV in a cell bathed in a 
solution containing 140 e~M KCi (Soln. C. Table I). (B) The current 
rcslx)ns¢ ob~ lvcd  at V h ~ -" 50 mY in a cell I'atchcd with a p i lx t te  
in which al l  K + was substituted with Cs*. ~.;,ections are r©sponr~ 

to ramps fT~om - ~ 0 t o  ÷5U inV. 



Some putative K*-channel blockers :were  tested. 
Substitution of the standard Tyrode solution with a 
solution containing 20 mM TEA-CI (Soln. D, Table 1) 
had no effect on the response: in two cells tested 
(V~. = - 5 0  mV) the current densities were of the same 
order  of  magnitude of :hose recorded in normal solu- 
tion (Fig. 5A). In one cell bathed in 150 mM TEA-CI, 
however (Soln. E. Table !), the response was com- 
pletely abolishe~i (not shown), in accordance with pre- 
vious observations in cucette experiments [17]. 

Cha;ylxtotoxin (CbTx), a selective blocker of some 
types of  high-cooductance Ca 2 +-ac*Avatcd K ~ channels 
[.27], had a blocking effect on the EG~:-induced electric 
events. App.~ication of 50 nM ChTx strongly reduced 
t~:  response ,'.o F. G F  (3-6  p A / p F  at V h = - 5 0  mV; 
five cells, Fig. 5B). Accordingly, in current-clamp mode, 
a hyperpoh~rization of  only few mV wa~ ,~'~served (not 
shown). 

The response to EGF stimulation recorded J~om sus- 
pended cells 

The data presented above, while being in qualitative 
accordance with the hypothesis that E G F  elicits a 
Ca2*-aetivated K ~ current  in EGFR-TI7  cells, show, 
hnwever, several discrepancies from this :,.ssumption. 
Two possible ways of solving this problem were tested. 

20 t 9o [ 

pA/pr 60.30 
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' -2O " " ~  " ~ - - ' ~ - - ' ~ ' ~ - -  

_40t I m;n 

• ~ig. 5. EItects of i¢." channel blockers. (A) Outward EOF-inducud 
uuffcnl SCUll at V h ~ --50 mV with 20 ruM TEA-C~ [n the external 
so~utlon, tB) The ruspon~c ~n FGF application obsert i.d at V h - -50 
mV in the presence of 5P, nM chat'ybdotoxin tCh'lx). ,u they ~'x!er,al 
solution Deflexions: responds to ramps from -50 to +50 My in A, 

to ramps from - 100 to + 50 mV in B. 
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Fi~. 6. The icspon~ to EGF stimulation re.'orded groin a suspcn4ed 
cull. (A) Hyperpolarization observed in current clamp mode. (B) 
I /V  cuous from the first two ramps of A {urJdur rcstie.g conditions 

and at the peak of the response). 

The first arises from the fact that, in flat at tached 
cells like the ones used in the above experiments, the 
control of  membrane voltage in voltage clamp mode 
and the degree of  internal perfusion may not be com- 
plete: this could account for the residual outward cur- 
rent observed at V h a round - 1 0 0  mV, and  for the 
relatively weak blocking effect of int=l Hal Cs'~. 

To test this possibility, three experiments were per- 
formed with suspended cells; in these conditions, a 
better  voltage control can be achieved. Fig. 6A shows 
the hyperpolarizing response observed in one of these 
experimenis, while in Fig. 6B the i / V  curves in control 
conditions end at thv peak of  the response are plotted; 
in this case, too, they do not cross within the spanned 
• ,,ullage range. Similar resu~t~ were obtained frot~l tile 
other  two cells. They do not differ from those obtained 
with fiat cells; therefore, the exceptionally negative 
reversal potential of the EGF-induced current  is not an 
artifact arising from I~or  vo rage control. 

The second possible explanation assumes that the 
ionic current elicited in EGFR-TI7  cells in response to 
E G F  is made of two components: a CaZ+-activated K + 
current  aad  a second one, with a more negative rever- 
sal potenti=L 



Effects of  oual, ain on the response to EGF 
It is known that  one of  the early events triggered by 

growth factors in many cells types is the activation of 
the N a + / K  + pump [2,6], and that the reveisal poten- 
tial of  this pump is to be placed at voltages markedly 
more negative than Vg [28]. Therefore,  in a series of 
experiments 2 / z M  ouabain wa~ added to the s tandard 
Tyrode solution. 

In five cells kept at V h = - - 5 0  mV, an outward 
current  was observetl after  application of  E G F  (F!g. 
7A), with amplitude and  time course similar to those 
seen in the absence of  ouaL, ain; in these conditions, 
however, the l / V  curves obtained from ramps from 
- 1 0 0  to + 5 0  mV crossed at voltages between - 9 0  

I i  
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Fig. 7. The effect of 2 ~.M ouabain in the es~.eroal medium. (A) 
Outw~ current reco:ded at Vh~--50 mV in response to EGF 
stimulation. Large deflections are responses to l'amps from - 100 to 

~0 inV. (B) I /V  curves from A under control conditions and at 
the peak oi the re,0onse (first two ramps ~P A). The reversa| 
~:.:;,~,,tiui ot the t:GF-inducod current (given by the crossing poi.':t of 
the two curves) is - ~5 inV. (C) The recordin$ from one experiment 
at I.'~. ~ -50 mV ia which EGF was added after $0 nM ChTx+ 2 ~.M 
ouahein. Note th, ebsence of a detectable response in terms of an 

outward current. 
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and - 100 mV (Fig. "B). Average reversal pot¢~ttial for 
the five ceils investigated was - 96.6 + 3.2 mV 

In five experiments ocrformed with the addition of 2 
/.tM ouahain together  with 50 nM ChTx, no respense. 
could be observed after  application of EGF (Fig. 7C), 
differently from the finding of a small residual re- 
sponse in 50 nM ChTx a!e le. 

iMscussion 

The data  presented ~, this paper,  obtained frown 
single cell recordings comhPtcd with fura-2 me.a.~ure- 
me~.ts of [CaZ+]i c:,uuges, whiff" co~nlirming the previ- 
ous observations [17] that  EOF stimalati~n induces a 
strong ~y-oerpolarizing response in EGFR-TI7  fibre- 
blasts, show that this response can Ix- ascribed '~o the 
activation t,i" two currents: a Ca2+-acttvated K ~ cur- 
rent, and a second component,  carried by the 
N a + / g + - A T P a s e ,  whose activity is known to be ele- 
vated, as a second~:ry effect of mitogen .~:;~nulatlota, 
through the activation of  the Na+/l-!  + antiporter  [2]. 
This is the first direct experimental evidence, at  least 
at  the .tingle cell level, o[  the. involvement of a ca.-tier- 
mediated current  in the electrical res'" )nse of  fibre- 
blast:  and  other  cell types to $,'owth factor stimulation. 
The conductance changes can be observed at voltages 
(e.g. - 5 0  mV) that  are dose  to the resting potential of  
these cells. 

Hyperpolarizing responses, generated by outward 
currents  through Ca2+-activated K + channels, have 
been observed in several cell lines stimulated with 
different mitogens, following the cytosolic Ca 2+ rise 
due to receptor-mediated phosphoinositide hydrolysis 
and  the consequent inositoi trisphosphate-indoced 
Ca 2+ release from internal stores. In some cases 
[4,14,15,17] these responses were the only eicctrkal  
event tha~ could be recorde I following mitogen stimu- 
lation. In others, how~,er, [7,8,29] they were as.c~ciated 
will', other  electrical ev~.nts (a depolarizing response o r  
an  inw=rd current). In our  case, too, t s,o components 
can be separated: ho~,ever, differently from the obser- 
vations , 'cportcd above, the two com t~onent~ converge 
in p ~ d u c i n g  a hyperpolarizing response. 

The first componen'~, tha*~ c.:,,~ l~  isolated by block- 
ing the second one wit!! ouabain, can t~  ascribed to a 
Ca2+-activated K ÷ current  on Ihe basis of  the f¢!L~,.ving 
evidence: (i) a conspicuous [Ca 2 ~]i rise can be ob- 
served simultaneously to the current: (ii) it is blocked 
by ChTx, a potent  blocker of seve~;I types (,f Ca 2+- 
activated K + channels [25,27]; (iii) its reversal potential 
is very close to i/g; (iv) reversing the K + e-'.ectrocbemi- 
eal gradient  a~ V h = - 5 0  mV (without modifying *.be 
CI-  gradient)  causes the current  to change direction, 
from outward to inward. 

An unexpected f i ,d ing of our investigation is that  
thls e , r r en t  has properties that  are quite dlffere~lt from 
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the curfew.t, induced by several agonists, observed in 
human fibroblasts [14-16]: while the current observed 
in these cells shows a high degree of outward rcctifica- 
lion, in our case the I/V relationship for the EGF-in- 
dueed K + current ;s nearly linear in the voltage range 
tested. - 100 mV to +50 mV. Moreovvr, ds reversal 
potential is very close In V~, ditferenti.v from the 
reversal poter~i'~! of the c ,  rrent reported in human 
fibroblasts [14], that appears to he less well defined, 
and in any case more positive, imp!~,:ng a~, involvement 
of other ions in ,adition to K +. Complete subs!itution 
of K ~ with Cs + in the intracellular solution completely 
abolished the mitog,~n-induced response in human fi- 
broblasts [14], bu! only reduced it in our e~periments. 
It is known that Ca2+-activat.ed K + channels show 
different degree.' of permeability (o Cs* ions [25]. 
alternatively, tkis difference could be due to the fact 
that our experiments with high [Cs+]i have t, een per- 
formed on very flat. dish-attached cells, in which sub- 
• -.'titu!;on of cyto.'.:oJ.ic K ~ w[~h pipette Cs + may not be 
complete. It must bc noted thai this possibility should 
not impair the estimation of the reversal potential 
obtained in high internal K +, since the K + conccu~.ra- 
tion of the intracc!lular solution (see Materials and 
Methods) is very close to the normal [K+L of :a.~,W 
fibroblast cells [30]. 

It is known [25] that high-conductance Ca -'+- 
activated K + channels (BK channelb) show voltage 
dependence, while intermediate conductance (IK) 
channcl.~ may be voltage-insensitive. Moreover, ChTx 
~cnsitivity is different m the two classes: u 50% block 
can be obtained in some BK channels with 3 aM ChTx, 
while a i0-fold higher concentration is needeg to ob- 
tain the same effect on Ig. channels [25]. On the [,:.a,[3 
of these obsevv~:.*ions, tP:e current described in this 
paper can be ascribed to the activation of a class of 
IK-type C~2+-activated K + channels. The EGF-in- 
dueed Ca2+ activated K '  current oescribed in our e~- 
periments appears therefore tO fl(y,v through an ionic 
channel quite different from the PDGF- and 
bradykinin-activated channel of human fibroblasts [14- 
16]. "lhis difference could be du~ to the different 
mitogens used, or, more likely, reflect a difference in 
membrane conductance properties between human and 
mouse fibroblasts. A more detailed comparative analy- 
sis on different cell lines could help ~:. cla, ifs ilds issue. 

The second com,.-.'vnent of the hyperpolarizing re- 
sponse appears to be due to the activation of the 
N a ' / K  + pamp. It has been known for a long time, 
since me experiments of Rozengurt and Heppel [31], 
that gr,~wth factors accelerate the operation of this 
pump. "['his activation is an indirect one, in response to 
the Na ~ influx carried by the N a + / H  + antiporter, 
activated by growth factors through the diacyl~lycerol- 
protein kinase C pathway [2]. in our experinlents, 2 
,tiM ouabain blocks the outward current ~hat is still 

present at V h = - 100 mV, i.e. at voltages slightly more 
nc~,:,ti;e than Vg, and cannot therefore be attributed 
to outward charge flux through K + channels. The 
contribution of tl'~is mechanism to the hyperpolarizing 
response, albeit small, may be relevant to !is mainte- 
nance for rather long times (see below). No clear 
evidence for the presence of such a current has been 
found in whole-cell recordings Irom human fibroblasts 
[14-16]: it must be remembered that EGFR-TI7 cells 
!~ave a high density of receptors ¢3.10"~/cell; [19]) for 
the specific growth faclor used in these ~xperiments, 
EGF, and that all the responses in these cells ([Ca:'~]i 
rise, amplitude of the hyperpolarizing response) appear 
to be quite strong. 

In our experiments, no evidence has been obtained 
that EGF stimulation induces an inward, depolarizing 
current in addition to the outward current, carried by 
K+ ions, even when the latter is partially or totally 
abolished by ChTx or ChTx plus ouabain. This finding 
differs from the observations by Magni et al. [29], 
obtained in cell suspension experiments with voltage- 
sensitive dyes on the same cell line. in those experi- 
menls, ~hen gie hyperpolarizing component was ab,d- 
ished o r  greatly reduced, ~: s!able depolariza*.ion could 
be revealed. On the basis of ion substitution experi- 
ments it was concluded that this depolarization was 
due to the opening of cation channels permeable to 
both Na + and Ca 2+. it has been shown by several 
authors using non-electrophysiological techniques (e.g. 
Refs. 3, 12 and 13) d~at the [Ca2+] i rise seen in 
response to mitogen stimulation is also caused by Cz 2+ 
influx through membrane channels, in addition to re- 
lease from i~ternal stores; on the other hand, the 
opening of Na ~- and Ca2+-pcrmeable cation channels 
in response to mitogen stitaulation has been reported 
in several cell lines [9-11]. One possible explanation of 
the discrepancies between our data r, nd the findings of 
M:.~gni et al. [29] is that some unknown internal mes- 
s,-nger may be involved in the activation of the depolar- 
i:in~' c,rreut:  in whole-cell patch clamp experiments, 
interz~al perfusion of the cells witl', the pipette solution 
may w~sh away this substance. 

As reported belore [4,17], the hypcrpolarizing re- 
sponse, a~d the k,idc currents tttat generate it, can last 
as long as the longest re,.'ordings that have been per- 
formed ffrom 20 to 30 rain, in our conditions), and 
.~how in many cases an oscil!a'..ing behavior. These 
oscillations az." linked to o~cil!ations of [Ca2*]i, [n 
analogy with what has t~een reported for human fibro- 
blasts [15]. The data presented in th!:~, paper, obtained 
from a much larger number of cells, provide clear 
experimental evidence for a hetezogeneity in the re- 
sponse: only about 50% of the cells tested showed an 
oscillating response. This flndi.ng co,!!d be due ta the 
presence of subpopulations of cells, or to other un- 
known factors; further investigatio~ is needed to solve 



this issue. It must be noted that, differently from the 
obselvation by Berridg¢ [32], calcium oscillations in 
non excitable cells are usually spike-like, while those 
obselved in excitable cells have a sinusoidal behavior, 
in our t~xpe;~ments the voltage or current oscillations 
obse~ed in response to EGF stimulation are usually of 
sinusoidal shape. 

in some cells we have obse,wed oscillations in mem- 
brane voltage (or current) in control, unstimulated 
conditions. Generally, these oscillations were of small 
amplitude (a few mV). but in three cases they were of 
the same order of magnitude as the n:sponse to EGF, 
even if slower. The observation that iibroblast cells " " 
culture may show spontaneous voltage oscillatio~ 
not new [331, and it has been thc object of controvei 
sies (e.g. Refs. 34 and 3s). Our data, together with 
previous exeerinients on Balb/c  3T3 cells [24] indicate 
that in the grea: majority of the cells investigated the 
membrane potential in control conditions is rather 
stable; the voltage oscillations seen in some cells may 
-'-rise from spontaneous oscillations in [Ca2+],, due to 
some unknown mechanism. This finding point.,: again 
to the problem of the possible helerogeneity of  cell 
popolatioas in culture. Usually, data oblained from 
experiinents on the whole dish or cuvette are consid- 
ered as arising |rum an nniform cell population; how- 
ever, suhpopulations may be present, with different 
behaviour and properties~ thus complicating the pic- 
ture. 

Finally, an important question to be asked is if these 
electrical resp,~n~es may have any role in ~be progres- 
sion of cells frc, m a quie~ent  state to mitosis. It has 
been observed [4] that up to now no definite proof 
exists for a role of these 'early' events in the progres- 
sion of the cell cycle; .~owever, as reported before, in 
EGFR-TI7 cells [4,17] and human fibrublasts [14] the 
hy~crpolariz!~g response and the ionic currents that 
generate it can last as long as the long,~st recordings 
that have been performed (20 to 40 miu) and show in 
many cases an oscillating bekavior, linked to [Ca2"]i 
oscillations. In other preparations [36] [t has bccn 
shown that [Ca2+]t oscillations can last /or sewral 
hours. Thus these events can cover a time span ccmpa- 
rable with the time scale of the processes that lead to 
DNA syutbesis and cell division. Moreover, it has been 
proposed [3] that the calcium oscillations semi in many 
cell types in response to agonist stimulation may have a 
role in frequency coding of information relevant to the 
cell metabolism and growth; electrical events could 
play a similar role. 

Apart from other possible roles, a strong and sus- 
tained hyperpolarization could be important in increas- 
ing the electrochemical gradient for ion exchangers, 
like the Na~' /H ÷ antiportez, crucial in the signal cas- 
cade Ihat leads to ceil proliferation after mitogen stim- 
• ';lat~on [2], 

8i 

Acknowledgements 

We are thankful to Dr L. Becluinot and Prof. J. 
Meldolesi for providing tLe cell line and for helpful 
advice, to Dr. Renzo ~ ' ~  ft,- his help in data analysis 
and for designing the stimulator, to Dario Meandri and 
Sergio Bianco for technical assist~,nce. This work has 
been supposed by grants from AIRC and CNR to 
F.M.B., and by grants from MURST (60% fund~) apd 
GNCB-CNR to D.L  

References 

! Moc,lenaar, W.H., Defize. L.H.K and De !~at, S.~/. 11986) J. 
Exp. BioL 17.4, 357 373. 

2 Sc, itoff, S.p. and Cantley. L.C. (1988) Annu. Rt.w. Physiol. 5,Q, 
207-223. 

3 Berridge. MJ. and hwine, R.F. 0989) Nature 341, 197-205. 
4 Pandiella, A., Magni, M., Lovisoio0 D., Peges, A. and McMole~i, 

J. (199!1) in Growth Fa.'tors: From Genes to Chaical AppL~ations 
(Sara, V.R. Hall, K. and Low, H., eds.), pp. 117-127, Raven 
Press. New York. 

5 Rothenberg, P.. Reuss, L. and Giaser, L (1982) Proc. NatL Acad. 
Sci. USA 79. 7783-7787. 

b Moolenaar, W.H. and De t.~at, S.W. (1985) in Mechaldsms of 
Receptor Regulation (Postc, G. and Crooke. S.T., eds.), pp. 
131-147. Plenum Press, New 'York and Loacon. 

7 Moolenaar, W.H,. Mummew, C.L., VAn Der Saag. P.T. lnd De 
Laat, S.V.'. {!981) Cell 23, 789-7q8. 

8 Brown, B.A. and Higashida, IL (1988)J. Physiol. (London} 397, 
167-184. 

q Frace, A.M. and Gargus, JJ. (1989) Proc. Natl. Acad. Sci. USA 
86, 2511-2515. 

I0 Chapron, f., Cochet, C.. Croup, S., $ullien, T., Keram;4as, M. 
and Verdetti. 1. (1~49) Biochem. Biophys. Res. Common. 158, 
.¢27-533. 

II Matsunaga, H.0 Nishimoto, L, Kojima, L, Yamashita, N., 
Kurokawa, K. and Ogata0 E. (Iq~8) Am. J. PhysioL 255 (Cell 
Physiol. 24), C-I.42-C446. 

i2 Moolenaar, W.H., Aetls. R.J., Tertoolen, LGA. and De Laat, 
S.W. 0986) t. Biol. Chem. 261,279-284. 

13 Pandielb, A.. Malgaro|i, A, Meldotesl. J. and Vicentini, L.M. 
(1°~7) ~xp. Cel! Res. 170, 175-18,~, 

14 Palloua, T md Peres. A. 11989) J. Ph3~siol. (Londou~ 416, . ~ -  
599. 

If Fores, A. and Giovannardi, S. (1990) FEBS Let!. 261, 35-38. 
16 Perks, A., Racca, C., Ziw.el, R. and Slnrani. E. {!~0) Euf. J. 

C~ :1 Biol. 53, 2"~-295. 
17 Pandi¢lla, A., Magni, M., tovi~io, D. and Meldolesi, J, (1989)J. 

Biol. Chem. 264, 12914-12921. 
18 Carpenter, G. and Cohen, S. (19¢~1) J. BIOL Chem. 265. 7709-7712. 
i9 Veio. T..L, Ikgui;|ot. L, Vass, W.C.. ~dlin~ham. M.C., Merlino, 

G.T., Pa.,,tan, I. and Lo~. D.R. (1987) ,Selectee Dg, 1408-1410. 
20 Grynkievicz, G., POoh/e, M. and Tsien. R.Y. ( 1985},L BioL Chem. 

260, .~140-3450. 
21 Aimers, W. and r'~cher, E. (1985) FEBS LeU. 192, 13-.'8. 

Pores, A.. Zippel, R., Stu~m. E. and Mostacciuoio, C.. (1988) 
Pflllgers Arch. 411, 554-557. 

23 HosoV. S. and 51agma~. C.L (1985) L Physiol. (London) 367, 
267-2¢,'0. 

24 Lovlsoio, D., Alioani, G., B.melli, G.. Baccino. F,M. and Tcssi- 
tore, L. (19~8) PiillSer~ Arch. 412, 530-534. 

~5 Cozily. N.A., Hayle!L D.(, and Jcnkinson, D.H. (1989) Trends 
Heuro~i 12; 59-65. 



26 Laton'e. R.. Oberhauser, A.. Lal~arca. P and Alvarez. O. (1989,) 
Annu. Rev. Physiol 51. 385-399. 

27 Miller. C., Moczydiowski. E.. Latoi're. R. and Phillips. M. (1985) 
Nature 313, 316-318. 

28 Ap¢ll. HJ .  (l.cgo) Curren~ Opinion Cel[ Biol. 2. 7(~-713. 
29 Magni. M., Meldolesi, J. and Pandiclla. A. (1991) J. Biol. Chem. 

266. 6329-6335. 
Spaggiare, S., Wallach. M.J. and "l'uppcz, J.T. (1976) J. Cell 
Physiol. 89. 403-416. 

31 Rozenguri. E. and I-|¢pp¢l. L.A. (19'75) Proc. Nail. Acad. S¢i. 
USA 72, 4492-4495. 

32 B~.rridge, M.J. (19~0) J. Biol. Chem. 265. 9583-9586. 
33 Okada, Y., Doida. Y.. Roy. G., Tsuchiya° W., |nouy¢, K. and 

Inouiye, A. (19~'7) J. Membr. Biol. 35. 319-335. 
34 Ince, C.0 Lejih, P.CJ., Mejier, J., Van B,vel F. and ypcy, D ! .  

(1984) J. Physiol. (London) 352, 52.5-035. 
3.50iki. S. and Okada, Y. (1988) J. Membr. Biol. 105. 23-32. 
36 Culhber=.on, K.S.R. and Cobbold, P.H. (1985; ~ Nature 316, 541- 

542. 


