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Calcium transients in single, human gingival fibroblasts were studied after me- 
chanical stretching of flexible culture substrates. A model system was developed 
to reproducibly stretch and rapidly (<1  sec) refocus cells in the same focal plane 
so that changes in the concentration of free intracellular calcium ions ([Ca2+],) 
were monitored without delay. Attached cells were grown on flexible bottom 
Petriperm dishes, loaded with fura-2/AM, and stretched by 1 % or 2.8% of sub- 
strate area. The stretch caused no significant cell detachment or membrane le- 
sions. A 1 % stretch induced no calcium response, but a 2.8% stretch stimulated 
an initial calcium transient and the subsequent generation of [Ca2 + 1 ,  oscillations 
of up to 2,000 sec. At 1 % stretch, there was no calcium response. Cell shape and 
plating time were important determinants in the calcium response to mechanical 
stimulation: the responder cells were small and round without long processes. 
Major calcium transients were inhibited completely by 5 m M  EGTA or by 10 pM 
gadolinium ions, by 50 pM nifedipine, or 250 pM verapamil, suggesting an influx 
of calcium through stretch-activated (SA) channels and L-type calcium channels. 
Depolarization by high KCI (144 mM) in the extracellular medium enhanced the 
amplitude of calcium transients by 54%. Calcium oscillations were not inhibited 
by preincubation with thapsigargin, caffeine, cholera toxin, staurosporine or 1 -(5- 
isoquinolinesulfonyl)-2-methylpiperazine (H-71, indicating that IP, sensitive 
pools, IP, insensitive pools, G,, subunits, and protein kinase C, respectively, were 
not involved in the generation of calcium oscillations. Pretreatment with 
genistein, a specific tyrosine kinase inhibitor or cytochalasin D, an inhibitor of 
actin polymerization, or pertussis toxin, an inhibitor of Gi, and G,, subunits, 
completely abolished calcium transients and oscillations. These results indicate 
that Ca2+ flux due to mechanical stretching is likely mediated through SA ion 
channels and is dependent on tyrosine kinases, pertussis toxin-sensitive subunits 
of G-proteins, and actin filaments. o 1994 WiIey-Liss, Inc. 

A number of different cell types exhibit transduction 
systems that convert externally applied forces to sig- 
nals that regulate cellular metabolism. For example, 
applied mechanical force leads to more rapid bone re- 
modelling in vivo (Rubin and Lanyon, 1985). Mechani- 
cal loading in vitro stimulates cell division (Curtis and 
Seehar, 1978; Brunette, 19841, alters collagen synthe- 
sis (Leung et al., 1976; Jones et al., 19911, promotes 
collagenase activity (Lambert et al., 19921, and in- 
creases prostaglandin release (Somjen et al., 1980; Yeh 
and Rodan, 1984). These metabolic responses are medi- 
ated in part by the generation of second messengers 
including intracellular calcium ions (Jones et al., 1991; 
Naruse and Sokabe, 1993). Calcium may in turn regu- 
late IP, (Suzuki et al., 1990) or protein kinase C (Jones 
et al., 1991), implying a fundamental role for [Ca2+Ii in 
the modulation of downstream intracellular events. 

Calcium transients and elevation of IP, are early 
responses to shear forces (Berthiaume and Frangos, 
1993) and strain applied to endothelial cells (Naruse 
and Sokabe, 1993). A direct role for stretch-activated 
(SA) ion channels in mediating the calcium flux due to 
0 1994 WILEY-LISS, INC. 

membrane stretch has been implied in patch clamp 
studies of osteoblasts (Davidson, 1990) and fibroblasts 
(Stockbridge and French, 1988). However because of 
the very high force levels and large-scale deformations 
of cell membranes that have been used in the investiga- 
tion of mechanosensitive ion channels, the physiologi- 
cal significance of these findings is unclear (Morris, 
1990). Little definitive information is available about 
the involvement of SA ion channels in Ca2+ mobiliza- 
tion and biochemical signal transduction in cells re- 
sponding to low levels of mechanical deformation. 

Activation of calcium signalling can result in the 
generation of [Ca2+li oscillations (Woods et al. 1987; 
Berridge and Irvine, 1989). For example, cytosolic Ca2+ 
oscillations are induced in depolarized REF52 fibro- 
blasts after stimulation by vasopressin (Harootunian et 
al. 19881, an agonist that stimulates IP, formation 
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through phosphoinositide breakdown. Current models 
for calcium oscillations are based on various combina- 
tions of Ca2+ feedback, IP, oscillations, protein kinase 
C-dependent pathways, and Ca2+ stimulation of phos- 
pholipase C (Berridge, 1990; Dupont et al. 1991; Haroo- 
tunian et al. 1991). However, there are no available 
data that describe regulation of mechanically induced 
calcium oscillations in non-excitable cells. 

Cells in periodontal tissues are subjected to compres- 
sive and tensile forces during normal function. These 
cells exhibit calcium dependent actin assembly in re- 
sponse to low levels of mechanical stretch (Pender and 
McCulloch, 1991). Consequently periodontal cells pro- 
vide a sensitive model to study physiological calcium 
responses induced by relatively low levels of whole cell 
deformation. As it is very difficult to perform patch 
clamp studies of calcium permeable channels in at- 
tached cells after whole cell stretch (e.g., Naruse and 
Sokabe 1993), instead we monitored ICa"], in fibro- 
blasts after stretch. Small, precise deformations were 
applied to flexible substrates. We demonstrate the gen- 
eration of whole cell [Cast], oscillations in single fibro- 
blasts after stretching, without depolarization or treat- 
ment with hormonal agonists. 

MATERIALS AND METHODS 
Cell culture 

Human gingival fibroblasts obtained as described 
(Arora and McCulloch, 1994) were grown in T-75 flasks 
(Costar, Mississauga, ON) containing minimal essen- 
tial medium (a-MEM) supplemented with antibiotics 
(0.17% penicillin V, 0.1% gentamycin sulphate and 
0.01 pgiml amphotericin, Sigma, St. Louis, MO) and 
15% fetal bovine serum (ICN, Flow Labs, Mississauga, 
ON). The cells were cultured at 37°C in a humidified 
atmosphere of 95% air and 5% carbon dioxide and pas- 
saged with 0.01% trypsin (Gibco BRL, Burlington, ON). 
Prior to  each experiment, cells were detached and lo5 
cells were plated in 60 mm dishes with a flexible hydro- 
philic plastic growth surface (Petriperm GmbH, Reut- 
lingen, Germany). Cells between the 3'd and loth pas- 
sage were used. 

Intracellular Ca2+ 
Cells were loaded with fura-2 by incubation with 

fura-2iAM (3 pM) for 3 0 4 5  minutes at 25"C, conditions 
in which compartmentalization was minimal and more 
uniform loading was obtained than a t  37°C. The buffer 
consisted of a bicarbonate-free medium containing 150 
mM NaC1,5 mM KC1,lO mM D-glucose, 1 mM MgSO,, 
1 mM NaHPO,, and 20 mM HEPES a t  pH = 7.4 with 
an osmolarity of 291 mOs. For experiments requiring 
external calcium, 1 mM CaCl, was added to the buffer. 
The cells were plated at 37°C * 0.2"C in a temperature- 
regulated chamber and allowed to attach for 60 min- 
utes before stretching. Whole cell [Ca2+1, measure- 
ments were obtained with a Nikon Diaphot I1 inverted 
microscope optically interfaced to a Deltascan 4000, 
dual beam, epifluorescence spectrofluorimeter and 
analysis system (Photon Technology Int., London, ON) 
operating on a 386 SX personal computer. Emitted flu- 
orescence was collected with a 4 0 ~  quartz 1.32 NA oil 
immersion Nikon Fluor objective and passed through a 
520/30 nm barrier filter (Omega Optical, Brattleboro, 
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Fig. 1. Diagram of the inverted fluorescence microscrope and the 
mechanism for precisely deforming the bottom surface of the flexible 
membrane of the culture dish immediately under the cell to be mea- 
sured. Note that the region of membrane deformation is within the 
middle one third of the culture dish but stretching occurs across the 
whole area of the membrane. 

VT). A variable aperture, intrabeam mask was used to 
restrict measurements to single cells (15 pm diameter). 
Signals from the photomultiplier tube (D104, PTI) were 
recorded at a minimum of 5 pointsisecond. 

Estimates of [Ca2+1, independent of the precise intra- 
cellular concentration of fura-2 were calculated from 
dual-excitation emitted fluorescence according to the 
equation of Grynkiewicz et al. (1985) where [Ca"], (in 
nM) = Kd X SfZiSb2 X (R - Rmln)i(Rmax - R). The Kd 
(224 nM) and Sf2/Sb2 ratio (12) were calculated from 
eleven excitation wavelength scans of 1 pM fura2-free 
acid (Molecular Probes, Eugene, OR) in buffers with 
[Ca2+1 ranging from 0-39.8 pM (calcium calibration 
kit, Molecular Probes). The maximal 3461380 ratio 
(Rmax) was measured after saturation of intracellular 
fura-2 with CaZt  by adding 3 p M  ionomycin (Calbio- 
chem, La Jolla, CA) to allow equilibration with extra- 
cellular calcium ions. The minimal 346/380 ratio (Rmln) 
measured during complete dissociation of fura-2 from 
Ca2+ was obtained by adding 2mM EGTA to the iono- 
mycin-treated cells. Background autofluorescence was 
estimated by incubating cells with buffer containing 1 
mM Mn2+ and the photon count was subtracted from 
the cellular fluorescence values before [Ca2+l, was esti- 
mated. 

Cell stretching 
A modified, inverted fluorescence microscope (Nikon 

Diaphot) with fixed stage and moveable objective lens/ 
turret assembly was used to stretch cells and then rap- 
idly measure lCa2'l,. The turret of the microscope was 
attached to a pressure sensitive, digital length gauge 
(Heidenhain, Traunreut, Germany). Any vertical dis- 
placement of the turret was precisely measured as the 
distance travelled by the objective in an upward or 
downward direction (Fig. 1). Defined vertical deforma- 
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tion (accuracy = 2 1 pM) of the membrane by the upper 
face of the objective was achieved by rigid attachment 
of the Petriperm dish to the microscope stage and by 
upward movement of the objective to deform the flexi- 
ble membrane. Two levels of stretch (3 mm and 5 mm of 
vertical deformation) were applied to evaluate if differ- 
ent stretch levels induced variations of [Ca"], re- 
sponses. Stretches >7 mm produced irreversible defor- 
mation of the membrane of Petriperm dishes and were 
not used. After a single stretch (1 sec duration), the 
objective and the turret were returned to the baseline 
reading on the digital length gauge that had originally 
been established for optimal focus. This approach pro- 
vided a system for very rapid and accurate refocusing 
(<1 sec) after stretching. The proportional (%) stretch 
of the membrane was calculated by first measuring the 
height of the membrane displaced (h) with the digital 
length gauge. The stretch induced a localized, vertical 
deformation of the membrane in the middle one-third of 
the dish (Fig. l), but the actual stretch of the membrane 
was delivered across the whole dish, albeit not uni- 
formly. 

We estimated the overall expanded membrane area 
during stretch by assuming that the entire membrane 
area of the dish was stretched. This appears to be a 
reasonable assumption as planimetric measurements 
of stretched membranes (Pender and McCulloch, 1991) 
showed stretching right up to the junction of the mem- 
brane with the dish. The unstretched (control) area of 
the membrane was r r 2  where r = 30 mm. The ex- 
panded membrane area was n(r2 + h2), a term derived 
by integrating the equation: expanded membrane 
area = Jeer 2~rR sin OR d@ (Naruse and Sokabe, 1993). 
In this equation, 0, was one-half of the central angle of 
the expanded membrane, R was the radius of curvature 
induced by the deformation and the equation can be 
reduced to: % expanded area = 100 x (h/r)'. Immedi- 
ately above the lens, there was an estimated 1% in- 
crease of surface area for 3 mm of vertical deformation 
and a 2.8% increased surface area for 5 mm of vertical 
deformation. 

Cell size 
Estimates of cell length and area, during and after 

stretch were made with three different methods. The 
actual dimensional change of the cells during stretch- 
ing was assessed by, first, loading cells with the cyto- 
plasmic space filling dye CalceiniAM (2 pM; Molecular 
Probes). Then, an image analyser (Leica, Wetzlar, Ger- 
many) was used to estimate the difference in the maxi- 
mum length of live cells before and during the stretch- 
ing period. Cells were measured in control conditions 
and then stretched. Cells were held in the stretched 
mode with plastic templates (3 or 5 mm high) that mim- 
icked the shape of the microscope lens. The cells were 
brought back into focus and cells were measured again. 
Second, cells were fixed with formaldehyde, stained 
with FITC-phalloidin (5 x l o p 5  M; Pender and McCul- 
loch, 1991), and the maximum length of cells before and 
during stretching was assessed. These two methods 
provided data to compare dimensional changes of live 
and dead cells (i.e., active versus passive responses) 
before and during stretching. In the third method, cells 
were loaded with CalceinIAM, measured, stretched, 

and then returned to the original, unstretched condi- 
tion and measured again. These data were used to as- 
sess if cells exhibited any rebound after stretching. 

Possible cell damage due to membrane stretch was 
assessed by measuring the intensity of fura-2 emission 
at the isosbestic point (356 nm excitation) before and 
after stretching. The emission intensity at this wave- 
length is independent of changes in [Ca2+Ii but is de- 
pendent on the amount of intracellular fura-2, thereby 
providing a measure of membrane integrity. We also 
assessed if stretching disrupted cell attachment to the 
substrate. Calcein/AM loaded cells were imaged with a 
laser scanning confocal microscope (Leica) and trans- 
verse, optical sections (nominal thickness = 0.5 pm) 
were obtained near the cell-substrate interface. 

Calcium pathways 
Specific inhibitors were used to identify the different 

pathways that may mediate transmembranous Ca2' 
fluxes and the mobilization of intracellular calcium in 
response to stretch. Gadolinium chloride (Aldrich, Mil- 
waukee, WI; Yang and Sachs, 1989) and Mn2+ were 
used to assess conductance through putative stretch- 
activated channels, whereas EGTA incubations were 
used to examine the source of the calcium. Verapamil 
and nifedipine (Sigma) were used to examine the con- 
tribution of L-type calcium channels to stretch. The 
contribution of internal calcium release to the cell 
stretch response was studied by incubating cells with 
thapsigargin (Tg; Sigma), whereas the role of caffeine- 
releaseable stores was examined by incubation with 
caffeine (Sigma). Tetra-phorbol 12-myristate 13- 
acetate (TPA; Sigma) or l-(5-isoquinolinesulfonyl)- 
2-methylpiperzine (H-7; Toronto Research Chemicals, 
Mississauga, ON) or staurosporine (Sigma) were used 
as inhibitors of protein kinase C. The role of tyrosine 
kinases in the generation of [Ca2+li transients was ex- 
amined by the use of genistein to inhibit kinase activity 
(BRL, Life Technologies, Gaithersburg, MD) or its inac- 
tive analogue genistin (Extrasynthase, France). The 
contribution of actin polymerization in elevating 
[Ca"+li in response to cell stretch was assessed by incu- 
bating cells with cytochalasin D (Sigma). For all exper- 
iments involving blockade of putative regulatory path- 
ways of the calcium permeable channels, data from 
previous studies of mechanical stretching of fibroblasts 
(Pender and McCulloch, 1991) or of cell signalling in 
fibroblasts (Knowles et al., 1991; McCulloch and 
Knowles, 1993) were used to determine drug dosages. 
For drugs that had not been previously evaluated (H-7, 
genistein), dose-response experiments were conducted 
on cells in suspension (lo6 cellsiml). To establish maxi- 
mal inhibitory concentrations within a physiological 
range, PGE, at M was used as an agonist. 

Analysis of data 
Although the amplitude and frequency of the calcium 

oscillations varied from cell to cell, they were reason- 
ably constant for individual cells responding to re- 
peated stretching. We restricted observations only to 
responding cells by first establishing that each cell 
would indeed exhibit a calcium response to the stretch. 
Next, cells were treated with the appropriate blocker 
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TABLE 1. Assessment of cell damage by stretching' 

3 mm stretch 

-0 30% -t 0 12% 

5 mm stretch 

-0 20% 2 0 25% 
~ _ _ _ _ _ _  

~ _____.__ 

5% change of fura-2 fluorescence at 
isosbestic point 

% chanae of cell area a t  substrate n.d. +2.30% -C 0.7% 

'Mean % change (t s e.m.) of fura-2 fluorescence measured by fluorimeter on single 
attached fibroblasts a t  either 3 mm or 5 mm of vertical deformation, before and after 
stretch. No significant loss of dye (P > 0.2) a t  5 mm stretch. (n = 10 for each of 3 mm and 
5 mm stretch). Mean % change (2 s.e.m.1 of cell area measured by confocal microscopic 
optical sections In Calcein-loaded cells. Cells exbib~ted slightly increased area after 
stretching. 

and the cell was stretched. The pre- and posttreatment 
calcium responses after stretching were recorded. Thus 
each cell provided its own internal control for each se- 
ries of trials within an experiment, an approach previ- 
ously described as  fingerprint analysis (Bird et al., 
1993). 

Means and standard errors of the mean were calcu- 
lated for the cell dimensions and for the variables asso- 
ciated with intracellular [Ca"] measurements. Cal- 
cium measurements were restricted to: (1) baseline 
[Ca2+Ii, (2) percentage change of the transient [Ca2+li 
above baseline levels, (3) net change in [Ca"],, (4) time 
between oscillations of [Ca2+li, and (5) time width of the 
half maximal [Cazili transient. From preliminary ob- 
servations of the calcium transients and oscillations 
generated by cell stretching, we adopted the following 
analytical approach for assessing the calcium response: 
calcium transients that exceeded 100% of the resting 
basal Ca2+ level were described as transients, whereas 
rhythmic increases of Ca2+ were described as  oscilla- 
tions (see Fig. 5 for representative traces). 

RESULTS 
Cell stretching 

After a single 3 mm or 5 mm vertical applied stretch, 
cells were refocussed and the change in fura-2 fluores- 
cence intensity a t  the isosbestic point was compared to 
the unstretched control conditions. There was no signif- 
icant change in fluorescence after stretching of 5 mm 
(Table 11, indicating that dye loss and focal plane 
changes were negligible as a result of the two different 
levels of applied experimental stretch. Attached cell 
areas before and after 5 mm of vertical deformation 
were assessed by confocal microscopy. Cell area was 
increased slightly as  a result of the stretch (Table 1, 
Fig. 2) but these changes were detectable only by com- 
puter-assisted measurement and were not obvious by 
visual inspection. 

Live cells loaded with CalceidAM were held in a 
stretched (5 mm vertical deformation) configuration 
and assessed by image analysis. These cells also exhib- 
ited a small reduction in maximum cell length com- 
pared to their prestretch length (i.e., rebound; Table 2). 
In contrast, formaldehyde-fixed (dead) cells stained 
with FITC-phalloidin and stretched (5 mm of vertical 
deformation) showed an increase of maximum length 
compared to the prestretched length and thus did not 
exhibit rebound. Thus the stretch of the flexible sub- 
strate did indeed deliver measureable stretching of the 
attached cells, but the return to pre-stretch cell length 
was dependent on cell viability. Next, we determined if 
the cell rebound after stretching was dependent on ac- 

tin assembly. Calcein-loaded cells were stretched with 
and without cytochalasin D (500 ngiml; 30 min) in the 
buffer and measured 60 seconds after stretch. Com- 
pared to cytochalasin-treated cells, controls exhibited 
sevenfold more rebound after stretching (Table 2). 

Calcium responses 
When single fibroblasts loaded with fura-2 were 

stretched, vertical deformations of the membrane of s 3  
mm were never found to stimulate a Ca2' response 
(n = 30), whereas stretches of 5 mm induced calcium 
transients. Cell shape and time of plating were impor- 
tant factors in eliciting a [Ca2+l, response. The re- 
sponder cells were always small and round without 
long processes (Fig. 3) and exhibited calcium fluxes on 
repeated stretches (Fig. 4). In preliminary experiments 
using 5 mm stretch, two of 30 cells (7%) responded to 
the mechanical stretch when plated 24 hours before the 
experiment, whereas five out of 35 cells (14%) plated 2 
hours before stretching exhibited responses. Subse- 
quently, out of 280 trials to examine the proportional 
response of cells to stretch after 2-hour plating times, 
35 cells exhibited calcium responses (12.5%). 

The basal intracellular calcium level was 95.8 2 7.33 
nM. Although each fibroblast displayed a unique pat- 
tern of intracellular calcium responses to the same 
level of stretch, the application of stretch in responding 
cells always resulted in rapid calcium transients and 
subsequent calcium oscillations that were interrupted 
by a second Ca2' transient of high amplitude (see ex- 
amples in Fig. 5A; statistical analysis in Table 3 ) .  In 
some cells, oscillations were observed up to 2,000 sec- 
onds prior to return to baseline values (Fig. 5B) or there 
were oscillations that were superimposed on the decay- 
ing tail of an existing oscillation. These oscillations 
were not included in the statistical analyses (Table 3). 
In all instances, the oscillations exhibited the "saw- 
tooth" shape transients described by Berridge (1990) 
and in which Ca2+ returned to or near to basal Ca2+ 
levels. 

Role of extracellular calcium 
To establish if the increase in intracellular calcium 

in response to stretching was due to calcium influx or 
due to internal mobilization of calcium, fura-2 loaded 
cells were incubated in 5 mM EGTA immediately prior 
to stretching. These cells (n = 5) exhibited no rise in 
cytosolic calcium nor any oscillations, suggesting that 
the primary and secondary calcium transients and the 
generation of oscillations were absolutely dependent on 
calcium influx from external bathing calcium (Fig. 6). 

Stretch-activated calcium channels 
The opening of calcium-conducting SA channels in 

response to mechanical stimulation has been studied 
previously in a variety of cell types by patch-clamp 
techniques (Stockbridge and French, 1988; Davidson et 
al., 1990; Davidson 1993). To evaluate the contribution 
of stretch-activated, calcium-permeable channels to the 
increase of Ca2+ after mechanical stretch, we used the 
putative SA channel blocker gadolinium chloride 
(Yang and Sachs, 1989). Nonstretched cells treated 
with 10 pM GdCl, exhibited a very slow rise in intracel- 
lular calcium. After 1 minute incubation with 10 pM 
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Fig. 2. Paired micrographs of the same cell before (A) and after (B) stretching, showing only very small 
changes in cell area a t  the substrate-cell interface. Cells were loaded with CalceiniAM and imaged by 
confocal microscopy. x540 

Fig. 3. Brightfield micrographs of a fibroblast that exhibited no cal- 
cium flux to whole cell mechanical stretch (A) and an  example of a 
typical calcium-responsive cell (B). Note the small and round mor- 
phology of the responder cell and the relatively short cell processes 
( ~ 5 0 0 ) .  Responder cells exhibited [Ca''], response to stretch in -12% 
of trials. 

TABLE 2. Changes of cell length after stretching' 

Live cells Fixed cells 

Held in stretched configuration -2 .838 +- 2.0% +1.33% k 0.34% 
Stretched and then relaxed in -1.0% 5 3.6% n.d. 

Stretched and then relaxed in +5.0%' & 5.1% n.d. 
normal buffer 

cytochalasin 

'Live cells were loaded with Calcein. Fixed (dead) cells were stained with FITC-phalloi- 
din. Cells were stretched by 5 mm vertical deformation of membrane and held in 
stretched configuration or relaxed to control conditions. Data are mean % difference 
( ?  s.e.m.) in length of single cells (before stretch-after stretch). (n = 20 for each of live 
and dead cells). 

GdCl,, cells exhibited no detectable calcium transients 
or oscillations (n = 5). When stretched after 30 minutes 
of incubation with 10 pM GdCl,, the two major calcium 
transients that we observed in control cells were 
blocked, although the cells continued to exhibit very 
low amplitude calcium oscillations after the stretch 
(Fig. 7; n = 5). As the apparent blockade of calcium 
could be due to GdC1, quenching of intracellular fura-2 

t I 

01 I 

0 500 1000 1500 2000 

Time (seconds) 

Fig. 4. Sample tracing of [Ca2'1, demonstrating responses of single 
fibroblast to stretching with 5 mm vertical deformation of membrane 
(or 2.8% increased surface area). Ratio fluorimetry of fura-2-loaded 
single fibroblasts was used to measure [Ca2'l,. Arrow shows the time 
point when stretch was applied. First stretch (arrow) followed by re- 
covery (R) after stretch and induction of a second response after a 
second stretch (arrow). Note the variation of amplitude but relative 
conservation of period between the stretches in the same cell. 

after endocytosis over long periods, we evaluated 
whether GdC1, could quench fura-2 fluorescence. Incu- 
bation of fura-2 free acid (3 pm) with GdC1, (10 pm) 
demonstrated no quenching (Fig. 7A inset). 

Although Gd3+ at 10 pm is a strong blocker of SA 
channels, some other types of Ca2+ channels (e.g., 
L-type) are also blocked by Gd3+ (Biagi and Enyeart, 
1990). Consequently in the next experiment we sought 
to minimize the potential blockade of non-SA channels 
and evaluated single fibroblasts after incubation with 
low concentrations of gadolinium ions (1pM) for 80 
minutes and then stretched the cells. In  these experi- 
ments, there were no primary transients or oscillations. 
However, a secondary transient of reduced amplitude 
(-66%) was still present (Fig. 7B; n = 8). 

Mn2+ is one of the most permeable cations of mecha- 
nosensitive ion channels (Ohmori, 1985; Ito et al., 
1990). Quenching of fura-2 fluorescence by Mn2+ per- 
mits detection of its entry into the cytoplasm. When 1 
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Fig. 5. A. [Ca' + I, tracings of 5 different attached fibroblasts after 
stretching. The 1" and 2" transients were defined operationally if in- 
creases of [Ca" ], exceeded 100% of the basal lCa2 + I,. Oscillations were 
defined as rhythmic transients <loo% of basal [Ca'* I, levels. Note the 
wide variation of amplitude and period between different cells. The illus- 
trated cells were chosen as those exhibiting the most extreme examples 
of the various types of calcium transients and oscillations. The traces 
have been offset for clarity. B. [Ca"l, tracing of a single fibroblast dem- 
onstrating stable [Ca' ' I ,  prior to  stretching (arrow) and the prolonged 
oscillations that are detectable for up to 3,000 seconds before a stable 
baseline is established again. 

mM MnC1, was added to the normal external bathing 
solution, a single stretch induced a single intracellular 
Ca2+ transient of fivefold lower amplitude than con- 
trols. This transient decayed over time and there were 
no further transients and oscillations (Fig. 8; n = 4). In 
contrast, cells without stretching exhibited no chan e 

entry into the cytoplasm through SA channels occurred 
in the absence of Ca2+, the medium was depleted of 
extracellular Ca2' and on a molar basis was totally 
replaced with Mn2+ in the buffer. A 5 mm stretch 
caused no increase in [Ca2+1, above baseline and the 
signal decreased slowly, reflectin fluorescence 
quenching of fura-2 by the entry of Mn'+ into the cyto- 
plasm (n = 3). When GdC1, (10 pM for 1 minute) was 
added to buffer with 1 mM MnC1, containing Ca2 ', 
there was no clacium flux and a very slow reduction of 
[ Ca,+ I,, indicating that GdC1, inhibited entry of Mn2+ 
via calcium-permeable channels (n = 3). 

L-type calcium channels 
To examine if the initial rise in LCa+l, was due in part 

to calcium influx through L-type, voltage-dependent 
Ca2+ channels, we incubated cells with 50 pM nife- 
dipine for 30 minutes. Nonstretched cells showed a slow 
elevation of basal Ca2+, consistent with earlier work 
(Rosales and Brown, 19921, whereas when stretched, 
cells showed an initial rise in calcium but with -45% of 
the amplitude of nontreated stretched cells. The latter 
oscillations were of extremely small amplitude or were 
undetectable (Fig. 9; n = 3). After incubation with 50 
pM verapamil for 30 minutes (n = 3), fibroblasts exhib- 
ited an  initial calcium transient and returned to basal 
levels. When stretched, the primary transient was 
blocked and oscillations were of low amplitude, 
whereas secondary transients were of the same ampli- 
tude as  nontreated stretched cells. After incubation in 
250 pM verapamil (n = 3), calcium transients were not 
seen in unstretched cells and after stretching, there 
was no detectable change in the [Ca2+],. 

Depolarization 
To determine if the response of ICa2+1, to stretch 

would occur after depolarization, cells were incubated 
in depolarization buffer consisting of normal buffer 
with the following modifications: 5 mM NaCl, 144 mM 
KC1, and 1 mM CaC1,. Cells were incubated in this 
buffer immediately prior to stretching. Under these 
conditions stretched fibroblasts exhibited large in- 
creases in the primary transient (505 nM; n = 41, which 
was 144 nM (54%) more than control cells (Fig. 10). The 
second transient was 268 nM above baseline levels and 
lower amplitude cytosolic calcium oscillations were not 
observed. 

Internal stores 
The contribution of Ins( 1 ,4,5)P,-induced calcium re- 

lease to the stretch-activated calcium response was 
studied by treatment of fibroblasts with thapsigargin 
(Tg), a tumor-promoting sesquiterpene lactone. Tg 
blocks the ATPase required for Ca2+ reuptake into in- 
tracellular pools, and they leak until they are empty 
(Berridge, 1990). To ensure that the intracellular cal- 
cium stores were indeed depleted, fibroblasts were 
treated with 1 pM Tg for 60 minutes. After this proto- 

in [Ca2+], after addition of Mn2+. To determine if Mn f+ 
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TABLE 3. Calcium response to stretching' 

1" transients 2" transients Oscillations 

Mean amplitude above baseline 361 ? 36 451 -t 43 72.4 -t 8.3 
(nM) 

(seconds) 

transient or to appearance of first 
oscillation (seconds) 

Time width at half amplitude 59 t 7.0 85 t 5.5 - 

Time from stretching to peak of 70 -t 22.8 455 t 37.3 267 -t 34.3 

'Mean (i 8.e.m.) of calcium transients and oscillations in cells after 5 mm of vertical deformation (n = 35 cells) 

8001 ' I 

col, reapplication of 1 pM Tg produced no further in- 
crease in [Ca2+Ii. In the presence of 5 mM external 
EGTA, Tg induced a [Ca2+Ii rise that slowly decreased 
to basal levels, indicating the release of calcium from 
internal stores (Fig. 11, inset). A similar response of 
higher amplitude was seen in the presence of external 
calcium (Fig. 7a), but we never observed spontaneous 
oscillations as described in rat parotid acinar cells (Fos- 
kett and Wong, 1991). When stretched, Tg-treated fi- 
broblasts exhibited calcium transients of lower ampli- 
tude and with longer period oscillations compared to 
cells without Tg (Fig. 11; n = 3). In the presence of 
EGTA, the stretched cells that had been pretreated 
with Tg showed no transients or oscillations (n = 3). 

If mechanical stretching of cells elevates IP, and 
there is transfer of Ca2+ from the IP,-sensitive internal 
stores to a separate IP insensitive pool, then we antic- 
ipated increased [CaZ2ii and repetitive dumping of cal- 
cium by Ca2+-induced Ca2+ release (CICR). A charac- 
teristic of CICR in muscle and some neurones 
(Malgaroli et al., 1990) is its sensitivity to caffeine (to 
deplete releasable Ca2+ stores) or ryanodine to block 
the ryanodine receptor (McPherson and Campbell, 
1993). Fibroblasts treated with 10 mM caffeine for 10 
minutes exhibited no spontaneous oscillations as has 
been reported earlier for rat parotid acinar cells (Fos- 
kett and Wong, 1991). After stretching, there was no 
detectable alteration of the pattern of Ca2+ transients 
or oscillations compared to  control cells without caf- 
feine (n = 5; Fig. 12). 

Modulation of intracellular calcium resonses by 
tyrosine kinase 

Focal adhesion-associated kinases (Schaller and Par- 
sons, 1993) are reported to play a central role in the 
generation and activation of some of the molecular sig- 
nals, including changes in [Ca2+li. The formation of cell 
adhesions may induce multiple [Ca2+Ii transients (Ja- 
coni et al., 1991). We used genistein as a selective in- 
hibitor of tyrosine kinases as it does not show inhibi- 
tory activity against other kinases such as protein 
kinase A and protein kinase C at the concentrations 
used here (Catarsi and Drapeau, 1993). After 10 min- 
utes of incubation with genistein at 100 pM, stretched 
fibroblasts exhibited 95% inhibition of the amplitude of 
major calcium transients as compared to pretreatment 
controls treated with genistin (100 km) after stretching 
(Fig. 13, n = 5 ) .  There were no calcium oscillations af- 
ter genistein treatment. Further, cells treated with 
PGE, at  lOP5M after preincubation with 100 pM 
genistein also exhibited -90% reduction of the ampli- 
tude of the calcium transient compared to controls 
without genistein. Thus genistein was effective in abro- 
gating calcium transients after two quite different 
forms of stimuli. 

G proteins 
To determine if the stretch-induced [Ca2+Ii response 

was mediated through G-proteins, cells were treated for 
30 minutes with 4 pg/ml cholera toxin (CTX) or with 
pertussis toxin (4 pg/ml), a dosage that is known to 
provide a complete block of stretch-activated actin as- 
sembly in fibroblasts (Pender and McCulloch, 1991). 
Cells that were pretreated with cholera toxin followed 
by stretching exhibited no inhibition of major intracel- 
lular transients and oscillations when compared to con- 
trols (Fig. 14; n = 3). After incubation with pertussis 
toxin, there was a complete absence of transients and 
oscillations (n = 4). 

Protein kinase C 
Down-regulation of protein kinase C by incubation 

with tetra-phorbol 12-myristate 13-acetate (TPA) at 2 
pM for 30 minutes, followed by mechanical stretching 
resulted in the abolition of the major transients. How- 
ever, Ca2+ oscillations of reduced amplitude persisted 
(Fig. 15, n = 3). Incubation with a low concentration of 
the PKC inhibitor staurosporine (100 nM; 30 minutes), 
a potent, albeit nonspecific protein kinase C inhibitor 
induced no detectable change of resting [Ca2+Ii in un- 
stretched cells. When stretched, the major transients 
and oscillations were also indistinguishable from con- 
trols (Fig. 15, n = 3). Fibroblasts stretched in the pres- 
ence of the more specific inhibitor of PKC, 1-(5-isoquin- 
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Fig. 7. A. [Ca’* 1, response of cells to stretch after gadolinium treat- 
ment. Bottom two traces show response of two individual fibroblasts 
pretreated with gadolinium ions (10 pM for 30 minutes). Top trace 
shows [Ca” 1, in a cell pretreated for 1 minute with 10 FM gadolinium. 
Note the virtual blockade of calcium flux after 1 minute incubation. 
The traces have been offset for clarity. Inset shows fura-2 free acid (3 
pM) in normal buffer before and after addition of 10 pM gadolinium 

olinesulfonyl)-2-methylpiperazine (H-7; 30 minutes; 
Quick et  al. 1992) exhibited no primary or secondary 
transients, but cytosolic Ca2+ oscillations persisted 
(Fig. 15, n = 3). 

Actin filaments 
The role of filamentous actin in the regulation of 

stretch-induced calcium flux was assessed by incuba- 
tion of cells with cytochalasin D (500 ngiml; 30 min- 

ions. Note the absence of detectable fluorescence quenching (excita- 
tion = 340 nm, emission = 510 nm). B. Sample ICa2 + I, tracing demon- 
strating response of a single fibroblast pretreated with gadolinium 
ions (1 p,M; 80 minutes) and then stretched (arrow). Note the blockade 
of the 1” transient and of oscillations; only a low amplitude, 2” tran- 
sient was occasionally detected as shown in this figure. 

Utes). This treatment abolishes polymerization of corti- 
cal actin after low levels of stretch in fibroblasts 
(Pender and McCulloch, 1991). Fibroblasts were incu- 
bated with cytochalasin D for 60 minutes and were 
stretched after drug washout. Treated cells exhibited 
no major transients or oscillations (Fig. 16, n = 4). This 
finding indicated that in cells responding to mechani- 
cal stretch, membrane-anchored filamentous actin may 
regulate calcium flux. 
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Fig. 8. Representative tracings showing [Ca" I, response of a fibro- 
blast after stretching (arrow) when pre-incubated with 1 mM MnCl, in 
the normal external bathing buffer containing 1 mM Ca". Top two 
traces show [Caz + 1, of single fibroblasts after stretching. Bottom trace 
is an example of a stretched cell after Ca2+ was replaced with 5 mM 

Verapamil (SO pM) 

Nifedipine (SOpM) zooz 0 0 200 Time 4 00 (seconds) 600 800 

Fig. 9. Top trace demonstrates [Ca"], response after stretching in a 
cell preincubated with 250 pM verapamil in normal buffer. Middle 
trace shows response with 50 pM verapamil and the bottom trace 
demonstrates response of a cell preincubated with 50 pM nifedipine in 
normal buffer. Arrow in all traces indicates time of stretch (5 mm 
vertical deformation). Note the reduced amplitude of the 1" transient 
and blockade of oscillations and 2" transients. 

DISCUSSION 
Cell stretching 

Several methods have been used to study intracellu- 
lar ion regulation after mechanical stimulation: physi- 
cal prodding of cells (Xia and Ferrier, 1992), pumping of 

EGTA in the external buffer. Inset: [Ca" I, response of a representa- 
tive stretched fibroblast pretreated with 10 pM gadolinium ions for 1 
minute and followed by incubation in buffer containing 1 mM MnCl,. 
Note that Mn2 ' quenching is minimal when SA channels are blocked 
by gadolinium. 

600 

5 4 400 n 
01 . 1 I 

0 200 400  600 800 
Time (seconds) 

Fig. 10. Sample tracings of [Ca2 ' I, in single fibroblasts after stretch 
(arrow). Cells were incubated with 144 mM KC1 in normal medium to 
depolarize cell. Note the large amplitude transients with long periods 
between repeated transients and the absence of shorter period oscilla- 
tions. 

buffer solution against a cell (Morris and Horn, 1991), 
application of pressure through a whole cell patch 
clamp pipette (Gustin et al. 1988), or swelling cells with 
hypotonic buffer (Falke and Misler, 1987). These meth- 
ods can cause artifacts such as membrane disruptions, 
breakdown of the patch seal, or large-scale water move- 
ment that are not likely to be physiological responses to 
mechanical stimulation. Indeed, Morris (1992) has em- 
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Fig. 11. LCa2 ' 1, response in cells pretreated with thapsigargin (1 pM) 
for 60 minutes to deplete internal calcium stores and stretched (arrow) 
in medium containing Ca2 ' (top two traces: Ca"' ) or in medium con- 
taining 5 mM EGTA. The traces have been offset for clarification. 
Note that low amplitude calcium transients are detectable after thap- 
sigargin treatment but not when calcium is depleted from the me- 
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Fig. 12. Two traces of [Ca' ' 1, in single fibroblasts pretreated with 10 
mM caffeine for 30 minutes showing persistent transients and oscilla- 
tions after stretch (arrow). 

phasized the importance of physiologically meaningful 
levels of mechanical force application to cells for study 
of mechanosensitive ion channels. Cognizant of the lim- 
itations imposed by the direct pulling of attached pi- 
pettes on cell membranes, or the very large scale defor- 
mations of cells that can be achieved with silicone 
membranes (Naruse and Sokabe, 1993), we cultured 

dium. Inset: top trace shows response of a single, non stretched fibro- 
blast to thapsigargin (1 pM) in buffer with calcium ions (Ca"). 
Bottom trace shows [Ca" I,  response in a cell incubated in buffer with 
5 mM EGTA and depleted of calcium ions. The bottom trace has been 
offset to clarify the response. 

cells on flexible substrates with very low elastic defor- 
mation limits and the substrate was stretched at very 
low strain levels (<3%). This system appears to provide 
reproducible, quantitative, and nondestructive me- 
chanical stimulation of cells, although the physical 
movement of the cell precludes precise, simultaneous 
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Fig. 14. Sample traces of [Ca2 + I, response to stretched cells following 
stimulation or inhibition of GTPases. Top trace shows response after 
pretreatment for 30 minutes with 4 Wgiml pertussis toxin. Bottom 
trace shows response when the cell was pretreated with cholera toxin 
(4 kgiml; 30 minutes). Pertussis toxin blocks transients and oscilla- 
tions completely. 
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Fig. 15. Top trace demonstrates [Ca2 1, response to stretch in cell 
pretreated with PKC inhibitor, staurosporine (100 pM). Middle trace 
shows response to fibroblast treated with 1-(5-isoquinolinesulfonyl)-2- 
methylpiperazine (H-7), a more specific inhibitor of PKC than stauro- 
sporine. Bottom trace shows response to  tetra-phorbol 12-myristate 
13-acetate (TPA) at 2 (LM to deplete PKC. Transients and oscillations 
were detected after treatment with all blockers indicating that PKC 
does not play an  important role in the generation of the calcium re- 
sponse to mechanical stretch. 

patch clamping study of single channels (e.g., Naruse 
and Sokabe 1993). 

At the two levels of experimental stretches applied, 
we observed no evidence of cell detachment as  detected 
by confocal microscopy. There was also no loss of mem- 
brane integrity as indicated by the insignificant 
change of fura-2 fluorescence at 356 nm excitation be- 
fore and after the application of stretch. Further, re- 
sponding cells were capable of repeated calcium re- 
sponses after stretches separated over 30 minutes, and 
there was no sustained increase of [Ca2+li after the 
initial response. Collectively, these findings indicated 
that the physiological processes regulating cell calcium 
were intact in stretched cells. However, we have not 
been able to relate changes in cell area or cell length to 
the production of a calcium response. Further, the prob- 
ability of detecting a responsive cell appears low 
(-12%), a finding consistent with Stockbridge and 
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Fig. 16. Representative tracings in two fibroblasts showing [Ca''], 
responses of fibroblasts after stretching (arrow) following pretreat- 
ment with cytochalasin D (500 ngiml; 30 minutes). Note the complete 
blockade of transients and oscillations. Traces have been offset for 
clarity. 

French (19881, who also found that the probability of 
cation permeable stretch channels in patches of fibro- 
blasts was low (P = 0.25). 

Route of calcium influx 
We have demonstrated that mechanical stretching of 

gingival fibroblasts induces increases of intracellular 
calcium in the form of high amplitude calcium tran- 
sients and periodic, lower amplitude oscillations. Based 
on blocking experiments with EGTA, GdCl,, vera- 
pamil, and nifedipine, calcium transients and oscilla- 
tions were probably due to calcium influx through SA 
channels (Yang and Sachs, 1990) and in part, to L-type 
Ca2+ channels (Davidson et al., 1990). We cannot rule 
out the contribution of T-type channels, but the meth- 
odology used here cannot discriminate accurately be- 
tween these possibilities. In the presence of MnCl,, the 
initial calcium influx declined, presumably due to 
quenching of fura-2 fluorescence. This finding is consis- 
tent with the blocking experiments and indicates that 
the entry of Mn2+ was probably through divalent cation 
permeable SA ion channels (Naruse and Sokabe, 1993). 
Conceivably, the entry of Ca2+ and Na+ ions through 
SA channels depolarizes the cell and could induce the 
opening of L-type voltage Ca2+ channels, which in turn 
further amplifies the calcium influx. The rapidly in- 
duced and amplified calcium transient observed after 
stretching of cells in high external K+ also suggests 
that brief depolarization increases the opening of SA 
Ca2+ channels and thus great1 increases the plasma 
membrane permeability to Cay+ (Harootunian et al., 
1988). 

A portion of the total calcium influx likely represents 
activation of the phosphatidyl-inositol pathway in- 
duced by membrane perturbations, ultimately leading 
to calcium release from internal stores (Muallem et al., 
1989). This contention is supported by the observation 
that depletion of calcium from internal stores with 
thapsigargin decreased the amplitude of the primary 
and secondary calcium transients. The [Ca2'li response 
in the thapsigargin-treated cells was completely inhib- 
ited by 5mM EGTA, suggesting that the observed cal- 
cium transients were dependent on flux from both in- 
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tracellular and extracellular sources. The mechanism 
for the generation of the secondary transient appears to 
be functionally linked to the primary transient since all 
the SA channel blockers and L-type channel blockers 
strongly inhibited both the primary and secondary 
transients. Indeed, increased [Ca2+], may be essential 
for IPS-induced release of calcium from internal stores 
(Berridge, 1993). 

Modulation of intracellular calcium 
Our data indicate the virtual complete blockade of 

calcium transients and oscillations by genistein in 
stretched cells, suggesting the probable regulation of 
intracellular calcium by tyrosine kinases. Previously, 
tyrosine kinases have been shown to regulate LCa2'1, 
responses through PKC (Catarsi and Drapeau, 1993). 
Evidently, in fibroblasts, the role of PKC is not essen- 
tial for the stretch-induced calcium response. Protein 
tyrosine kinases have been immunolocalized in the re- 
gion of the cell adjacent to focal adhesions, complexes 
that link the extracellular matrix to the cytoskeleton 
(Schaller and Parsons, 1993). The complete inhibition 
of calcium influx by genistein in these substrate-at- 
tached cells suggests that regulation of [Ca"], by ty- 
rosine kinases is possibly related to the focal adhesion- 
associated tyrosine kinase, ~ ~ 1 2 5 ~ " ~  (Schaller and 
Parsons, 1993). Notably, cells plated 2 hours before 
stretching exhibited rounded morphologies without 
long processes and, overall, were more likely to exhibit 
a calcium response to stretching. As cell shape is depen- 
dent on the distribution and densitry of cell-extracellu- 
lar matrix contacts, the number and force transmitting 
properties of focal adhesions will likely regulate the 
conduction of mechanical forces to the cytoskeleton 
(Wang et al., 1993). Consequently, the large variation 
in the amplitude of [Ca2+1, responses between cells to 
stretch could possibly arise from the enormous varia- 
tions in the shapes of fibroblasts. In this context, cellu- 
lar and subcellular heterogeneity of [Ca"], associated 
with different cell shapes has been observed in cardiac 
cells (Wier et al., 1987) but has been infrequently noted 
in fibroblasts. 

Treatment with cytochalasin D inhibited calcium re- 
sponses to stretch, indicating the existence of mem- 
brane-bound gating systems that are dependent on the 
transmission of extracellular force through intact actin 
filaments. Indeed, disruption of microfilaments has 
been shown to influence the activity of stretch-acti- 
vated ion channels in embryonic skeletal muscle cell 
(Guharay and Sachs, 1987). Our results indicate that 
the transmission of force from the substrate to the 
mechanosensors that regulate [Ca"], are absolutely 
dependent on filamentous actin. This finding is also 
consistent with the view that tyrosine kinases localized 
in actin-rich, focal adhesion contacts play a major regu- 
latory role in mechanotransduction. 

In this study, stimulation of the G,,, subunits of 
G-proteins by cholera toxin did not inhibit [Ca2+], tran- 
sients or oscillations, indicating no apparent role of G,, 
subunits in regulating SA calcium permeable channels 
in gingival fibroblasts. In contrast, pertussis toxin com- 
pletely inhibited all calcium responses to stretch, indi- 
cating that G,, and Go, subunits of G-proteins exert an  
important regulatory role in the stretch-induced cal- 
cium responses. These findings support the existence of 

mechanosensitive, membrane-bound gating systems 
(Lansman et al., 1987; Sachs, 1987; Davidson et al., 
1990) that are regulated by GTP binding proteins. 
These data are also consistent with G-protein depen- 
dent regulation of actin assembly in response to me- 
chanical stretching of cells (Pender and McCulloch, 
1991) and intracellular calcium regulation after hy- 
poosmotic buffer treatment (Suzuki et al., 1990). 

Calcium oscillations 
Agonist-evoked Ca2+ oscillations have been observed 

in several cell types (Orchard et al., 1983; Schlegel et 
al., 1987; Ambler et al., 1988; Berridge et al., 1988; 
Jacob et al., 1988; Woods et al., 1990; Hartoonian et al. 
1991; Bird et al. 1993; Uneyama et al., 1993). The am- 
plitude and the period of these oscillatory patterns vary 
from one cell type to another and also within one cell 
type depending on the agonist used (Woods et al., 1987; 
Byron and Villereal, 1989; Rooney et al., 1989). Several 
different models have been proposed to explain calcium 
oscillations in cells (Jacob, 1988; Meyer and Stryer, 
1988; Berridge, 1990; Rink and Merritt, 1990; Tsien 
and Tsien, 1990; Dupont et al., 1991; Harootunian et 
al., 19911, but there is some agreement that the genera- 
tion of Ca2+ oscillations may involve the synthesis of 
IP, and the subsequent release of Ca2+ (Bird et al., 
1993) from IP,-sensitive (Berridge, 1990) or IPS-insen- 
sitive Ca2+ stores (Berridge and Irvine, 1989). Indeed, 
the existence of these two releasable pools and their 
potential interactions with one another are the basis for 
the two pool calcium oscillation model (Berridge, 1990). 
To our knowledge, this is the first report in which cal- 
cium oscillations have been reported in response to low 
level mechanical stretch of a single, nonexcitable cell 
without previous agonist or depolarization treatment. 
There have been previous electrophysiological studies 
of oscillations of calcium ion concentration in fibro- 
blasts after high amplitude mechanical perturbation of 
cell membranes, but the physiological significance of 
these observations is uncertain (Henkart and Nelson, 
1979). In the present study, long period, variable ampli- 
tude Ca2+ oscillations varied widely between cells, in 
spite of the uniformity of applied stretch. Notably, very 
long period oscillations have also been observed in rat 
parotid acinar cells after caffeine or thapsigargin treat- 
ment (Foskett and Wong, 1991). 

Incubation of cells with thapsigargin, caffeine, H-7, 
or staurosporine failed to inhibit calcium oscillations, 
suggesting that release from IPS-sensitive and IP,-in- 
sensitive Ca2+ stores and PKC were not absolutely es- 
sential for the generation of stretch-induced calcium 
oscillations (Harootunian et al., 1991). Although thap- 
sigargin and caffeine are capable of inducing calcium 
oscillations in rat acinar cells (Foskett and Wong, 
19911, we found no generation of Ca2+ oscillations after 
these treatments in unstretched fibroblasts. Thus the 
persistence of oscillations in stretched cells after thap- 
sigargin or caffeine treatment implies that when either 
one of the IP,-sensitive or IPS-insensitive pools is 
blocked, then the other, unblocked pool is capable of 
releasing Ca". Such a backup system would permit a 
single Ca2+ pool a t  any given time to generate oscilla- 
tions (e.g., when one pool is exhausted). Blockade of 
L-type calcium channels by nifedipine or verapamil 
largely inhibited oscillations. Replacement with a high 



199 CALCIUM ION CONCENTRATION IN HUMAN FIBROBLASTS 

K+ buffer induced rapid and enhanced calcium tran- 
sients and oscillations, suggesting that depolarization 
increases the plasma membrane permeability to Ca2+ 
(Lipsombe et al., 1988). As EGTA incubation of thapsi- 
gargin-treated cells completely abolished oscillations, 
it is evident that there is an absolute requirement for 
extracellular Ca2+ in the generation of oscillations. 
This observation leads us to believe that the entry of 
Ca2+ from the bathing medium is essential for refilling 
intracellular stores and subsequently for the genera- 
tion of oscillations and the control of the calcium feed- 
back mechanism. 

In the context of existing models that attempt to ex- 
plain stimulus-induced calcium oscillations in nonex- 
citable cells (Berridge, 1990; Dupont et al., 1991; Ha- 
rootunian et al., 19911, the important determinants in 
the various models ap ear to be the presence or absence 
of IP oscillations, Ca'+ feedback, PKC regulation, and 
CaZf3 stimulation of phospholipase C. Taken together, 
our data are most consistent with a model that invokes 
a calcium feedback mechanism, is PKC independent, 
and can function without Ca2+-ATPase-dependent cal- 
cium stores. These data do not permit the inclusion or 
exclusion of IP, oscillations or phospholipase C in the 
generation of the calcium oscillations. 

ACKNOWLEDGMENTS 
This study was funded by MRC (Canada) MA-8903 to 

C.A.G. M., who is supported by an Ontario Ministry of 
Health Career Scientist Award. 

LITERATURE CITED 
Ambler, S.K., Poenie, M., Tsien, R.Y. and Taylor, P. (1988) Agonist- 

stimulated oscillations and cycling of intracellular free calcium in 
individual cultured muscle cells. J .  Biol. Chem., 263t1952-1959. 

Arora, P., and McCulloch, C.A.G. Dependence of collagen remodelling 
on a-smooth muscle actin expression by fibroblasts. J. Cell. Physiol., 
159t161-175. 

Berridge, M.J. (1990) Calcium oscillations. J .  Biol. Chem., 265:9583- 
9586. 

Berridge, M.J. (1993) Inositol triphosphate and calcium signalling. 
Nature (London), 361t315-325. 

Berridge, M.J., Cobbold, P.H., and Cuthbertson, K.S.R. (1988) Spatial 
and temporal aspects of cell signalling. Philos, Trans. R. SOC. Lon- 
don, 320t325-343. 

Berridge, M.J., and Irvine, R.F. (1989) Inositol phosphates and cell 
signalling. Nature, 341 :197-205. 

Berthiaume, F., and Frangos, J.A. (1993) Effects of flow on anchorage- 
dependent mammalian-cells-secreted products. In: Physical Forces 
and the Mammalian Cell. J.A. Frangos, ed. Academic Press, Tor- 
onto, pp. 139-192. 

Biagi, B.A., and Enyeart, J .J .  (1990) Gadolinium blocks low- and high- 
threshold calcium currents in pituitary cells. Am. J .  Physiol. (Cell 
Physiol), 25932515-520. 

Bird, G.S.J., Rossier, M.F., Obie, J.F., and Putney, Jr . ,  J.W. (1993) 
Sinusoidal oscillations in intracellular calcium requiring negative 
feedback by protein kinase C. J. Biol. Chem., 268334254428. 

Brunette, D.M. (1984) Mechanical stretching increases the number of 
epithelial cells synthesizing DNA in culture. J. Cell Sci., 69t35-45. 

Byron, K.L., and Villereal, M.L. (1989) Mitogen-induced [Ca"' I, 
changes in individual human fibroblasts. Image analysis reveals 
asynchronous responses which are characteristic for different mito- 
gens. J. Biol. Chem., 264318234-18239. 

Catarsi. S.. and Draueau. P. (1993) Tyrosine kinase-deuendent selec- 
I ,  

tion of transmitter responses induced by neuronal contact. Nature 
(London), 363t353-355. 

Curtis, A.S.G., and Seehar, G.M. 11978) The control of cell division by 
tension or diffusion. Nature, 27452-53. 

Davidson, R.M. (1993) Membrane stretch activates a high-conduc- 
tance K' channel in G292 osteoblastic-like cells. J. Mem. Biol., 
131t81-92. 

Davidson, R.M., Tatakis, D.W., and Auerbach, A.L. (1990) Multiple 

forms of mechanosensitive ion channels in osteoblast-like cells. 
Pflugers Arch., 416t64M51. 

Dupont, G., Berridge, M.J. and Goldbeter, A. (1991) Signal-induced 
Ca2' oscillations: Properties of a model based on Ca2'-induced Ca' + 

release. Cell Calcium, 12t73-85. 
Falke, L.C., and Misler, S. (1987) Activity of ion channels during 

volume regulation by clonal NlE115 neuroblastoma cells. Proc. 
Natl. Acad. Sci., 86t39194923. 

Foskett, J.K., and Wong, D. (1991) Free cytoplasmic Ca2 + concentra- 
tion oscillations in thapsigargin-treated parotid acinar cells are caf- 
feine- and ryanodine sensitive. J .  Biol. Chem., 266t14535-14538, 

Grynkiewicz, G., Poenie, M., and Tsien, R.Y. (1985) A new generation 
of Ca2' indicators with greatly improved fluorscence properties. J. 
Biol. Chem., 260t3440-3450. 

Guharay, F., and Sachs, F. (1984) Stretch-activated single ion channel 
currents in tissue-cultured embryonic chick skeletal muscle. J. 
Physiol., 352r685-701. 

Gustin, M.C., Zhou, X-L., Martinac, B., and Kung, C. (1988) A mecha- 
nosensitive ion channel in the yeast plasma membrane. Science 
Wash D.C., 242t762-765. 

Harootunian, A.T., Kao, J.P.Y., and Tsien, R.Y. (1988) Agonist-in- 
duced calcium oscillations in depolarized fibroblasts and their ma- 
nipulation by photoreleased Ins(1,4,5)P3, Cat ' , and Ca' ' buffer. 
Cold Spring Harbor Sym. Quant. Biol., 53t935-943. 

Harootunian, A.T., Kao, J.P.Y., Paranjape, S., andTsien, R.Y. (1991) 
Generation of calcium oscillations in fibroblasts by positive feed- 
back between calcium and IP,. Science, 251t75-78. 

Henkart, M.P., and Nelson, P.G. (1979) Evidence for an  intracellular 
calcium store releasable by surface stimuli in fibroblasts (L cells). J .  
Gen. Physiol., 73:655-673. 

Ito, F., Sokabe, M., Nomura, K., Naruse, K., Fujitsuka, N., and 
Yoshimura, A. (1990) Effects of ions and drugs on the responses of 
sensorv axom terminals of decausulated frog muscle suindles. Neu- v ~ ~ ~~~ 

rosci. Res. Suppl., 12315-26. 
Jacob, R., Merritt, J.E., Hallam, T.J., and Rink, T.J. (1988) Repetitive 

spikes in cytoplasmic calcium evoked by histamine in human endo- 
thelial celis. Nature, 335t40-45. 

Jaconi, M.E.E., Theler, J.M., Schlegel, W., Appel, R.D., Wright, S.D., 
and Lew, P.D. (1991) Multiple elevations of cytosolic-free Ca' ' in 
human neutrophils: initiation by adherence receptors of the inte- 
grin family. J .  Cell Biol., 112t1249-1257. 

Jones, D.B., Nolte, H., Scholubbers, J.-G., Turner, E., and Veltel, D. 
(1991) Biochemical signal transduction of mechanical strain in os- 
teoblast-like cells. Biomaterials, 12:lOl-110. 

Knowles, G.C., McKeown, M., Sodek, J . ,  andMcCulloch, C.A.G. (1991) 
Mechanism of collagen phagocytosis by human gingival fibroblasts: 
Importance of collagen structure in cell recognition and internaliza- 
tion. J. Cell Sci., 98t551-558. 

Lambert, C.A., Soudant, E.P., Nusgens, B.V., and Lapiere, C.M. 
(1992) Pretranslational regulation of extracellular matrix macro- 
molecules and collagenase expression in fibroblasts by mechanical 
forces. Lab. Invest., 66t444-451. 

Lansman, J.B., Hallam, T.J., and Rink, T.J. (1987) Single stretch- 
activated ion channels in vascular endothelial cells as mechan- 
otransducers? Nature, 325t811-813. 

Leung, D.Y.M., Glagov, S., and Mathews, M.B. (1976) Cyclic stretch- 
ing stimulates synthesis of matrix components by arterial smooth 
muscle cells in vitro. Science, 191 t475-477. 

Lipscombe, D., Madison, D.V., Poenie, M., Reuter, H., Tsien, R.W., and 
Tsien, R.Y. (1988) Imaging of cytosolic Ca" + transients arising from 
Ca"' stores and Ca2+ channels in sympathetic neurons. Neuron, 
1t355-365. 

Malgaroli, A., Fesce, R., and Meldolesi, J. (1990) Spontaneous [Ca2+ I, 
fluctuations in rat  chromaffin cells do not require inositol 1,4,5- 
trisphosphate elevations but are generated by a caffeine and ryano- 
dine-sensitive intracellular Ca2+ store. J .  Biol. Chem., 265t3005- 
3008. 

McCulloch, C.A.G., and Knowles, G.C. (1993) Deficiencies in collagen 
phagocytosis by human fibroblasts in vitro: a mechanism for fibro- 
sis? J. Cell. Physiol., 155t461-471. 

McPherson, P.S., and Campbell, K.P. (1993) The ryanodine receptor/ 
Ca2+ release channel. J .  Biol. Chem., 268t13765-13768. 

Meyer, T. and Stryer, L. (1988) Molecular model for receptor-stimu- 
lated calcium spiking. Proc. Natl. Acad. Sci., 85t5051-5055. 

Morris, C.E. (1990) Mechanosensitive ion channels. J .  Mem. Biol., 
113t93-107. 

Morris, C.E. (1992) Are stretch-sensitive channels in molluscan cells 
and elsewhere physiological transducers? Experientia, 48r852-858. 

Morris, C.E., and Horn, R. (1991) Failure to elicit neuronal macro- 
scopic mechanosensitive currents anticipated by single-channel 
studies. Science Wash D.C., 251:124&1248. 



200 ARORA ET AL. 

Muallem, S., Pandol, S.J., and Beeker, T.G. (1989) Hormone-evoked 
calcium release from intracellular stores is a quanta1 process. J. 
Biol. Chem., 264t205-212. 

Naruse, K., and Sokap ,  M. (1993) Involvement of stretch-activated 
ion channels in Ca2 mobilization to mechanical stretch in endothe- 
lial cells. Amer. J .  Physiol., 264rC1037-1044. 

Omhori, H. (1985) Mechano-electrical transduction currents in iso- 
lated vestibular hair cells of the chick. J. Physiol. Lond., 359t189- 
217. 

Orchard, C.H., Eisner, D.A., and Allen, D.G. (1983) Oscillations of 
intracellular Ca2 ' in mammalian cardiac muscle. Nature, 304:735- 
738. 

Pender, N., and McCulloch, C.A.G. (1991) Quantitation of actin poly- 
merization in two human fibroblast subtypes responding to mechan- 
ical stretching. J .  Cell Sci., 100t187-193. 

Quick, J., Ware, J.A., and Driedger, P.E. (1992) The structure and 
biological activities of the widely used protein kinase inhibitor, H7, 
differ depending on the commercial source. Biochem. Biophy. Res. 
Comm.. 187t657-663. 

Rink, T.J:, and Merritt, J.E. (1990) Calcium signalling. Curr. Opinion 

Rooney, T.A., Sass, E.J., and Thomas, A.P. (1989) Characterization of 
Cell Biol., 2t198-205. 

cytosolic calcium oscillations induced by phenylephrine and vaso- 
pressin in single fura-2-loaded hepatocytes. J. Biol. Chem., 264; 
17131-17141. 

Rosales, C . ,  and Brown, E.J. (1992) Calcium channel blockers nife- 
dipine and diltiazem inhibit Can' release from intracellular stores 
in neutrophils. J. Biol. Chem., 267r1443-1448. 

Rubin, C., and Lanyon, L.E. (1985) Regulation of bone mass by me- 
chanical strain magnitude. Calcif. Tiss. Int., 37t411417. 

Sachs, F. (1987) Baroreceptor mechanisms at the cellular level. Fed. 
Proc., 46.12-16. 

Schaller, M.D., and Parsons, J.T. (1993) Focal adhesion kinase: An 
integrin-linked protein tyrosine kinase. Trends Cell Biol., 3:25& 
261. 

Schlegel, W., Winiger, B.P., Mollard, P., Vacher, P., Wuarin, F., 
Zahnd, G.R., Wollheim, C.B., and Dufy, B. (1987) Oscillations of 
cytosolic Ca2+ in pituitary cells due to action potentials. Nature, 
329t719-721. 

Somjen, D., Binderman, I., Berger, E., and Harell, A. (1980) Bone 
remodelling induced by physical stress is prostaglandin E2 medi- 
ated. Biochim. Biophys. Acta, 627t91-100. 

Stockbridge, L.L., and French, A.S. (1988) Stretch-activated cation 
channels in human fibroblasts. Biophy. J . ,  54t187-190. 

Suzuki, M., Kawahara, K., Ogawa, A,, Morita, T., Kawaguchi, Y., 
Kurihara, S. and Sakai, 0. (1990) [Ca + + 1, rises via G protein during 
retrulatorv volume decrease in rabbit oroximal tubule cells. Amer. 
J. Yhysiol"., 258tF690-696. 

Tsien, R.W., and Tsien, R.Y. (1990) Calcium channels, stores, and 
oscillations. Annu. Rev. Cell Biol., 6:715-760. 

Uneyama, H., Uneyama, C., and Akaike, N. (1993) Intracellular 
mechanisms of cytoplasmic Ca2' oscillation in rat megakaryocytes. 
J. Biol. Chem., 268.168-174. 

Wang, N., Butler, J.P., and Ingber, D.E. (1993) Mechanotransduction 
across the cell surface and through the cytoskeleton. Science, 260; 
1 124-1 127. 

Wier, W.G., Cannell, M.B., Berlin, J.R., Marban, E., andLederer, W.J. 
(1987) Cellular and subcellular heterogeneity of ICa2+], in single 
heart cells revealed by fura-2. Science, 235t325-328. 

Woods, N.M., Cuthbertson, K.S.R., and Cobbold, P.H. (1987) Agonist- 
induced oscillations in cytoplasmic free calcium concentration in 
single rat hepatocytes. Cell Calcium, 8t79-100. 

Woods, N.M., Dixon, C.J., Cuthbertson, K.S.R., and Cobbold, P.H. 
(199) Modulation of free Ca oscillations in single hepatocytes by 
changes in extracellular K '  , Na ' and CaZ+.  Cell Calcium, IIt353- 
360. 

Xia, S.L., and Ferrier, J. (1992) Propagation of a calcium pulse be- 
tween osteoblastic cells. Biochem. Biophy. Res. Comm., 186t1212- 
1219. 

Yang, X.-C., and Sach, F. (1989) Block of stretch-activated ion chan- 
nels in Xenopus oocytes by gadolinium and calcium ions. Science, 
243t1068-1071. 

Yeh, C.K., and Rodan, G.A. (1984) Tensile forces enhance prostaglan- 
din synthesis in osteoblastic cells grown on collagen ribbons. Calcif. 
Tiss. Int., 36t67-71. 


