
ELSEVIER Biochimica et Biophysica Acta 1191 (1994) 205-208 

BB 
Biochi ~mie~a et Biophysica Acta 

The stretch-activated ion channel blocker gadolinium also blocks L-type 
calcium channels in isolated ventricular myocytes of the guinea-pig 

Alain Lacampagne, Francois Gannier, Jorge Argibay, Didier Garnier *, 
Jean-Yves Le Guennec 

Laboratoire de Physiologie des Cellules Cardiaques et Vasculaires, EP21 CNRS, Parc de Grandmont, Facult~ des Sciences, 37200 Tours, France 

(Received 8 November 1993) 

Abstract 

We show that gadolinium (Gd 3+) is a potent calcium channel blocker in guinea-pig isolated ventricular myocytes. A 
dose-dependent inhibition of ICaL was found with an ECs0 of 1.4 ~zM and a complete inhibition at 10 p~M Gd 3÷. When 
compared with Cd 2+, it appeared that the blockade of IcaL is a complex phenomenon probably involving more than one site of 
interaction (a Hill coefficient of 1.6 was found for Gd 3+ vs. 1.0 for Cd2+). It is concluded that Gd 3+ ions completely block IcaL 
at concentrations used to block stretch-activated channels (SAC), rendering its use as a specific SAC inhibitor problematic. 
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1. Introduction 

Gadolinium is considered to be the most potent and 
specific stretch-activated channel (SAC) blocker [1]. 
Stretch-induced increase of resting intracellular cal- 
cium was found in different preparations such as 
smooth muscle cells [2], cultured chick cardiac ceils [3] 
or endothelial cells [4]. SAC seem to be involved in this 
phenomenon since it is blocked by 10-20 /zM Gd 3+. 
As a lanthanide cationic trivalent ion, Gd 3+ may also 
interact with calcium channels. To our knowledge, 
there are only three electrophysiological studies on the 
effects of Gd 3+ on the calcium currents (/Ca) and the 
results are contradictory. 10 /~M Gd 3÷ was found to 
selectively inhibit an Ica which shared some common 
properties with the N-type /Ca in neuronal cells while 
L- and T-type /Ca were  not affected [5]. Opposing this, 
it was found that 5 /xM Gd 3÷ inhibited completely L- 
and T-type /Ca in pituitary cells [6]. A partial inhibition 
of L-type /Ca by 10 and 50 /xM Gd 3+ in cultured rat 
cardiac ventricular myocytes was also observed [7]. 
These discrepancies may be due to the different cell 
type. Studies in this laboratory involve the effects of 
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stretch upon single isolated ventricular myocytes [8,9] 
and so it was important for us to determine whether 
Gd 3+ may influence other channels. Thus, we studied 
the effects of Gd 3+ on L-type /Ca of isolated guinea-pig 
cardiac ventricular cells. A blockade of the current has 
been found and compared to the inhibition induced by 
cadmium which is a reference inorganic calcium chan- 
nel blocker [10]. 

2. Materials and methods 

Single ventricular myocytes were isolated as de- 
scribed elsewhere [11]. Isolated cells were placed in a 1 
ml perpex chamber  on the stage of an inverted micro- 
scope (CK 2, Olympus, Japan). The chamber was con- 
tinuously perfused at a rate of 1 m l . m i n - t  with a 
' s tandard '  Tyrode solution (in mM): 140 NaCI, 5.4 KC1, 
1 MgC12, 1.8 CaC12, 11 glucose, 0.33 N a H 2 P O  4, 10 
Hepes;  pH adjusted to 7.3 with NaOH.  

Whole-cell voltage clamp experiments were con- 
ducted using a patch-clamp amplifier (Biologic RK 
300, Grenoble,  France). Cells were internally perfused 
with the intracellular solution (in mM): 125 CsC1, 5 
ATP-Mg, 11 Hepes,  10 E G T A  (ethylene glycol bis(/3- 
aminoethyl ether)-N,N,N',N'-tetraacetic acid); pH ad- 
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j u s t ed  to 7.1 with CsOH.  To e l imina te  ion cur ren t s  
o the r  than  /Ca, ceils were  supe r fused  (18 Izl" min -1)  
with an ex t race l lu la r  solut ion ( T E A - C s  solut ion),  where  
Na  ÷ ions were  subs t i tu ted  by t e t r a e t h y l a m m o n i u m  
( T E A )  and K ÷ ions r ep l aced  by Cs ÷ ions (in mM):  140 
TEA-CI ,  6 CsCI, 1 MgC12, 1.8 CaC12, 11 glucose,  10 
Hepes ;  p H  ad jus ted  to 7.3 with T E A - O H .  Tes t  solu- 
t ions were  app l i ed  to the  cell by microcapi l la r ies .  Less 
than  10 s were  n e e d e d  to comple te ly  change  the super-  
fusing solut ion a round  a cell. GdCI  3 (Aldr ich ,  F r an c e )  
and  CdCI 2 (Sigma, F rance )  were  p r e p a r e d  as 2 m M  
stock solut ions  in dis t i l led  wa te r  and  d i lu ted  in the  
T E A - C s  solut ion,  at the  final concen t ra t ions  as men-  
t ioned  in the  text. 

/ca was e l ic i ted  with 300 ms depo la r i z ing  pulses  to 0 
mV from a ho ld ing  po ten t i a l  of  - 8 0  mV at a s t imula-  
t ion f requency  of  0.1 Hz. ]Ca w a s  m e a s u r e d  as the  
d i f fe rence  be tween  p e a k  inward  cu r ren t  and  the  cur-  
ren t  at the  end of  the  depo la r i z ing  pulse.  The  t e m p e r a -  
ture  at which expe r imen t s  were  p e r f o r m e d  (26-27°C)  
and the ca lc ium concen t ra t ion  used  in this s tudy (1.8 
m M )  led us to reasonab ly  assume tha t  this Ica is 
mainly  cons t i tu ted  by Ica L [12]. This  is conf i rmed  by 
the lack of  shou lde r  at negat ive  vol tages  on the I - V  

curve shown on Fig. 2B. The  pro toco l  to bui ld  the  I - V  

curves was the  following: at a ho ld ing  po ten t i a l  of  - 80 
mV, 25 depo la r i z ing  pulses  of  500 ms f rom - 6 0  to 60 
mV, with a 5 mV interval ,  were  app l i ed  to the  cell with 
an in te rpu lse  du ra t ion  of  6 s. F o r  each  cell,  the  capaci -  
t ance  was d e t e r m i n e d  and  cur ren t s  were  expressed  in 
cu r ren t  density.  The  capac i t ance  was 125 + 7 p F  (mean  
+ S.E., n = 26 cells). U n d e r  s teady-s ta te ,  /ca L had  a 
cu r ren t  densi ty  of  - 7 . 3  + 0.7 p A / p F .  

Es t ima tes  of  ECs0, Hil l  coeff ic ients  and  l ines on 
g raph  were  o b t a i n e d  by f i t t ing indiv idual  da t a  with an 
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Fig. 1. Effects of 10 ~M Gd 3+ on /caL' (c) represents the control 
current (in TEA-Cs solution without Gd 3+). (1), (2) and (3) are the 
stimulation numbers after application of Gd 3+. (ss) represents 
steady-state current (6th depolarization after application of 10 ~M 
Gd 3+ ). Complete inhibition was found in 6 out of 7 cells. For ] cell, 
there was 95% inhibition. 
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Fig. 2. Dose-dependence of the inhibitory effect of Gd 3+ o n  /CAL" 

(A) Evolution with time of the amplitude of ICaL density in control 
conditions and during application of two concentrations of Gd 3 +: 0.5 
and 2 /~M. The inset shows steady-state currents at the different 
concentrations: a: control current, b: 0.5/xM Gd 3+, c: 2 ~tM Gd 3+. 
(B) I - V  curves of ICaL density in control (circle) and with 0.5 
(square) and 2 #M (triangle) Gd 3+. (C) Dose-response curve of the 
inhibitory effect of Gd 3+ on /CAL" A Hill coefficient p of 1.6 and an 
ECs0 of 1.4/zM were determined from the fitting. Numbers between 
brackets indicate the number of cells studied at each concentration. 

unweighted  non- l inea r  l eas t - square  a lgor i thm to the  
following equat ion:  

= 100 + 1 0 0 / ( ( 1  + ( [ I ] / E C s 0 ) P )  Ica/Iea,.~., 

where  I r ep resen t s  the  ca lc ium channel  b locker  con- 
cen t ra t ion ,  p the  Hill  coeff ic ient  and  ECs0 the concen-  
t ra t ion  of  b locker  inducing  an half  inhibi t ion o f / c a .  
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Statistical compar isons  were analysed using an un- 
paired non-paramet r ic  test (Mann-Whi tney  U). Re-  
suits are expressed as mean  + S.E., and P < 0.05 was 
considered significant. 

3. Results 

Effects of  Gd 3 + on Ica L 
We first tested the effects of  10 tzM Gd 3+ on ICaL, 

and as can be seen on Fig. 1, the current  is completely 
blocked after a few depolar izat ions (here the 6th). This 
effect was dependen t  upon  the concentra t ion of  Gd  3+ 
(Fig. 2A). The  effect of  Gd  3+ was completely re- 
versible except when a Gd  3+ concentra t ion of  1 0 / ~ M  
was applied for more  than 3 min. Fig. 2B illustrates 
that  there  was no significant shift of  the I - V  curves 
during application o f  0.5 and 2 txM Gd 3+. To quantify 
more  precisely this concent ra t ion  dependen t  inhibition 
of  ICaL by Gd  3+, a dose - r e sponse  curve  is shown on 
Fig. 2C. 
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Fig. 3. Dose-dependence  of the inhibitory effect of Cd 2+ on /CAL" 
(A) Temporal evolution of the amplitude of IcaL density in control 
conditions and during application of two concentrations of Cd2+: 5 
and 100 p,M. The inset shows steady-state currents obtained in 
control condition (a), during application of 5/zM Cd 2+ (b) and 100 
/zM Cd 2+ (c). (B) Dose-response curve of the inhibitory effect of 
Cd 2+ on lc, L. A Hill coefficient of 1.0 and an ECs0 of 4.1/zM were 
determined. Numbers between brackets indicate the number of cells 
studied at each concentration. 
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Fig. 4. Testing the use-dependence of the effect of Gd 3÷ on /CAL. 
Since the kinetics of block followed the same pat tern whatever the 
concentration of Gd 3+ used (1, 2, 5 or 10 p.M) and since no 
statistical differences were found between results obtained at the 
different concentrations, the results were pooled. Squares represent  
the evolution of the effect of Gd 3+ without interrupting the st imulus 
protocol (n = 21 pooled results, upper  part of the inset). The effect 
was normalized to the maximal inhibitory effect in each experiment. 
Circles represents  the evolution of the effect of Gd 3+ upon resump- 
tion of the st imulus protocol after 1 min rest in the presence of 
Gd 3+ (5 cells pooled from 3 cells in 2 / z M  and 2 cells in 5 /xM Gd 3÷, 
lower part of the inset). The  difference between Ica L in presence 
and in absence of Gd 3+, to remove any possible effect of rest on 
/CaL, was normalized to the maximal inhibitory effect in each experi- 
ment.  

Comparison with the blocking effect of  C d  2 + 

Inhibit ion of  ICaL by Cd 2+ was examined for com- 
parison with the responses to Gd 3 +. Af ter  breaking the 
patch, a run-up of  ICaL w a s  seen sometimes [13] and it 
was the case of  the cell shown in Fig. 3A. W h e n  the 
steady state of  the control  currrent  was reached,  appli- 
cation of  Cd 2÷ induced an immediate  partial (5 tzM) 
or  complete  (100 IzM) blockade of  /CAL" The  d o s e - r e -  
sponse curve for Cd 2+ is shown on Fig. 3B. 

As shown on Figs. 1 and 2A, the blockade of  ICaL 
by Gd 3+ is not instantaneaous.  This is not  due to the 
speed of  solution changing a round  the cell since, as 
shown on Fig. 3A, under  the same conditions, the 
inhibitory effect of  Cd 2÷ was faster than the resolution 
of  the experimental  protocol  ( <  10 s). We therefore  
assumed that, as already suggested [6], Gd  3÷ may need 
a depolar izat ion to exert its effects. To test this as- 
sumption,  knowing that  maximal blockade at each dose 
was reached in about  1 min (50 + 20 s), we per formed 
the experiments  shown in Fig. 4. The results show little 
or  no obvious need  of  depolar izat ion for Gd  3÷ to block 

ICaL • 

4. Discussion 

The main finding of  this study is that  Gd  3 + is a very 
potent  blocker of  the cardiac L-type calcium channel.  
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This contradicts the results obtained by Sadoshima et 
al. [7]. At  least two explanations can be given for this 
difference: (1) different species (rat vs. guinea-pig). (2) 
the presence of  Na ÷ ions in the bathing solution and 
the voltage-clamp protocol  used to study Ica (pulses 
from - 6 0  to 0 mV) by Sadoshima et al. [7] makes 
likely that  there was a contaminat ion of  Ic~ by INa. Its 
inhibitory effect upon  Ic~ L is comparable  in some 
aspects to the one observed on pituitary cells [6]. The  
main difference seems to be localized in the need  or 
not of  a depolarization. Biagy & Enyear t  [6] found that 
the blocking effect was much stronger with longer 
depolarizations. We have not per formed exactly the 
same experiments but we found that a 1 min rest f rom 
stimulation allowed a blockade of  ICaL which is, if not  
complete,  at least comparable  to that  recorded  40 -50  s 
after the cell was superfused by a solution-containing 
Gd 3+ during a maintained train of  stimuli. Docher ty  
[5], working on a neuroblas toma cell line, did not find 
any blocking effect of  Gd  3+, at the same concentra t ion 
range, on L-type calcium channels  but rather  a specific 
inhibition of  N-type calcium current.  This may be ex- 
plained by differences in calcium channels  in heart  and 
neurone  [14,15]. 

When  compar ing the dose - r e sponse  curves of  Cd 2+ 
and Gd 3+, a difference was found in the Hill coeffi- 
cient (1.0 for Cd 2+ and 1.6 for Gd3+). For  Gd 3+, the 
result agrees with the two interaction sites found for 
the inhibition of  contract ion of  guinea-pig papillary 
muscle by lan thanum [16]. This observation, together  
with the difference in kinetics of  Ic~ L indicate that the 
mechanism of blockade by Gd 3 + is more  complex than 
the 1 :1  interaction found for Cd 2+. A screening of  
surface charges does not appear  to be a good explana- 
tion for the inhibition of  Ic~ L by Gd 3+ for at least 
three reasons: (1) the concentra t ions  needed  to block 
Ic,,L are much lower in compar ison with the external 
calcium concentrat ion.  (2) There  was no significant 
shift of  the I - V  curves (see Fig. 2B). (3) Dur ing the 
development  of  the inhibition, no shift of  the time to 
peak of  the current  was seen (see Fig. 1). 

Gd 3+ is a more  potent  Ic~ L blocker than is Cd 2+ 
(ECs0 of  1 .4 /zM vs. 4 .1 /xM for Cd2+). However,  it has 
some propert ies  which may render  it less useful than 
Cd 2+. The blockade is not instantaneous.  The  recovery 
is much longer and can be incomplete when high doses 
(10 # M )  are applied for a long time (5 -7  min) (data 
not shown). 

In the literature, it was repor ted  that  stretch may 
induce an increase in intracellular calcium concentra-  
tion in different preparat ions  [2-4]. To demonst ra te  
the role played by SAC in this phenomenon ,  experi- 
ments  showing its blockade by Gd 3+ have to be com- 
pleted by other  experiments  excluding the involvement 
of  Ica L [2-4]. 
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