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Abstract 

We examined 45Ca2+ influx in A7r5 vascular smooth muscle cells under cyclical stretch and static conditions and compared 
the results obtained at resting membrane potential (2.5 mM [K+]o, E m = - 5 8  mV according to uptake of [3H]tetraphenylphos- 
phonium) with those under depolarizing conditions (70 mM [K+]o, E m = - 2 7  mV). Application of 10% average strain (24% 
maximum) in cycles of 3 s on, 3 s off at resting E m caused a 5-fold increase in Ca 2+ influx rate to a level similar to depolarized 
cells and depolarized, stretched cells. 1/zM (+)-isradipine blocked 90% of the stretch- or depolarization-activated Ca 2÷ uptake. 
When the cells were stretched under Na+-free conditions, a reduction, not activation, of Ca 2+ influx rate occurred. Our results 
suggest that stretching of cultured aortic vascular smooth muscle cells enhances Ca z+ uptake through a voltage-dependent, 
dihydropyridine-sensitive Ca 2+ entry pathway, whose activation by stretch is dependent upon extracellular Na +. 
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1. Introduct ion  

Vascular smooth muscle is a mechanosensitive tis- 
sue which responds to applied stretch in at least three 
ways: (1) elevation of contractile tone (the myogenic 
response); (2) alteration of cell proliferation rate; and 
(3) regulation of cell volume. Many of the cellular 
events by which a stretch stimulus is transduced to 
these responses in the vasculature remain to be eluci- 
dated. One hypothesis is that stretch activates ion 
channels present  in vascular smooth muscle cell mem- 
branes (Meininger and Davis, 1992). According to this 
hypothesis, stretch opens channels that allow Na + and 
Ca 2+ ions to enter  the cell, which in turn depolarizes 
the cell and activates voltage-gated Ca 2 ÷ channels and, 
in contractile cells, elevates tone. An important  issue is 
whether  the bulk of Ca 2+ entering stretched vascular 
smooth muscle cells enters via the stretch-activated 
channels themselves, or via voltage-activated channels, 
secondary to depolarization caused by stretch-activated 
channels (mechano-electrical coupling). In vascular 

* Corresponding author.  Tel.: 504-584-2578; fax: 504-584-2675. 

0014-2999/96/$15.00 © 1996 Elsevier Science B.V. All rights reserved 
SSDI 0 0 1 4 - 2 9 9 9 ( 9 5 ) 0 0 7 1 0 - 5  

smooth muscle cells of  the synthetic (noncontractile) 
phenotype,  influx of Ca 2+ could alter the rate of cell 
proliferation, since Ca z+ channel blockers can inhibit 
D N A  synthesis and proliferation (Sperti and Colucci, 
1991). Stretch-activated channels in vascular smooth 
muscle cells have been linked to cell proliferation 
(Yang et al., 1993) and cell volume regulation (Bulow 
and Johansson, 1994). 

Both single-channel and whole-cell patch-clamp 
techniques have demonstrated the presence of stretch- 
activated channels in vascular smooth muscle (Kirber 
et al., 1989, 1992; Dopico et al., 1994; Bevan et al., 
1990; Davis et al., 1992b), urinary bladder smooth 
muscle cells (Wellner and Isenberg, 1994), endothelial 
cells (Lansman et al., 1987), mesangial cells (Craelius 
et al., 1989), and other cells (Sachs, 1991; French, 
1992). Stretch-activated channels are typically nonse- 
lective cation channels permeable  to Na +, K +, and 
Ca 2+, though the cation selectivity varies with cell type. 

The purpose of the present  study was to determine 
the effect of cyclical stretch o n  4 5 C a 2 +  entry in A7r5 
cells, which are a model for the synthetic phenotype of 
vascular smooth muscle cells (Kimes and Brandt, 1976). 
We have previously reported that L-type Ca 2+ chan- 
nels in this cell line are modulated as a function of cell 
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pro l i f e r a t i on  (Ru iz -Ve lasco  et al., 1994a), p robab ly  via 
changes  in the  res t ing  m e m b r a n e  po ten t ia l .  This  is the  
first  s tudy to examine  the  effects  of  s t re tch  on vol tage-  
dependent 45Ca2+ en t ry  in vascu la r  smoo th  musc le  
ceils u n d e r  condi t ions  tha t  s imula te  the  dynamic  condi -  
t ions of  mechan ica l  l oad  in vivo. Por t ions  of  these  da t a  
have b e e n  p r e s e n t e d  e l sewhere  (Ru iz -Ve lasco  et  al., 
1994b). 

2 .  M a t e r i a l s  a n d  m e t h o d s  

2.1. Growth conditions 

A7r5  cells, o b t a i n e d  f rom the  A m e r i c a n  Type  Cul-  
ture  Col lec t ion  (Be thesda ,  MD) ,  were  grown in 75 cm 2 
flasks in Du lbecco ' s  M o d i f i e d  Eag le  M e d i u m  supple -  
m e n t e d  with 10% fetal  bovine  se rum ( G I B C O ) ,  50 
/ z g / m l  s t r ep tomyc in  (Med ia t ech ,  Wash ing ton ,  D.C.) ,  
and  50 u n i t s / m l  penic i l l in  ( M e d i a t e c h )  as desc r ibed  
(Ru iz -Ve lasco  et  al., 1994a). T h e  cu l tu re  m e d i u m  was 
r e p l a c e d  every 48 h. F o r  45Ca2+ up take  d e t e r m i n a t i o n s  
the  cells were  s e e d e d  at a dens i ty  of  5 0 0 0 / c m  2 in 25 
m m  wells  con ta in ing  a type  I co l l agen -coa t ed  silastic 
subs t r a tum (Flexcel l  I n t e rna t i ona l  Corp. ,  M c K e e s p o r t ,  
PA).  Al l  assays were  p e r f o r m e d  at  r oom t e m p e r a t u r e  
(20-22°C)  with  10-day old cul tures ,  whe reby  conflu-  
ency had  been  r eached  at app rox ima te ly  5 days af te r  
seeding.  

2.2. 45Ca2+ uptake measurements 

Pr io r  to each  assay the  cells were  r insed  twice with 1 
m l / w e l l  of  H e p e s  Buf fe red  Sal ine  Solu t ion  (HBSS)  
con ta in ing  in mM: 127.5 NaCI,  2.5 KCI, 1.5 MgC12, 10 

glucose,  and  25 N a - H e p e s  (25 m M  N-2-hydroxyethyl -  
p i p e r a z i n e - N ' - 2 - e t h a n e s u l f o n i c  acid,  t i t r a t e d  with  
N a O H ) ,  p H  7.4. The  HBSS was r emoved  and  the  cells 
were  p r e i n c u b a t e d  for 10 min in 0.5 m l / w e l l  of  Low 
K + Ca 2+ U p t a k e  Solu t ion  ( L K U S )  conta in ing  in raM: 
65 NaCI,  2.5 KC1, 67.5 N-methy l -D-g lucamine  C1 
(NMGC1),  1 MgCI2,  1 CaCI2,  5 glucose,  10 Na -Hepes ,  
and  0.2 m g / m l  bovine  se rum albumin,  p H  7.4. Fol low- 
ing the  p r e incuba t i on  pe r iod  the  so lu t ion  was a sp i r a t ed  
and  0.5 ml of  e i ther  L K U S  or  High  K + U p t a k e  Solu- 
t ion ( H K U S ;  same as L K U S  but  with 70 m M  KC1 and 
no NMGC1)  conta in ing  45CAC12 ( 2 / z C i / m l ;  New Eng- 
l and  Nuclear ,  Wi lming ton ,  D E )  was a d d e d  to each  
well. In  some assays 1 / x M  of  the  d ihydropyr id ine  Ca 2+ 
channe l  b locker  ( + ) - i s r a d i p i n e  (Sandoz  R e s e a r c h  In- 
s t i tute,  Eas t  Hanover ,  N J) was a d d e d  to the  p re incuba -  
t ion and incuba t ion  solut ions.  T h r o u g h o u t  the  pre incu-  
ba t ion  and  incuba t ion  pe r iods  the  p la tes  were  m o u n t e d  
in the  F lexerce l l  S t ra in  Un i t  (Mode l  FX2000,  Flexcel l  
Int.  Corp . )  and  the  si lastic surface  was s t r e tched  and 
re laxed  in a 6 s cycle (3 s s t re tched ,  3 s re laxed)  using a 
vacuum level tha t  ach ieved  10% average  and 24% 
m a x i m u m  surface  e longa t ion  (Banes  et  al., 1990). Stat ic  
expe r imen t s  u t i l ized cu l ture  p la tes  e q u i p p e d  with an 
ident ica l  subs t r a tum bu t  m a d e  with an inflexible 
po lys tyrene  bo t tom,  and were  not  m o u n t e d  in the  
ins t rument  dur ing  the assay. A f t e r  each  respect ive  
e l apsed  t ime,  the  cells were  washed  4 t imes  with 1 
m l / w e l l  of  an ice-cold W a s h  Solu t ion  (in raM: 65 
NaC1, 2.5 KC1, 1 MgCl2,  67.5 NMGC1, 5 glucose,  10 
N a - H e p e s ,  0.2 E G T A ,  and 0.2 m g / m l  bovine  se rum 
a lbumin,  p H  7.4). The  cells f rom each  well  were  then  
dissolved in 0.5 ml of  HBSS + 0 . 1 %  Tr i ton-X-100 
overn ight  at  22°C, which was t r ans fe r red  to vials to- 
ge the r  with 0.5 ml H 2 0  wash and  5 ml sc int i l la t ion 
fluid, and  counted .  

Table 1 
Effect of stretch on initial rate and 10 min Ca z+ uptake in A7r5 cells 

[K+]o [Na+]o Isradipine Ca 2÷ uptake 
(mM) (mM) (1/zM) Nonstretched 

Condition 

Stretched 

2.5 70 

2.5 0 

70 70 

- Initial rate a 0.14 0.76 
- 10 min uptake b 0.72 5:0.49 (12) 2.76 5:1.08 (12) 
+ Initial rate a 0.092 0.082 
+ 10 min uptake b 1.28 5:0.53 (6) 0.63 + 0.20 (6) 
-- Initial rate a 0.07 0.007 
- 10 min uptake b 0.40 5:0.26 (6) 0.05 5:0.13 (6) 
-- Initial rate a 0.44 0.63 
- 10 min uptake b 2.38 5:0.80 (12) 2.76 5:0.51 (12) 
+ Initial rate a 0.09 0.068 
+ 10 min uptake b 1.25 5:0.31 (6) 1.08 5:0.81 (6) 

a Ca2+ uptake rates are expressed as nmol Ca2+/(106 cells x rain). The initial rate was determined from the derivative of the exponential uptake 
curve at t = 0, as described in Materials and methods section 2.3. Each rate is a single value determined from the uptake curve fit to the entire 
data set for that condition, b Ca2+ uptake at 10 min is expressed as nmol Ca2+/106 cells. To determine these values, the background Ca 2÷ 
binding (parameter C in the uptake equation in section 2.3.) from the best fit of all the data for that experimental condition was subtracted from 
each 10 min Ca 2+ uptake determination, and the average taken. Values reported are means 5: S.E.M. (n determinations). 
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Cells grown in parallel in a 6-well plate were used to 
determine cell number at the time of assay. Each well 
was incubated for 5 min at 37°C in a 0.05% trypsin, 
0.53 mM EDTA-4Na solution. The cells were then 
centrifuged at 150 X g for 10 min and the pellet was 
resuspended in Dulbecco's Modified Eagle Medium 
containing 10% fetal bovine serum. The number of 
cells/well  was determined using a hemacytometer.  

2.3. Analysis of  Ca 2 + uptake 

The 45Ca2 + uptake curves were fit using the follow- 
ing single exponential equation: 

Ca z+ uptake (nmol Ca2+/10 6 cells) 

= A  (1 - exp (-Bt)) + C 

where A is the steady-state Ca 2+ level (nmol Ca2+/106 
cells), B is the rate constant (1/min) ,  t is time since 
the 4 5 C a 2 +  addition (rain), and C is the nonspecificaIly 
bound 45Ca2+ (nmol 45Ca2+/106 cells). The influx rate 
(nmol Ca2+/(106cells × min)) was obtained from the 
first derivative of the uptake curve at t = 0, which is 
.4 × B. Uptake curves which showed no evidence of 
saturation within 30 min, e.g. dihydropyridine-inhibited 
Ca 2+ uptake, were fit by linear regression. The results 
at each time point are expressed as means + S.E.M. 
For curve fitting, the mean values from all the experi- 
ments for a given condition were used rather than 
fitting each experiment individually, because this 
yielded consistently bet ter  fits (correlation coefficients 
> 0.92), although it precluded statistical analysis. Fol- 
lowing the initial fit to all the data, individual values 
less than the nonspecific binding level (fitting parame- 
ter C) were discarded (0-4  points per data set of 12), 
and the data refit for some conditions. In order  to 
make statistical comparisons between different experi- 
mental conditions we used all the Ca 2+ uptake values 
at 10 min and Student's t-test for paired data (Tables 1 
and 2). Data analysis and curve fitting were performed 
using either Prizm (GraphPad, San Diego, CA) or 
Quattro Pro for Windows (Borland, Scotts Valley, CA). 

2.4. Membrane potential measurement 

Membrane potential (Ern) of A7r5 cells under static 
and stretched conditions was measured from the equi- 
librium distribution of [3H]tetraphenylphosphonium 
(TPP+), a membrane permeant  lipophilic cation which 
accumulates intracellularly as a function of membrane 
potential (Milligan and Strange, 1994; Morel and God- 
fraind, 1994). Prior to each assay the ceils were rinsed 
once with HBSS and preincubated for 10 min in 0.5 
ml /wel l  of LKUS, at which time the ceils to be 
stretched were mounted in the Flexercell Strain Unit 
and subjected to the same stretch regimen described 

Table 2 
Statistical comparison of s t retch-modulated Ca 2+ 
cells 

influx in A7r5 

Comparison a P value b Significance c 

LKNS vs. LKST 0.04 Significant 
HKNS 0.02 Significant 

L K N S ( - N a + ) v s .  L K S T ( - N a  + ) 0.34 N.S. 
LKST vs. HKNS 0.71 N.S. 

HKST 0.99 N.S. 
LKST+is rad ip ine  0.05 Significant 

HKNS vs. HKST 0.40 N.S. 
HKNS + isradipine 0.05 Significant 

HKST vs. HKST + isradipine 0.04 Significant 

a Abbreviations: LKNS, 2.5 mM [K ÷ ]o nonstretched; LKST, 2.5 m M 
[ K÷ ]o stretched; HKNS, 70 m M  [K ÷ ]o nonstretched; HKST, 70 m M  
[K+ ]o stretched, b Determined  by Student 's  t-test for paired data. 
c Values of  P > 0.05 were considered not significant (N.S.). 

above. The cells under static conditions were not 
mounted in the unit. Following the preincubation pe- 
riod the LKUS was aspirated and 0.5 ml of either 
LKUS, HKUS, or a solution containing 135 mM K ÷ 
(same as HKUS but with 135 mM KCI and no NaC1) 
was added to each of the corresponding wells and 
incubated for 30 min (sufficient for equilibration). All 
three incubation solutions contained [3H]TPPBr (0.20 
tzCi/ml,  New England Nuclear) and 10 mM unlabeled 
TPPBr. Following the incubation period the cells were 
rinsed twice with ice-cold HBSS (1 ml/well) ,  then 
dissolved in 0.5 ml of H B S S + 0 . 1 %  Triton-X-100 
overnight and counted in a scintillation counter. The 
intracellular concentration of TPP ÷ was determined by 
using the following equation: 

[TPP + ]i = ( (  TPPt+tal - -  TPP~sI,: +) / Vi) + [TPP + ]o 

where + TPPtota I is the TPP + uptake at either 2.5 or 70 
mM K +, TPPI~5~:+ is the TPP + uptake at 135 mM K + 
(assumed to set E m =  0), V i is the intracellular volume, 
and [TPP+]o is the extracellular TPP + concentration 
(10 mM). The units for TPP + uptake and 1~ L were nmol 
TPP+/106  cells and ml/106 cells, respectively. The V i 
of stretched and nonstretched cells was determined as 
described by Kletzien et al. (1975) in parallel experi- 
ments. Briefly, the cells were rinsed with HBSS and 
incubated for 30 min in 0.5 ml of LKUS containing 
3-O-methyl[14C]-D-glucose (0.2 /xCi/ml, New England 
Nuclear). For this assay, the LKUS was glucose-free to 
allow unhindered uptake of 10 mM 3-O-methylglucose 
(3-O-MG). 2 mM pyruvate, which enters on a different 
carrier and therefore does not interfere with 3-O-MG 
uptake, was supplied to maintain cellular ATP levels. 
Following the incubation period, the cells were rinsed 
twice in ice-cold HBSS (glucose-free; same as HBSS 
but with 2 mM pyruvic acid and 1 mM phloretin). 
Phloretin, an inhibitor of sugar transport, was used in 
order to trap 3-O-MG that had been taken up by the 
cells. The cells were then dissolved and their radioac- 
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tivity counted as described above. Since TPP + dis- 
tributes across cell membranes electrophoretically, E m 
was calculated from the Nernst equation: 

E m = 58 log[TPP + ]o//[TPP + ]i 

3. Results 

The time course of 45Ca2+ uptake in A7r5 cells was 
measured under several conditions, including resting, 
K+-depolarized, and stretched. These assays were car- 
ried out in solutions where [Na ÷]o was held constant in 
order to minimize the effect of ion substitution during 
70 mM [K+]o depolarization on Na+-dependent trans- 
port mechanisms. Therefore,  we chose to vary [NMG+]o 
when the cells were depolarized. For resting condi- 
tions, 2.5 mM [K+]o was used because it gave more 
consistent stretch-dependent stimulation of Ca 2+ up- 
take than the more physiological value of 5 mM. 

Fig. 1 shows Ca 2÷ uptake in static vs. stretched 
10-day postconfluent A7r5 cell cultures under basal 
conditions (2.5 mM [K*]o) in the absence and presence 
(1 IxM) of the dihydropyridine Ca 2+ channel blocker 
(+)-isradipine. Ca 2+ uptake was greater in ceils that 
were stretched at each time point measured, unless the 
blocker was present. The influx rate was approximately 
5-fold higher for the stretched cells (0.76 vs. 0.14 nmol 
Ca2+/(106cells x min)), and the 10-min Ca 2÷ uptake 
value was increased 4-fold by stretch (2.76 vs. 0.72 
nmol Ca2+/ 10 6 cells, Table 1; significant at P < 0.05, 
Table 2). Exposure of the cells to ( + )-isradipine caused 
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Fig. 1. Effect of stretch on 45Ca2+ uptake in A7r5 vascular smooth 
muscle cells under low K ÷ conditions (2.5 mM) at 20-22°C. The 
cells were preincubated for 10 min in LKUS in the presence ( zx, • ) 
or absence (o,e) of 1 ~M (+)-isradipine. Following the preincuba- 
tion period, LKUS containing 4SCaCI2 (2 txCi/ml) with or without 1 
/xM (+)-isradipine was added to each well. Cell monolayers were 
either stretched rhythmically (3 s on, 3 s off; filled symbols) or 
remained unstretched (empty symbols). Values are expressed as 
means _+ S.E. nmol Ca2+/106 cells, n = 8-9 determinations for o,e 
and n = 5-6 determinations for za, ,,. 
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Fig. 2. Effect of stretch on 4SCa2+ uptake in A7r5 vascular smooth 
muscle cells under depolarizing conditions (70 mM K + ) at 20-22°C. 
The cells were preincubated for 10 min in LKUS in the presence 
( zx ,* )  or absence (o,e) of 1 /xM (+)-isradipine. Following the 
preincubation period, HKUS containing 45CAC12 (2 /xCi /ml)  with or 
without 1 /xM (+)-isradipine was added to each well. Cell monolay- 
ers were either stretched rhythmically (3 s on, 3 s off; filled symbols) 
or remained unstretched (empty symbols). Values are expressed as 
means+ S.E. nmol Ca2+/106 cells, n = 8-12 determinations for o,e  
and n = 5-12 determinations for ,x ,A. 

nearly complete (89%) inhibition of stretch-activated 
Ca 2+ uptake, with little effect under nonstretched con- 
ditions (initial rate 0.082 nmol Ca2+/(106cells x min) 
stretched and 0.092 nonstretched; 10-min uptake 0.63 
stretched vs. 1.28 nmol Ca2+/106 cells nonstretched, 
Fig. 1, Table 1). Comparison of the 10-min Ca 2+ up- 
take values showed 78% inhibition by isradipine under 
stretched conditions, which was significant at P = 0.05. 

When the ceils were depolarized with 70 mM [K÷]o 
(Fig. 2), Ca 2÷ uptake by stretched cells was similar to 
that from unstretched cells, and similar to that in 
stretched cells at 2.5 mM [K+]o (cf. Figs. 1 and 2, Table 
1). The addition of 1 /zM (+)-isradipine inhibited both 
the stretch-induced (89%) and nonstretched, K ÷- 
stimulated (80%) Ca 2÷ entry rates. 

We next wanted to determine if the stretch-induced 
Ca 2+ entry observed under resting conditions was de- 
pendent on extracellular Na +, since previous reports 
have shown that some stretch-activated channels are 
Na+-permeant (Meininger and Davis, 1992; Wellner 
and Isenberg, 1993) and flow-induced constriction in 
blood vessels is dependent  on [Na÷]o (McDonald et al., 
1994). Under  nonstretched conditions, replacing Na ÷ 
with NMG + caused a slight reduction in both the Ca z+ 
influx rate (0.14 (Na ÷) vs. 0.07 (NMG ÷) nmol 
Ca2+/(106cells × min)) and 10-min uptake value (0.64 
(Na ÷) vs. 0.40 (NMG ÷) nmol Ca2+/106 cells, cf. Figs. 
1 and 3, Table 1). On the other hand, when the cells 
were stretched, Ca 2÷ entry was markedly reduced in 
the absence of extracellular Na ÷ (0.007 nmol 
Ca2+/(106cells × min), Fig. 3; 10-min uptake 0.05 nmol 
Ca2+/106 cells). This is in contrast to the 5-fold in- 
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Fig, 3. Effect of stretch on 45Ca2+ uptake in A7r5 vascular smooth 
muscle cells under  low K + (2.5 mM), Na+-free conditions at 20-22°C. 
The cells were preincubated for 10 min in Na+-free LKUS (Na + 
replaced with equimolar  NM G + ). Following the preincubation pe- 
riod, Na+-free LKUS containing 45CAC12 (2 ~ C i / m l )  was added to 
each well. Cell monolayers were either stretched rhythmically (3 s on, 
3 s off; filled symbols) or remained unstre tched (empty symbols). 
Values are expressed as m e a n s +  S.E. nmol Ca2+/106  cells, n = 5 - 6  
determinations.  

crease in Ca 2+ uptake by stretch in the presence of 
extracellular Na ÷, described above. 

Table 2 contains a number of statistical comparisons 
worth noting. Significant alteration of Ca 2 + influx was 
obtained for activation by either stretch or 70 mM 
[K+]o depolarization, as well as block of these effects, 
applied separately or combined, by ( + )-isradipine. The 
stretch-induced reduction of Ca 2÷ entry in the absence 
of Na ÷ was not statistically significant. 

Finally, we attempted to determine whether the 
increase in Ca 2+ influx rates observed under high K ÷ 

Na+-Replete Na+-Free 

m 
m 

E 
o 

2.5 mM K ÷ (ST) .k 
IT~ 70 mM K ÷ 

mm 70 mM K÷ (ST) 

Fig. 4. Effect of  70 m M  [K + ]o, stretch, and Na + removal on E m in 
A7r5 cells. E m was determined by [3H]TPP + equilibration for 30 
min under  the conditions indicated. Where  indicated (ST) the cells 
were stretched rhythmically (3 s on, 3 s off). The  results are ex- 
pressed as means  + S.E.M. for three experiments,  each performed in 
triplicate. * P <  0.05 for Na+-free vs. Na+-replete 2.5 mM  [K+]o 
conditions. 

or stretch conditions was due to membrane depolariza- 
tion. We measured E m from the equilibrium distribu- 
tion of the lipophilic cation TPP +. Because a 30-rain 
incubation period was required for TPP + equilibration, 
these values reflect the average E m over the 30-min 
measurement period. Therefore,  rapid or transient 
changes in E m cannot be detected by this method. Fig. 
4 shows that under static conditions the cells depolar- 
ize when transferred from 2.5 ( - 5 8  mV) to 70 mM 
[K+]o ( - 2 7  mV). However, when the cells were 
stretched rhythmically for 30 min, no significant change 
was observed in the time-averaged E m. Similar results 
were obtained in Na+-free solutions, although a small 
but significant hyperpolarization was observed for the 
static 2.5 mM [K÷]o condition. 

4. Discussion 

This study has demonstrated that postconfluent A7r5 
vascular smooth muscle cells exhibit dihydropyridine- 
sensitive Ca 2+ uptake which is activated by rhythmic 
stretch conditions. Both the similarity in magnitude 
compared to depolarization-induced Ca 2+ entry and its 
dependence on extracellular Na + suggest a mechano- 
electrical transduction pathway leading to a rise of 
cytosolic Ca 2+ in these cells. Since A7r5 cells are 
noncontractile, the possible relevance of this mecha- 
nism to the myogenic response in vascular smooth 
muscle cells is unclear. Conceivably, the stretch- 
activated Ca 2+ entry mechanism might be important 
for regulating cell volume or proliferation of dediffer- 
entiated vascular smooth muscle cells. 

Both the stretch- and depolarization-induced Ca 2÷ 
entry were markedly blocked by the dihydropyridine 
(+)-isradipine. The block of stretch-induced contrac- 
tion by a Ca 2+ channel blocker has been reported in 
feline pulmonary arteries by Kulik and coworkers 
(Kulik et al., 1988), who found that 10 /~M diltiazem 
abolished the myogenic response in those vessels. How- 
ever, others have reported that depolarization- and 
stretch-induced Ca 2÷ entry occur via distinct pathways 
due to the weak effect of Ca 2+ channel blockers on 
stretch-activated Ca 2 ÷ entry in many systems (Winquist 
and Baskin, 1983; Laher et al., 1988; Xiao and Bevan, 
1994; Hwa and Bevan, 1986; Bevan et al., 1990; Bulow 
and Johansson, 1991; Davis et al., 1992b; Bialecki et 
al., 1992). These differences might be explained by the 
distinct methodologies employed in each study as well 
as smooth muscle cell heterogeneity. 

We employed a dynamic regimen of 24% maximal 
and 10% mean surface elongation, interspersed with 
periods of relaxation, to mimic conditions encountered 
during the cardiac cycle. This is the first report  in 
which 45Ca2+ influx has been studied in smooth muscle 
cells that are subjected to continuous, dynamic stretch 
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and relaxation conditions. It is in contrast to other 
studies in which the stretch stimulus is applied once 
and maintained (Bialecki et al., 1992; Bulow and Jo- 
hansson, 1991; Davis et al., 1992b; Hwa and Bevan, 
1986; Kulik et al., 1988; Laher et al., 1988; Winquist 
and Baskin, 1983; Xiao and Bevan, 1994; Wellner and 
Isenberg, 1993, 1994), applied in a graded manner 
(Bulow and Johansson, 1991), or where the stimulus 
consists of periodically increasing or decreasing vessel 
luminal pressure (Bevan et al., 1990; Davis and Sikes, 
1990). One study that employed both single and dy- 
namic stretch conditions observed that 3 nM felodipine 
inhibited dynamic stretch-induced tone more com- 
pletely than single stretch-induced tone (Bulow and 
Johansson, 1991). This is consistent with the nearly 
complete block of cyclical stretch-induced Ca 2+ influx 
in our study. A possible explanation for the failure of 
Ca 2÷ channel blockers to inhibit single stretch-induced 
tone is that under these conditions Ca 2÷ channels are 
subject to voltage-dependent inactivation. The work of 
Davis and Sikes (1990) has demonstrated that both 
rate-dependent  and rate-independent stretch-sensitive 
components probably contribute to the regulation of 
myogenic tone. 

A drawback in the study of stretch-activated chan- 
nels is the fact that specific blockers for these channels 
are presently unknown (French, 1992; Sigurdson et al., 
1992). This makes it difficult to ascertain whether 
stretch-induced Ca 2+ influx occurs through stretch- 
activated or voltage-gated Ca 2÷ channels. Nonetheless, 
we have observed that in A7r5 cells (+)-isradipine 
blocked both stretch- and voltage-gated Ca 2÷ entry 
with equal efficacy, suggesting that only a single Ca 2+ 
entry pathway, the L-type Ca 2+ channel, is involved. 
To our knowledge there is no evidence that would 
suggest that dihydropyridines can block Ca 2+ influx 
through a stretch-activated channel. Patch clamp stud- 
ies of stretch-activated nonselective cation channels 
have shown them to be insensitive to 500 nM (Bear, 
1990) or 10 /xM (Davis et al., 1992a) nifedipine. One 
nonselective channel in cultured heart  cells was blocked 
by 10 ~ M  diltiazem, however (Ruknudin et al., 1993). 
In A7r5 cells, since stretch plus high K+-induced depo- 
larization produces no further stimulation of Ca 2+ 
uptake beyond either stretch or high K ÷ alone, it 
appears that most stretch-activated Ca 2÷ entry occurs 
through L-type Ca 2+ channels, and the role of stretch- 
activated channels is limited to providing membrane 
depolarization. This is further supported by the depen- 
dence of stretch-activated Ca 2 + uptake on extracellular 
Na +. Our Na + removal experiment is also inconsistent 
with direct activation of the L-type Ca 2+ channel by 
membrane stretch, an hypothesis supported by Lang- 
ton (1993) but disfavored by Davis et al. (1992a). 

While extracellular Ca 2+ has been shown to be 
important  in the myogenic contractile response 

(Meininger and Davis, 1992; Sigurdson et al., 1992), 
the role of extracellular Na ÷ has not been clearly 
defined. We found that when Na ÷ ions were replaced 
by NMG ÷, stretch-induced Ca 2÷ entry was abolished. 
Other laboratories have reported that myogenic tone is 
decreased when extracellular Na ÷ is removed. Bevan 
and colleagues have shown that in addition to decreas- 
ing myogenic tone, the removal of Na + caused a signif- 
icant reduction in flow-induced contractions in rabbit 
ear arteries (Bevan and Joyce, 1992, 1993). Unlike our 
observations, Bialecki et al. found that for cultured 
pulmonary smooth muscle, Na ÷ removal had no effect 
on stretch-induced Ca 2+ uptake (Bialecki et al., 1992). 
A possible explanation is that stretch-activated chan- 
nels in those cells might conduct Ca 2+ preferentially 
over Na ÷. Patch-clamp studies have shown stretch- 
activated channels to be of variable cation selectivity, 
with some permeable only to Ca 2÷ and Na ÷ (Lansman 
et al., 1987; Wellner and Isenberg, 1993) and others 
permeable to Ca 2+, Na ÷, and K ÷ ions (Davis et al., 
1992b; Kirber et al., 1988), or somewhat selective for 
K ÷ over Na ÷ (Ruknudin et al., 1993). In A7r5 cells our 
results suggest that stretch-activated channels carry far 
less Ca 2+ current than L-type Ca 2+ channels under 
dynamic stretch conditions. Wellner and Isenberg 
(1993) estimated that, in guinea pig urinary bladder 
myocytes, although the influx of Ca 2÷ through stretch- 
activated nonselective cation channels is small com- 
pared to peak current through L-type Ca 2+ channels, 
in chronically depolarized cells the steady state Ca 2÷ 
current is about equal through both pathways. Thus, 
we might expect increasing reliance on dihydro- 
pyridine-sensitive channels for Ca 2+ influx in dynami- 
cally stretched compared to chronically stretched cells, 
since under dynamic conditions less voltage-dependent 
inactivation would be expected. 

The Na ÷ dependence of stretch-activated Ca 2+ en- 
try leads us to believe that stretch-activated channels 
exert a membrane-depolarizing influence in A7r5 cells. 
We therefore tried to determine whether cyclical appli- 
cation of 10% average strain leads to a change of E m 
using uptake of the lipophilic cation tetraphenyl phos- 
phonium (Morel and Godfraind, 1994). However, we 
were unable to observe significant alteration of E m by 
application of stretch (Fig. 4). Since the tetraphenyl 
phosphonium distribution assay registers the time-aver- 
aged membrane potential during a 30-min equilibra- 
tion period, the lack of observable alteration of E m 
implies that any stretch-induced depolarization must 
be transient in nature, or compensated by a separate 
hyperpolarization phase during the stretch-relaxation 
cycle. It is conceivable that, although a stretch-activated 
channel could adequately depolarize the membrane to 
activate L-type Ca 2÷ channels, it might inactivate so 
rapidly as to have little effect on the time-averaged 
E m. Indeed, Hamill and McBride (1992) have studied 



V. Ruiz-Velasco et aL / European Journal of Pharmacology 296 (1996) 327-334 333 

the kinetics of stretch-sensitive channels in oocytes 
using the pressure-clamp technique, and found that 
these channels can rapidly adapt to a single aplication 
of suction such that the open state probability de- 
creases sharply. Stretch-activated channels can then 
reactivate as they are stimulated again by suction on 
the pipet. 

We find it likely that cyclical stretch and relaxation 
of A7r5 cells transiently and repeatedly depolarizes the 
cells via Na + entry, thereby intermittently activating 
voltage-gated Ca 2+ entry. The inhibition of Ca 2+ up- 
take by stretch in the absence of Na +, however, points 
toward a second, inhibitory mechanism. Activation of 
K + efflux by stretch, with resultant hyperpolarization, 
could explain these results. The presence of stretch- 
activated Ca 2 +-dependent K + channels has been shown 
in patch-clamp studies of rabbit pulmonary (Kirber et 
al., 1992), superior mesenteric (Dopico et al., 1994), 
and cerebral arteries (Brayden and Nelson, 1992) and 
their function is believed to be involved in a feedback 
pathway which regulates membrane depolarization and 
vasoconstriction. Coactivation of depolarizing and hy- 
perpolarizing channels could provide vascular smooth 
muscle cells with a negative feedback mechanism which 
allows them to limit the amount of Ca 2+ entry in 
response to dynamic changes in stretch. 

Knowledge of the pathways involved in the response 
to stretch will prove critical for developing possible 
therapeutic interventions. Our study would suggest that 
dihydropyridines might be effective in blocking 
stretch-induced effects in vascular smooth muscle cells. 

We conclude that A7r5 ceils possess a dihydro- 
pyridine-sensitive, stretch-modulated Ca ~+ influx path- 
way. The Na + dependence of this mechanism suggests 
that L-type Ca 2+ channels are activated in these cells 
by Na + entry through stretch-activated channels, which 
results in transient cell depolarization. 

Acknowledgements 

This work was supported by a Grant-In-Aid from 
the American Heart Association, Louisiana Affiliate, 
Inc. to LJH. VRV was supported by a predoctoral 
stipend from the Louisiana Board of Regents. 

References 

Banes, A.J., G.W. Link, J.W. Gilbert and O. Monbureau, 1990, 
Culturing cells in a mechanically active environment: the flexer- 
cell strain unit can apply cyclic or static tension or compression to 
cells in culture, Am. Biotech. Lab. 8, 12. 

Bear, C.E., 1990, A nonselective cation channel in rat liver cells is 
activated by membrane stretch, Am. J. Physiol. 258, C421. 

Bevan, J.A. and E.H. Joyce, 1992, Comparable sensitivity of flow 

contraction and relaxation to Na reduction may reflect flow-sensor 
characteristics, Am. J. Physiol. 263, H182. 

Bevan, J.A. and E.H. Joyce, 1993, Calcium dependence of flow-in- 
duced dilation: cooperative interaction with sodium, Hyper- 
tension 21, 16. 

Bevan, J.A., J.L. Garcia-Roldan and E.H. Joyce, 1990, Resistance 
artery tone is influenced independently by pressure and by flow, 
Blood Vessels 27, 202. 

Bialecki, R.A., T.J. Kulik and W.S. Colucci, 1992, Stretching in- 
creases calcium influx and efflux in cultured pulmonary arterial 
smooth muscle cells, Am. J. Physiol. 263, L602. 

Brayden, J.E. and M.T. Nelson, 1992, Regulation of arterial tone by 
activation of calcium-deoendent potassium channels, Science 256, 
532. 

Bulow, A. and B. Johansson, 1991, Effect of felodipine on the 
myogenic response to dynamic stretch in vascular smooth muscle, 
Acta Physiol. Scand. 141, 541. 

Bulow, A. and B. Johansson, 1994, Membrane stretch evoked by cell 
swelling increases contractile activity in vascular smooth muscle 
through dihydropyridine-sensitive pathways, Acta Physiol. Scand. 
152, 419. 

Craelius, W., N. E1-Sherif and C.E. Palant, 1989, Stretch-activated 
ion channels in cultured mesangial cells, Biochem. Biophys. Res. 
Commun. 159, 516. 

Davis, M.J. and P.J. Sikes, 1990, Myogenic responses of isolated 
arterioles: test for a rate-sensitive mechanism, Am. J. Physiol. 
259, H1890. 

Davis, M.J., G.A. Meininger and D.C. Zawieja, 1992a, Stretch-in- 
duced increases in intracellular calcium of isolated vascular 
smooth muscle cells, Am. J. Physiol. 263, H1292. 

Davis, M.J., J.A. Donovitz and J.D. Hood, 1992b, Stretch-activated 
single-channel and whole cell currents in vascular smooth muscle 
cells, Am. J. Physiol. 262, C1083. 

Dopico, A.M., M.T. Kirber, J.J. Singer and J.V. Walsh, 1994, Mem- 
brane stretch directly activates large conductance Ca2+-activated 
K + channels in mesenteric artery smooth muscle cells, Am. J. 
Hypertens. 7, 82. 

French, A.S., 1992, Mechanotransduction, Annu. Rev. Physiol. 54, 
135. 

Hamill, O.P. and D.W. McBride, 1992, Rapid adaptation of single 
mechanosensitive channels in Xenopus oocytes, Proc. Natl. Acad. 
Sci. USA 89, 7462. 

Hwa, J.J. and J.A. Bevan, 1986, A nimodipine-resistant Ca 2÷ path- 
way is involved in myogenic tone in a resistance artery, Am. J. 
Physiol. 251, H182. 

Kimes, B.W. and B.L. Brandt, 1976, Characterization of two putative 
smooth muscle cell lines from rat thoracic aorta, Exp. Cell. Res. 
98, 349. 

Kirber, M.T., J.V. Walsh and J.J. Singer, 1988, Stretch-activated ion 
channels in smooth muscle: a mechanism for the initiation of 
stretch-induced contraction, Pfliigers Arch. 412, 339. 

Kirber, M.T., L.H. Clapp, A.M. Gurney, J.V. Walsh and J.J. Singer, 
1989, Stretch-activated ion channels in mammalian vascular 
smooth muscle cells, Abstract, J. Gen. Physiol. 94, 37a. 

Kirber, M.T., R.W. Ordway RW, L.H. Clapp, J.V. Walsh and J.J. 
Singer, 1992, Both membrane stretch and fatty acids directly 
activate large conductance Ca2+-activated K + channels in vascu- 
lar smooth muscle cells, FEBS Lett. 197, 24. 

Kletzien, R.F., M.W. Pariza, J.E. Becker and V.R. Potter, 1975, A 
method using 3-O-methyl-D-glucose and phloretin for the deter- 
mination of intracellular water space of cells in monolayer cul- 
ture, Anal. Biochem. 68, 537. 

Kulik, T.J., J.N. Evans and W.J. Gamble, 1988, Stretch-induced 
contraction in pulmonary arteries, Am. J. Physiol. 255, H1391. 

Laher, I., C. Van Breemen and J.A. Bevan, 1988, Stretch-dependent 
calcium uptake associated with myogenic tone in rabbit facial 
vein, Circ. Res. 63, 669. 



334 V. Ruiz-Velasco et al. / European Journal of Pharmacology 296 (1996) 327-334 

Langton, P.D., 1993, Calcium channel currents recorded from iso- 
lated myocytes of rat basilar artery are stretch sensitive, J. Phys- 
iol. (London) 471, 1. 

Lansman, J.B., T.J. Hallam and T.J. Rink, 1987, Single stretch- 
activated ion channels in vascular endothelial cells as mechan- 
otransducers?, Nature 325, 811. 

McDonald, T.F., S. Pelzer, W. Trautwein and D.J. Pelzer, 1994, 
Regulation and modulation of calcium channels in cardiac, skele- 
tal, and smooth muscle cells, Physiol. Rev. 74, 365. 

Meininger, G.A. and M.J. Davis, 1992, Cellular mechanisms involved 
in the vascular myogenic response, Am. J. Physiol. 263, H647. 

Milligan, G. and P.G. Strange, 1994, The use of biochemical methods 
for estimating membrane potential, Prog. Brain Res. 55, 321. 

Morel, N. and T. Godfraind, 1994, Characterization in rat aorta of 
the binding sites responsible for blockade of noradrenaline-evoked 
calcium entry by nisoldipine, Br. J. Pharmacol. 102, 467. 

Ruiz-Velasco, V., M.B. Mayer, E.W. lnscho and L.J. Hymel, 1994a, 
Modulation of dihydropyridine receptors in vascular smooth mus- 
cle cells by membrane potential and cell proliferation, Eur. J. 
Pharmacol. Mol. Pharmacol. Sect. 268, 311. 

Ruiz-Velasco, V., M.B. Mayer and L.J. Hymel, 1994b, Stretch-in- 
duced Ca 2÷ entry in A7r5 aortic smooth muscle cells, Abstract, 
Biophys. J. 66, A438. 

Ruknudin, A., F. Sachs and J.O. Bustamante, 1993, Stretch-activated 
ion channels in tissue-cultured chick heart, Am. J. Physiol. 264, 
H960. 

Sachs, F., 1991, Mechanical transduction by membrane ion channels: 
a mini review, Mol. Cell. Biochem. 104, 57. 

Sigurdson, W., A. Ruknudin and F. Sachs, 1992, Calcium imaging of 
mechanically induced fluxes in tissue-cultured chick heart: role of 
stretch-activated ion channels, Am. J. Physiol. 262, Hl l l0 .  

Sperti, G. and W.S. Colucci, 1991, Ca z+ influx modulates DNA 
synthesis and proliferation in A7r5 vascular smooth muscle cells, 
Eur. J. Pharmacol. 206, 279. 

Wellner, M.C. and G. Isenberg, 1993, Properties of stretch-activated 
channels in myocytes from the guinea pig urinary bladder, J. 
Physiol. (London) 466, 213. 

Wellner, M.C. and G. Isenberg, 1994, Stretch effects on whole cell 
currents of guinea pig urinary bladder myocytes, J. Physiol. 
(London) 480, 439. 

Winquist, R.J. and E.P. Baskin, 1983, Calcium channels resistant to 
organic calcium entry blockers in a rabbit vein, Am. J. Physiol. 
245, H1024. 

Xiao, X.H. and J.A. Bevan, 1994, Pharmacological evidence that 
flow- and potassium-induced contraction of rabbit facial vein may 
involve the same calcium entry pathway, J. Pharmacol. Exp. Ther. 
268, 25. 

Yang, Z., G. Noll and T.F. Luscher, 1993, Calcium antagonists 
differently inhibit proliferation of human coronary smooth mus- 
cle cells in response to pulsatile stretch and platelet-derived 
growth factor, Circulation 88, 832. 


