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Abstract. Mechanosensitive channels may have a sigWhite, 1996; Sachs & Morris, 1998), little has been un-
nificant role in the development of cardiac arrhythmia covered about the behavior of cardiac mechanosensitive
following infarction, but the data on mechanical re- channels, particularly in acutely isolated cells. This is
sponses at the cellular level are limited. Mechanosensidue in part to the difficulty of applying a reproducible
tivity is a ubiquitous property of cells, and although the and nondamaging mechanical deformation to an isolated
structure of bacteriological mechanosensitive ion chan€ell held under voltage clamp.
nels is becoming known by cloning, the structure and Mechanosensitive responses can be evoked in the
force transduction pathway in eukaryotes remains eluwhole heart by inflating a balloon in the ventricle (Franz
sive. et al., 1989; Hansen et al., 1991; Zabel et al., 1996) or
Isolated adult rat ventricular myocytes were voltagechanging the hemodynamic loading of the heart (Sa-
clamped and stimulated with a mechanical probe. Thaloshima et al., 1999. Pulling strips of cardiac muscle
probe was set in sinusoidal motion (either in, or normalby the ends also evokes a mechanosensitive response
to, the plane of the cell membrane), and then slowly(Lab et al., 1994). Such mechanical interventions lead to
lowered onto the cell. The sinusoidal frequency wasdiastolic depolarization (Penefsky & Hoffman, 1963; Za-
held constant at 1 Hz but the stimulation amplitude wasbel et al., 1996), an increase in the rate of spontaneous
increased and the probe gradually lowered until a mebeating (Bainbridge, 1915; Blinks, 1956), and can even
chanically sensitive whole cell current was seen, whichinduce arrhythmias (Hansen, Craig & Hondeghem,
usually followed several minutes of stimulation. 1990). Although these multicellular preparations pro-
The whole cell mechanosensitive current in rat cellsvide insight into the importance of mechanoelectric feed-
had two components: (i) a brief large inward currentback in the whole tissue, little can be learned about the
spike current; (ii) a more sustained smaller inward cur-specific behavior of mechanosensitive channels. The re-
rent. The presence of the initial sharp inward currentsponses are complex, including gene activation (Sa-
suggests that some structure within the cell either relaxedoshima & Izumo, 1997), elevation of intracellular cal-
or is broken, exposing the mechanosensitive element(®ium (Sigurdson, Ruknudin & Sachs, 1992), elevation of
to stress. Metabolic changes induced by continued stresatracellular cAMP (Watson, Haneda & Morgan, 1989),
prior to the mechanosensitive response may weaken thend release of agents such as ANP (Laine et al., 1994).
elements that break producing the spike, or simple stresshe response is further complicated because the prepa-
induced fracture of the cytoskeleton itself may occur. rations cannot be held under voltage clamp. Although
gadolinium, an inhibitor of most types of mechanosen-
— Cytoskeleton Suleymanian et al., 1995), has been used to investigate
the role of mechanosensitive channels in tissues (Hansen
et al., 1991; Stacy, Jr. et al., 1992) and papillary muscle
Introduction (Lab et al., 1994) it is nonspecific in its action, and has
been shown to block L-type calcium channels in ven-
Although mechanosensitivity of the heart has been wellricular myocytes (Lacampagne et al., 1994). The gado-
documented (for reviewseeBrady, 1991; Sachs, 1991; linium-sensitive current is, therefore, not necessarily due
to mechanosensitive current activity alone.
Patch-clamp experiments have shown the presence
- of pressure-activated single channels in excised or cell-
Correspondence to5.C.L. Bett attached patches of cardiac cell membrane from embry-
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onic chick (Ruknudin et al., 1993), guinea pig (Busta-by 60 mg/kg Nembutal). Ventricular myocytes were enzymatically
mante, Ruknudin & Sachs, 1991; Sasaki, Mitsuiye & isolated by retrograde perfusion of the heart (Mitra & Morad, 1985).
Noma 1992) rabbit (Hagiwara et al. 1992) rat The heart was perfused in Tyrode’s solution (37°C) for 10 min, in
I.’ 199;3. Ki 1993 Van W ’ 1993’ dcalcium-free Tyrode's for 4.5 minutes followed by 30 min in the en-

(Crae S, : » Kim, » van _agoner, ) ar_‘ zyme solution and finally 5 min in low calcium Tyrode’s solution.
mollusc (Sigurdson, Bedard & Morris, 1987). (There is aj solutions were equilibrated with 100% oxygen, and the enzyme
no published single channel data from freshly isolatedsolutions were recirculated.
adult rat ventricular myocytes.) Although the single After perfusion, the ventricle was cut off and minced. Cells were
channel data and the whole heart data are both consistetigpersed from the tissues by agitation, then filtered into Tyrode’s
with the presence of mechanosensitive channels in th&!ution through a 20gum mesh net and stored at 4°C until use. Al
heart, there is a lack of data at the whole cell level Cm_experlments were performed within 2 to 20 hr after cell isolation.
roborating the link.

Applying a mechanical deformation to an isolated pechaniCAL DEFORMATION PROTOCOL
cell presents many problems. Isolated heart cells can
easily be voltage-clamped, but are difficult to stretch in aThe mechanical probe used to deform the cell was made from 1 mm
quantifiable, reproducible and nondamaging mannerl.D. capillary glass, one end of which was strongly fire polished to
Data from nonvoltage clamped cells have shown thagproduce a smooth bulb about gt in diameter. No tethers were seen
there is an increase in the intracellular calcium concen-be“"’er?n thﬁ p“’ber‘;"”d Ce"'l and the probe could be ':‘Zd C'ea”'yha""a%

. . . - . _from the cell once the stimulation sequence was finished. Even thoug
tration and a change In action pptentlal shape fouowmgreusing the probe resulted in no apparent alteration of the response a
stretch (V_Vh'te etal, 1993; Gannier et al., 1996)' In CONfresh probe was used for each cell to reduce the possibility of contami-
trast to direct mechanical stress, hypoosmotically swellnants from the previous cell sticking to the glass. The position of the
ing isolated cardiac cells opens chloride-selective chanprobe was controlled by a tri-axial piezoelectric micromanipulator
nels which are probably mediated by different pathwaygBurleigh Instruments), which was driven by computer using
(seeVandenberg et al., 1996). Labview®software and a National Instruments interface and/or a sine

Data showing whole cell mechanosensitive cardiac'@'e signal generator(Hewlett Packard 8116a Pulse/Function genera-

. . . tor) as appropriate. The piezoelectric manipulator had a manual over-
currents comes from pressing on embryonic chick ven-

) . : ride feature which enabled the height of the probe above the cell to be
tricular cells with a mechanical probe (Hu & Sachs, jjtered while the probe continued to oscillate in a sinusoidal fashion
1996; Bett & Sachs, 1999), stretching guinea-pig ven-with unchanged amplitude and frequency. It was not possible to record
tricular myocytes attached to a cover slip at one end anthe change in probe position when the manual override feature was
a suction pipette at the other (Sasaki et al., 1992), andsed to raise or lower the probe in the z-direction. Because of this
pulling axially on an isolated rat cardiac myocyte under'imitation, all figures which include a trace showing the “Manual Over-

. . . . ride of Z Position” indicate only an approximation of the distance
voltage clamp with a pair of concentric pipettes (Zeng,moveol by the probe during the experiment,
Bett & S_aChS’ 1999)' . The isolated ventricular cells were placed on a chamber with a
In this paper, we present data from acutely isolatedoyersiip bottom located on the stage of an inverted Olympus micro-
voltage-clamped adult rat ventricular myocytes undergoscope and monitored visually throughout the experiment. The cells
ing direct deformation of the membrane with a glasswere stimulated directly by bringing the mechanical probe into contact
p|pette acting as a mechanical probe_ The mechanoseWiFh th? cell (Fig. 1). The probe was set in.sinu.soidal motion at l Hz
sitive current was difficult to activate, and always began(elther in the plane of the membrane (X-Y direction), or normal to it (Z

. - - . direction)) just above the cell, and lowered gently until the pipette was
with a large inward spike of current, which SnggeStSvisually observed to make contact with the myocyte. The amplitude of

there was structural fa'lur.e .Of a protecting eleme.n_t'the sinusoidal motion was then slowly increased and the Z position of
Once elicited, the characteristics of the mechanosensitiv@e probe decreased (i.e., the deformation of the cell was increased)

current were highly reproducible. The tension bearinguntil a mechanosensitive response was seen. Only isolated rat ventricu-
elements in acutely isolated rat ventricular myocytesar myocytes (approximately 100w by 10 um) with clear sarcomere
may not be located on easily accessible parts of the safiripes and sharp edges were used in these experiments.
colemma. These elements, and perhaps the channels

themselves,' may be located elthgr in the T-tu_bule§, OHATA RECORDING AND ANALYSIS

some other internal membrane, which is not easily stimu-

!ated' Th_IS hyPOtheS|S 1S c0n5|stent_ with the difficulties The whole cell current was monitored via a nystatin-perforated patch
n Ob_tamlng single channe_tl recordings from adU"[. rat (Horn, 1991) using standard electrophysiological patch-clamp record-
ventricular myocytes with either cell-attached or exciseding techniques (Hamill et al., 1981). The patch pipettes had a tip di-

patches npublished observatiohs ameter of 1-2um and a resistance of 0.5+&) when the pipette was
filled with high potassium solution. The initial seal resistance was
Materials and Methods greater than (). Once a good seal was obtained, the nystatin was left

to permeabilize the patch for 5 min and the resting potential decreased
to at least =70 mV. Once a seal was formed, the cell was voltage
clamped at =70 mV until the experiments began. All cells were qui-
Hearts were excised from Sprague-Dawley rats (2-to-3-months-oldescent when released from voltage clamp, and were held at the indi-
killed by lethal overdose of anaesthetic (2000 unit/kg heparin followedcated voltage for the duration of the experiments.

CELL PrREPARATION
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Fig. 1. Experimental setup. Acutely isolated rat
ventricular myocytes were voltage clamped using a
nystatin permeable patch. A heavily fire polished
glass capillary tube was used as a mechanical
probe. The probe was guided by a piezoelectric
micromanipulator driven by a signal generator with
manual override in the Z direction. In the
experiments presented here, the probe was set in
sinusoidal motion either in (i) the X-Y plane, (i.e.,
the plane of the membrane) or (ii) the Z direction
Isolated Rat (normal to the membrane), while it was lowered
Ventricular Myocyte slowly onto the cell using the manual positioning
feature.

Mechanical Probe

Nystatin-filled
Patch Pipette

The voltage and current signals were amplified and filtered by an Figure 2 shows typical whole cell responses from an
Axopatch 200-B patch-clamp amplifier (Axon Instruments, Foster jsolated rat ventricular myocyte voltage clamped at =70
City, CA), and passed through an Instrutech VR-10 Digital Data Re-mV. In both traces shown (FigﬁQand B) the cell was

corder to enable storage on VHS videotapes (SONY Videocassett .
Recorder SLV-675HF). Some records were also stored directly on%ieformed for several minutes before a response was

computer (DELL XPS 200n) through a National Instruments data ac—seen’ 1€, t'_me : 0 on the graph c_orresponds to about
quisition board (AT-MIO-16E) and Labview (National Instruments) D Minutes since initial contact. In FigA2the probe was
graphically programmed Virtual Instruments. set to oscillate in the Z direction while it was slowly

Some signal generation (commands for voltage and probe positowered onto the cell. As soon as the mechanosensitive
tion) was performed using Labview Virtual Instruments (National In- cyrrent appeared, the probe was raised (via the manual
struments), but the main continuous sir)e-wave motion was initiated byoverride) in the Z direction to reduce the magnitude of
a Hewlett Packard 8116A Pulse/Function Generator. the mechanical stimulus. The probe remained in contact
with the cell throughout.

There were three distinct phases to the mechanosen-
Tyrode’s solutior(mm): 137 NaCl, 5.4 KCI, 0.5 MgGl 1.8 CaC}, 10  sitive current: (i) a large brief inward current spike, (ii) a
HEPES, 5.0 glucose, pH 7.4 with NaOominally calcium-free so-  slowly rising current which reached a steady plateau af-
lution: as for Tyrode’s, but without the added calcium chloride. The ter about 5 sec, and (i) a rapid decay of the current back

th solution nominall Icium-free to r th ibility of - -
bath solution was nominally calcium-free to reduce the possibility of . o rasting current level once the stimulus was re-
interference from spontaneous contractioB$ectrode tip solution

(mm): 150 KCI, 5.0 NaCl, 10 HEPES, 0.5 EGTA. (The electrode was dUCed. I the Z position of the probe remained un-
tip was dipped in Nystatin-free solution before being back filed with Changed once the mechanosensitive current was initiated,

the antibiotic-containing solution to ensure formation of a good seal.)the inward current increased, reaching a plateau. If the
Electrode solutionA supersaturated concentration of Nystatin (2@0 plateau current was allowed to persist, (i_e_, the mechani-
per ml) was added to the electrode solution. All experiments werecg| stimulation was not reduced) it would usually result

SOLUTIONS

conducted at room temperature (20-25°C). in spontaneous cell contractions that eventually lead ei-
Results ther to loss of the membrane seal or to rounding up of the
cell. In Fig. 2A the mechanosensitive current decayed
DIRECT STIMULATION OF THE VENTRICULAR CELL rapldly once the meChanica| Stl’ain was reduced, but the
ACTIVATES A MECHANOSENSITIVE CURRENT cell continued to respond to the sinusoidal stimulus for a

short while afterward. This modulated current decayed
A brief deformation of an isolated rat ventricular myo- slowly, even though the mechanical stimulus was not
cyte with a mechanical probe is not sufficient to elicit a changed during this time.
mechanosensitive response. In all the data presented Figure B shows the results from a cell where the
here, the probe was in continuous contact (though with grobe was oscillating in the plane of the membrane (X-Y
sinusoidal oscillation) with the cell for at least five min- direction) while being lowered on to the cell in the Z
utes before any mechanosensitive response was sedtirection. The probe remained in contact with the cell
The degree of cellular deformation was not the sole facfor more than 10 sec after the mechanosensitive current
tor in eliciting a response, for a large initial movement of appeared, and the inward current reached a plateau. The
the probe in the Z direction would not elicit a mechano-cell was briefly switched from voltage clamp to current
sensitive response whereas a smaller movement of thedlamp ( = 0) during the mechanosensitive response.
probe following a period of continued stimulation would In both traces there is a clear increase in the noise level
activate the current. Despite the resistance to initiating associated with the sustained inward current which sug-
mechanosensitive current, once activated, the responggests that the opened channels have a significant con-
was consistent. ductance relative to the mean. Once the mechanical
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A
()  Sinusoidal Component of Z Stimulation Protocol
1 Hz
(i) Manual Override of Z position
2 um
(iii)  Whole Cell Current
o
<
£ 100 1
€
o ]
—_
=
O -t
-200 Fig. 2. Typical responses of an adult ventricular
i myocyte to direct stimulationA) (i) Sinusoidal
stimulus protocol for the mechanical probe in the Z
300 . I . . T T T T - T - direction, perpendicular to the cell membrane. (ii)
0 10 20 30 40 50 Manual override of the Z position (the total
Time (sec) movement in the Z direction is the sum of traces (i)
B and (ii)). Manual alterations to the probe position

could not be recorded, so this trace reflects an
approximate reflection of the movement of the
mean probe position in the Z direction. Note that
(i) X/Y Component of Stimulation Protocol the probe was lifted off the cell as soon a
A A A /\ ‘ mechanosensitive response was observed to prevent
\N\A/\/\/\/\/ \/V\/\/\/W \/\/\/\/\/\/\/ \ JV\/\/\/\/\ \/ a persistent inward current. The frequency (1 Hz)
and amplitude of the sinusoidal stimulus remained
(i) Manual Override of Z Position unchanged throughout. (iii) The whole cell
B mechanosensitive current. There is an initial brief
inward spike of current, then a smaller inward
current, followed by a period in which the whole

sun| —

("')SOV_VhOIG Cell Current I=0 cell current followed the stimulus, and then slowly
i [ decayed back to the pre-response leves$.(i)
o R Sinusoidal stimulation protocol in the plane of the

_ ‘ | membrane (X-Y direction). (ii) Manual control of

I
-50 \/ | ‘ the Z direction position. (iii) Whole cell current.
1 \ Notice that there is an increase in current noise
-100 4 when the mechanosensitive current is activated. The

cell was briefly clamped té = 0 during this

Current (pA)

-150 ;

i} recording. The recovery of the cell from
200 mechanosensitive current was rapid, and returned to

. the pre-stimulation level. Both cells were held at
-250 4 =70 mV.

T —T T T — T T T T T T 1
0 5 10 15 20 25 30
Time (sec)

probe was raised in the Z direction, the current quicklymechanosensitive current decayed sharply back to the
fell back to the normal background level for the cell, background current level. In six responses from three
indicating there was no long-term alteration in the cur-different cells, the current followed the sinusoidal behav-

rent induced by the mechanical stimulus. ior of the probe, either modulating the plateau current or

just after the rapid decrease in mechanosensitive current
THE MECHANOSENSITIVE CURRENT IS IN PHASE WITH when the prObe was lifted. This modulation gl’adually
THE STIMULUS decayed to zero.

Figure 3 shows the details of the sinusoidal move-
When the mechanical probe was raised in the Z directionment of the probe and the mechanosensitive whole cell
though still remaining in contact with the cell, the inward current. The sinusoidal stimulation is in phase with the
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(i) Sinusoidal Component of Mechanical Stimulus [A00 pA. Figure A shows that even when the mechani-
' oo cal stimulus is continuous, and the current decays back to
] Hz\/WVW\/\/W the baseline level for less than 500 msec, the next mecha-
' Jo\ nosensitive phase begins with a large inward spike.
| These cells typically produced inward spikes of
[1300-400 pA and plateau currents @100 pA. Even
when a very small mechanosensitive current was evoked
in a cell (seeFig. 4C), it too was preceded by an inward
current spike. The absolute magnitude of the spike was

reduced; however, suggesting it is related to the magni-
tude of the subsequent mechanosensitive current.

Current (pA)

Time (sec)

THE RATE OF THE EARLY SPIKE DEVELOPMENT DEPENDS

Fig. 3. The oscillations seen in the whole cell mechanosensitive cur-ON ProOBE POSITION

rent were in phase with the sinusoidal stimulation. (i) Movement of the

probe in the Z direction. (ii) Whole cell current. The dashed lines show o _
that the oscillations of the mechanosensitive current are in phase WitrThe Splke IS clearly a fundamental part of the mechano

the sinusoidal movement of the mechanical probe, and the peak inwarﬁens!tlve respor}s_e, as this is when the cell becomes me-
current coincides with the maximum depression of the mechanicaChanically sensitive. The characteristics of the current
probe. spike did not vary from cell to cell apart from the shape
within the first few msec.
mechanical response. This exact relation between input When the mechanical probe was made to follow a
stimulus and output current indicates that the membransinusoidal stimulus in the plane of the membrane (i.e.,
current is not due to some uncontrolled cellular responsethe X-Y direction), the initial shape of the inward current
such as cyclic release of calcium from intracellular spike was determined by the direction and position of the
stores, or other intracellular substances or messengergsrobe at the time when the current first appeared.
The rapidity of the response (with minimal phase delay)  For a given Z position, when the mechanical probe
suggests that mechanosensitive ion channels are iwas oscillating sinusoidally in the X-Y direction, the
volved. maximum cell deformation occurred at both the peaks in
On a few occasions, the cell began spontaneous coreach cycle. The minimum strain was produced when the
tractions which were localized in the region where theprobe was near the mean, or centerline of the sinusoid.
probe and the cell had been previously in contact. TheThe initiation of the spike depended on whether the cell
bath solution was nominally free of calcium, so the cal-deformation was increasing or decreasing.
cium involved in the contraction process was probably =~ When the strain was increasing, i.e., the probe was

released from intracellular stores. moving away from the centerline toward a peak, the
appearance of the current was rasdéFig. 5A). How-

THE MECHANOSENSITIVE CURRENT ALWAYS STARTS ever, if the probe was headed toward the centerline of

WITH A LARGE SPIKE OF INWARD CURRENT sinusoidal variation, i.e., the mechanical deformation

Every mechanosensitive current recorded from in thesév arﬁudcicrjg\i;gg ;Ii\:l:r?:ég]gi Cug;ntlfitagtrzdé?ﬁocvvg?; had
cells was preceded by a large and brief inward current, r1g. 9b). Figure o
. . - amples of the current being initiated at different points in
Apart from an occasional small inward current precedlngt i .
. X . . he cycle. The Z position of the probe remained constant
the spike ¢eeFig. 4Ba) there was no visual or electrical h .
ST roughout the time shown.
indication that the cell was about to produce the curren%
spike and become mechanosensitive. The inward current
spike lasted about 10 msec.
. - . DEcAY OF THE MECHANOSENSITIVE CURRENT
A cell that had previously exhibited mechanosenS|—IS CONSTANT
tivity but had subsequently inactivated to the baseline
level would have a spike of current at the beginning of
the next mechanosensitive period elicited a few minutedf the mechanical probe was raised slightly in the Z di-
later. This was true even if the mechanical probe was notection once the mechanosensitive current appeared the
moved in the X-Y direction between succeeding experi-current fell back to the background level indicating that
ments. there was no long-term effect of stimulation on the cell.
The spike was also present in mechanosensitive cur~ollowing withdrawal of the stimulus the recovery was
rents that were separated by only a few seconds. Figumapid, and altered little from cell to cell. The current
4B shows two separate sensitive phases, activated onlgecreased exponentially with a time constantrof=
15 seconds apart and both started with a current spike d3.0286 + 0.0004 sec.
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A B

(i) X/Y Component of Stimulus

(i) Z Component of Stimulus
0

E

a3 (ii) Manual Override of Z Position
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(i)  Whole Cell Current
(iii) Whole Cell Current
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Fig. 4. The mechanosensitive current always began with a large
C and brief inward current spikeA (i) The movement of the
mechanical stimulus in the Z direction. (i) Whole cell
mechanosensitive current. The cell was under constant stimulation.
After a brief appearance of the mechanosensitive current (a), it
() X7y Component of Stimulation Protocol returned to the background level before the mechanosensitive

L AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV R 2l component reappeared. The second response (b) was preceded by

another inward spike of current even though the mechanical

(i) Manual Override of Z Position stimulus was not altered, and there was only 500 msec between the
2 um| two spikes. The holding potential was —80 m\B) (i) XY
component of the stimulus protocol for the mechanical probe. (ii)
(i) Whole Cell Current Z direction component of mechanical probe stimulation (iii) Whole
2] cell mechanosensitive current. (a) A small inward current was
z _g: W occasionally seen just before the start of the mechanosensitive
£ 47 response. Its relation, if any, to the mechanosensitive current was
é _g} undetermined. (b) Following the appearance of the
3-10 mechanosensitive response, the mechanical probe was raised in the
ji} Z direction, and the current decayed to resting level. The
16 mechanical probe was then lowered onto the cell once more, and
-18 5 : A s T 2'0 T the mechanosensitive response appeared, preceded by a current

spike, 16 sec after the initial response (c). The sinusoidal
component of the stimulation remained constant throughout. The
holding potential was —70 mV. C Even the smallest mechanosensitive current was accompanied by a relatively large inward spike and an
increase in the noise level. The cell was held at =100 mV.

Time (seconds)

quiescent level) resulted in initiation of a mechanosen-
sitive current. Once elicited, the mechanosensitive cur-
rent had two distinct components: a brief and large in-
Mechanosensitive channels in acutely isolated rat venward current spike, which lasted no more than 10 msec,
tricular myocytes are not easily stimulated. These exfollowed by a smaller sustained inward current. The
periments show that a whole cell inward mechanosensimagnitude of the sustained current was comparable to
tive current can be locally activated by mechanicalthat obtained from these cells undergoing axial strain
stimulation but only following continuous stimulation of {100 pA) (Zeng et al., 1999), although whole cell cur-
more than 5 minutes. A rapid and large cell deformationrent seen with axial stretch was not accompanied by the
did not elicit a whole cell mechanosensitive current, in-initial inward current spike.

stead, it usually resulted in cell death. Only a slow in- The direct stimulation used in this study permitted
crease in the magnitude of stimulation (to a previouslylonger-term stimulation than the axial strain experiments

Discussion
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A

(i) Sinusoidal movement of probe in X/Y direction

(i) Whole Cell Current
50 7

0

g

Current (pA)

T T d T T T T 1
10.0 10.2 10.4 10.6 10.8

Time (sec)

B

(i) Sinusoidal movement of probe in X/Y direction

\0/ en ;m/\ Fig. 5. The shape of the beginning of the

mechanosensitive current was determined by the motion of
the mechanical probe. (A and B) (i) sinusoidal motion of
the mechanosensitive probe in the X-Y plane (in the plane
(i) Whole Cell Current of the membrane), so the maximum deformation is at both
peaks within one cycle. (ii) Whole cell current. Ay the
inward current spike begins when the probe is moving
0 away from the centerline, and the mechanical deformation
is increasing. The onset of the current is rapidBlrthe
current spike appears as the mechanical probe is returning
50 V to the mean of the sinusoidal stimulation. The development
of the current in this circumstance is much slower than in
A. The position of the probe in the Z direction was
100 . . . . . r . unchanged throughout the interval of the traces shown.
46 48 5.0 5.2
Time (sec)

Current (pA)

done on these cells by (Zeng et al., 1999). A major dif-for the cell to undergo secondary changes due to the
ference is that in these experiments the probe stimulatiostimulation. The absolute magnitude of the strain was
was local whereas the axial strain was global. The dif-not the critical factor in initiating a mechanosensitive
ferences in sensitivity may reflect the amount of mem-current, for a rapid deformation to a given point would
brane being stimulated or differences in the other pronot produce in a current whereas a gradual deformation
cesses which are activated by stretching, such as th® that same degree would produce a mechanosensitive
changes in the affinity of calcium binding to Troponin C current after a period of prolonged stimulation. Stretch-
(Gulati, Sonnelblick & Babu, 1991; Hoffman & Fuchs, ing cardiac myocytes leads to a number of secondary
1987) the amount of available intracellular calcium cellular responses including rapid activation of immedi-
(Allen & Kentish, 1985), or changes in cAMP (Watson ate-early genes, hypertrophy (Sadoshima et al., 4992
et al., 1989). increased levels of cAMP (Watson et al., 1989) the ap-
The time involved between the initial contact of the pearance of phosphatidylinositol, protein kinase C, Raf-1
mechanical probe and the cell and the resulting mechakinase, extracellular signal-regulated protein kinases
nosensitive current meant that there was sufficient timgERKs) and angiotensin lisee Yamazaki, Komuro &
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Yazaki, 1998), the activation of VEGF gene expressionseen and adult rat ventricular myocytes is the that the
(Li et al., 1997) and an increase in pH (Cingolani et al.,former have few T-tubules.
1998). Yamazaki et al. (1996) working with neonatal rat The absence of single channel data from freshly iso-
cardiocytes showed that stretch-induced activation ofated cells suggests that the mechanosensitive channels
Raf-1 peaked after 2 min of mechanical stimulation,are either located in the T-tubules (or some other internal
MAPKK at 8 min, and MAPKs after 8 min, which is membrane) or the mechanotransduction mechanism is
within the time period of the experiments presented heredisrupted on formation of a patch. Zeng et al. (1999)
If the development of mechanical sensitivity was calculated that the absence of single channel data is not
precipitated by the buildup of a substance within the cell Jikely to be a result of low channel density given the
there would presumably be no correlation between thénagnitude of their whole cell current and the typical
initiation of the mechanosensitive current and the probevalues for single mechanosensitive channel conduc-
position. However, Fig. 5 shows there is a strong relatances. _ . _
tionship between the shape of the foot of the inward  Comparing mechanosensitive data from single chan-
current spike and the position of the mechanical probeN€!S in membrane patches and whole cell currents may
If the stimulation is increasing when the current starts,/€@d to contradictions, because the mechanical properties
the spike is initiated rapidly whereas a current that start®f the membrane are disrupted by the formation of the
as the mechanical deformation is decreasing rises slowlPatch (Sokabe, Sachs & Jing, 1991; Hamill & McBride,
There is clearly a direct link between the movement of’"-» 1992; Akinlaja & Sachs, 1998), but the lack of single
the probe and the initiation of the mechanosensitive Cur_channel data may be related to the difficulties seen in

rent. Although there is a connection between the short-evOklng whole qell mechanosensmve_ currents.
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