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Summary. Cell-attached patch clamp recordings from unfertil- 
ized oocytes of the ascidian Boltenia villosa reveal an ion chan- 
nel which is activated by mechanical deformation of the mem- 
brane. These channels are seen when suction is applied to the 
patch pipette, but not in the absence of suction or during voltage 
steps. The estimated density of these stretch-activated channels 
is about 1.5/~m 2, a figure equal to or greater than the density of 
known voltage-dependent channels in the oocyte. Ion substitu- 
tion experiments done with combined whole-cell and attached 
patch recording, so absolute potentials are known, indicate that 
the channel passes Na +, Ca 2+ and K +, but not CI-. The channel 
has at least two open and two closed states, with the rate con- 
stant that leaves the longer-lived closed state being the primary 
site of stretch sensitivity. External Ca 2+ concentration affects 
channel kinetics: at low calcium levels, long openings predomi- 
nate, whereas at high calcium virtually all openings are to the 
short-lived open state. In multiple channel patches, the response 
to a step change in suction is highly phasic, with channel open 
probability decreasing over several hundred milliseconds to a 
nonzero steady-state level after an initial rapid increase. This 
channel may play a role in the physiological response of cells of 
the early embryo to the membrane strains associated with mor- 
phogenetic events. 
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Introduction 

A recently reported class of ion channels opens in 
response to mechanical deformation of the plasma 
membrane. Such "s t re tch act ivated" channels 
were first discovered in chick skeletal muscle (Gu- 
haray & Sachs, 1984) and subsequently have been 
described in a wide variety of cells (see Sachs, 1986, 
for review). Most stretch-activated channels seem 
to be rather nonselective cation channels (see, e.g., 
Lansman,  Hallam & Rink, 1987), although some are 
K + (Sigurdson et al., 1987) or C1- (Martinac et al., 
1987) selective. No clear physiological function for 
these channels has been demonstrated, although 
roles in mechanorecept ion (Guharay & Sachs, 
1984), volume regulation (Christensen, 1987) and 

vascular reflexes (Lansman et al., 1987; Lansman, 
1988; Olesen, Clapham & Davies, 1988) have been 
suggested. In choroid plexus Christensen (1987) has 
shown that physiologically effective amounts of 
Ca 2+ can enter cells through stretch-activated chan- 
nels during osmotically-induced membrane defor- 
mation. 

The existence of stretch-activated channels in 
oocytes (Methfessel et al., 1986) raises particularly 
interesting questions about their role in the trans- 
duction of mechanical events in the early embryo 
into transmembrarle ion fluxes or changes in mem- 
brane potential. Dramatic changes in cell shape oc- 
cur in the early embryo during a number of develop- 
mental events, most prominently cleavage cycles, 
gastrulation and neural tube closure. The presence 
of  stretch-activated channels in cells at these stages 
could provide a mechanism for the physiological 
response of cells to the membrane strains generated 
during such events. 

We have begun to study these questions in un- 
fertilized oocytes  of the ascidian Boltenia villosa. 
Ascidians offer several experimental advantages for 
this type of study, among them well-characterized 
cell lineages that are determined early in develop- 
ment, embryos that are experimentally manipula- 
ble, and oocytes  and blastomeres that are accessible 
to patch clamp techniques without enzymatic treat- 
ments (see Block & Moody,  1987). In the experi- 
ments described here, we have demonstrated the 
existence of stretch-activated channels in the unfer- 
tilized oocyte  and have characterized their ion per- 
meability, the dynamics of  their response to mem- 
brane stretch, and the effects of external divalent 
ions on channel kinetics. 

Materials and Methods  

Methods for the collection and maintenance of animals and the 
preparation of oocytes were as described in Block and Moody 
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(1987). Oocytes were dechorionated manually, using electrolyti- 
cally sharpened tungsten needles. No enzyme treatments were 
used. Dechorionated oocytes were sufficiently clean so that seal 
resistances >5 Gf~ were obtained almost without fail. 

SOLUTIONS 

Artificial seawater (ASW) had the following composition (mM): 
NaCI, 400; KCI, 10; CaCI2, 10; MgCI2, 50; HEPES, 10; pH 8.0. 
Modifications of this basic solution for testing channel selectivity 
and kinetics are as follows: low CI-: 400 mM Na gluconate, 10 
mM K gluconate replaced NaC1 and KC1; high K: 400 mM KCI, 
10 NaC1 replaced 400 mM NaC1, 10 KCI, with 1 mM BaCI2 added 
to block inwardly rectifying K channels, which become activated 
at negative potentials in high K solutions (see Hagiwara & Taka- 
hashi, 1974; Hagiwara et al., 1978); 0 Na, 0 Ca: 400 choline 
chloride, 10 MgC12 replaced 400 NaCI, 10 CaCl2, with KOH used 
to titrate the buffer; 200 Ca, 0 Na: 200 CaCG 100 choline CI 
replaced 400 NaC1; for experiments studying the kinetic effects 
of elevated CaClz, CaC12 replaced NaC1 isosmotically, with 
MgCI2 held constant at 5 raM. The pipette solution for whole cell 
recording had the following composition (raM): KC1, 400; NaC1, 
10; EGTA, 10; HEPES, 20; pH 7.3. 

ELECTRICAL RECORDINGS 

All experiments studying the permeability characteristics of 
the channel, in which it was important to know the absolute 
membrane potential, were done with two pipettes: one in the 
whole-cell mode to control internal potential, and one in the cell- 
attached mode to record single-channel events. Other experi- 
ments, such as those examining the response of the channel to 
prolonged suction application or the effects of altered ion compo- 
sition on channel kinetics, were done with only the single, cell- 
attached patch pipette. Internal potential could be accurately 
estimated in these cases from the known current-voltage relation 
of the channel, and the amplitudes of single channel currents 
could be used to show that internal voltage was constant. These 
estimates indicated that with an attached patch pipette in place, 
the internal potential of the oocyte was between - 40  and -60  
mV, even though microelectrode impalements give resting po- 
tentials of - 7 0  to - 8 0  mV (Hice & Moody, 1988). The decline in 
internal potential may occur during seal formation, when numer- 
ous stretch-activated channels would be expected to be active 
(see Lansman et al., 1987). The very high membrane resistance 
of Boltenia oocytes in the potential range - 40  to -60  mV (see 
Block & Moody, 1987; Hice & Moody, 1988) probably contrib- 
utes to the depolarizing effect of seal formation. Potential across 
the patch membrane was controlled by voltage commands ap- 
plied to either, or both pipettes, as indicated. 

Pipettes were pulled from borosilicate micropipette glass 
using a two-stage pull, to a diameter of 1-5 /xm, and then fire 
polished immediately before use. Pipette resistances were 0.5-6 
Mf~ in seawater. Pipettes for single-channel recording were 
coated with Polystyrene Q-dope (GC Electronics, Rockford, IL) 
before fire polishing. Several attached patch recordings were of- 
ten made sequentially during a single whole-cell recording. Seals 
were made by gentle application of suction to the pipette. The 
whole-cell configuration was achieved by transient application of 
greater suction, and membrane rupture was monitored electri- 
cally, as a large increase in capacitance (total CM = about 0.6 nF 
for the oocyte, diam. 130/~m), and visually, as the entry of yolk 

granules into the pipette lumen. Series resistance compensation 
was used in the whole-cell recording. Further details about the 
adequacy of voltage control and the electrical properties of these 
cells under whole-cell clamp can be found in Block and Moody 
(1987). Experiments examining the effects of changes in external 
ion composition were done on separate patches. 

Vacuum to activate the stretch-sensitive channels was ap- 
plied using a value in line with a manometer connected to the 
building vacuum supply. The connection to the supply was led 
through several traps to damp small pressure fluctuations. In 
some experiments, vacuum was measured with a pressure trans- 
ducer placed in parallel with the vacuum line in close proximity 
to the patch electrode holder. 

Data were recorded on FM magnetic tape or were digitized 
and stored on a laboratory microcomputer. On replay, data were 
filtered with an 8-pole Bessel characteristic at the frequencies 
indicated. All experiments were carried out at 9-12~ Channel 
analysis was performed using commercially available software 
(PCLAMP, Axon Instruments, Burlingame, CA). 

Results 

RECORDING OF STRETCH-AcTIVATED CHANNELS 

IN THE OOCYTE MEMBRANE 

In about 90% of attached patches in unfertilized 
Boltenia oocytes, application of gentle suction (10- 
40 cm H20) to the pipette resulted in the opening of 
ion channels not seen either in the absence of suc- 
tion or during application of voltage pulses to the 
patch membrane. Figure 1 shows some examples of 
the activity of stretch-activated channels. The re- 
sponse in Fig. 1A is from a large patch (4/xm diam.) 
in which six channels were simultaneously active at 
the level of suction shown. The amplitude histo- 
gram from this trace in Fig. 1B shows six evenly- 
spaced open levels, indicating that even in this 
fairly large patch, there is only one population of 
stretch-activated channel, as distinguished by con- 
ductance. Figure 1C shows the response to a 530- 
msec application of suction in a smaller diameter 
patch which showed at least two active channels. 
Figure 1D shows a continuous 3-sec segment of 
channel activity from a third patch during a l-rain 
application of suction. Most long records showed 
two classes of events: brief openings interspersed 
with longer duration events, both of which are seen 
in this record. In general, the stretch-activated 
channels opened immediately on suction applica- 
tion and, if still open at the end of the pulse of 
suction (see below), closed immediately on release 
of suction (e.g., Fig. 1C). Channel openings were 
rarely seen in the absence of applied suction. Chan- 
nel amplitude did not vary with the amount of ap- 
plied suction. The stretch-activated channels could 
not be opened by changes in membrane potential 
independent of suction. Na channels and inwardly 
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Fig. 1. Cell-attached patch recordings of stretch-activated channels in the unfertilized Boltenia oocyte. (A) Response to suction in a 
large patch containing at least six active channels. Suction was applied at the arrow and was held constant throughout. Patch diam., ca. 
3 txm: suction, 30 cm HzO. (B) Amplitude histogram of data points in the record of panel A. Points were binned at 0.1 pA increments; 
the horizontal scale of the histogram is in 0.5-pA divisions. The closed, or zero-current, level is to the right. (C) Response to a 530-msec 
pulse of suction in a patch showing at least two active channels. The bar above the trace indicates the period of suction application. (D) 
A continuous 6-sec segment from a 3-min application of suction to another patch. This record illustrates the long and short openings 
commonly seen in such records. The vertical calibration bar applies to all records. The 200-msec time bar applies to C and D, 400 msec 
to A. All records were filtered at 1 kHz 

rectifying K channels were recorded in some 
patches and could be clearly distinguished from the 
stretch-activated channel. 

The average density of  stretch-activated chan- 
nels was estimated to be 1-1.5/txm 2, corresponding 
to roughly 5 x l04 channels per oocyte,  based on 
recordings from large patches (e.g., Fig. 1A). This 
figure may underestimate the true density, because 
the levels of  suction needed to activate all the avail- 
able channels often caused patch instability and seal 
breakdown. This value is five- to 10-fold higher than 
the density of  voltage-dependent Na channels in the 
oocyte,  and approximately 50-fold higher than the 
density of  Ca channels (unpublished data). We saw 
no indications that the channels were clustered in 
particular regions of  the cell. 

In order to rule out the possibility that partial, 
transient breakdown of the seal caused by suction 
pulses might contribute currents which could be 

mistaken for single channels in small patches or for 
simultaneous opening of  several channels in larger 
patches, we performed the following experiment. 
Oocytes were voltage-clamped in the whole-cell 
mode with one pipette, and a second pipette was 
used to record single-channel currents from a cell- 
attached patch. Patches were chosen that contained 
5-10 stretch-activated channels. Pulses of suction 
were applied to the patch, and current was recorded 
from both the patch pipette and, at high gain, from 
the whole-cell pipette. To achieve sufficiently low 
noise in the whole-cell recording from such large 
ceils (total capacitance = 0.6 nF), the internal volt- 
age was held at - 6 0  mV, a region of  minimum con- 
ductance in the I-V relation (Block & Moody,  1987), 
no series resistance compensation was used (hold- 
ing current at this potential was <100 pA), and re- 
cords were filtered at 60 Hz. An additional 100-mV 
hyperpolarization was applied to the patch pipette 
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Fig. 2. Simultaneous attached patch and 
whole-celt recording of single channel currents 
resulting from application of suction to the 
patch pipette, demonstrating that 
stretch-activated currents cross the patch 
membrane and not the seal resistance (see 
text). Arrow indicates suction onset. The cell 
was held at -60  mV, with an additional - 100 
mV applied to the patch. The whole-cell 
record was filtered at 60 Hz. The scale applies 
to both records. A single opening can be 
discerned in both records approximately 200 
msec before the onset of suction, as can 
several of the longer-lived transitions during 
suction application 

to increase single-channel current to approximately 
3 pA. The result of one such experiment is shown in 
Fig. 2. The patch record shows a single-channel 
opening before application of suction, five superim- 
posed openings within 200 msec of suction onset, 
and then transitions between five, four, and three 
open channels over the next 1 sec of continued suc- 
tion. The whole-cell current exactly matched the 
patch current in amplitude, and longer-lasting tran- 
sitions between the number of active channels in the 
patch--including the single opening preceding the 
suction pulse--could clearly be resolved in the 
whole-cell recording. Thus all of the current leaving 
the patch pipette exists across the cell membrane 
and cannot be explained as leakage of current 
across the seal resistance in response to suction. 

PERMEABILITY CHARACTERISTICS OF THE 

STRETCH-ACTIVATED CHANNEL 

All experiments concerning channel permeability 
characteristics were performed using a second pi- 
pette in the whole-cell configuration so that abso- 
lute potentials across the patch membrane were 
known (see Materials and Methods). Current-volt- 
age relations for the stretch-activated channel were 
determined either by activating the channel with 
suction pulses at different holding potentials or by 
applying a ramp voltage command in the presence 
and absence of applied suction (voltages controlled 
by the whole-cell pipette). Figure 3A shows a re- 
cord from the latter type of experiment. In this 
patch, depolarizing ramps were applied between 
-200 and +85 mV absolute potential, and a level of 

suction was used that activated two channels. The 
open-channel current reversed at -10  mV and 
showed considerable inward rectification at nega- 
tive potentials. Figure 3B shows superimposed I-V 
relations for three patches determined from measur- 
ing single-channel amplitudes at various holding po- 
tentials. The chord conductance of the channel at 
-100 mV is 11 pS. As is apparent from Fig. 3B, 
conductances and reversal potentials were very 
consistent between patches. 

Ion substitution experiments were carried out 
to determine the ion selectivity of the stretch-acti- 
vated channel. Figure 4A shows the effect on the 
I-V relation of the channel of changing the CI- con- 
centration bathing the external face of the patch in 
both attached and excised patches. Decreasing the 
external (pipette lumen) CI- concentration from 530 
to 120 mM (n = 4; records taken with this solution 
were corrected for a +7-mVjunction potential mea- 
sured between the pipette and bath) had almost no 
effect on either the conductance or reversal poten- 
tial of the channel in either attached or excised 
patches, indicating that the channel is cation selec- 
tive. Excising the patch so that both faces were 
exposed to ASW resulted in an approximate dou- 
bling of the channel conductance (to 21 pS at -100 
mV) and shifted the reversal potential about 10 mV 
in the positive direction. Since intracellular [K +] in 
these cells is probably near 180 mM (see Hagiwara 
& Yoshii, 1979), excising the patch into ASW effec- 
tively substitutes 400 mM Na + for 200 mM K § on the 
cytoplasmic face. The increased conductance and 
relatively unchanged reversal potential thus implies 
that the channel discriminates poorly between Na + 
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Fig. 3. Open channel I-V relations for the stretch-activated channel. All experiments were done with combined whole-cell and attached 
patch recording (see Materials and Methods). (A) Current records resulting from the application of the depolarizing ramp voltage to the 
whole-cell pipette (patch pipette voltage held constant at bath potentialL from -200 to +85 absolute potential, in the absence (quiet 
trace with smallest slope) and presence of suction. Two channels were active in the patch. Two traces in the absence of suction and 
four in the presence of suction are superimposed. The reversal potential is - 8  mV. (B) 1-V relations from three patches determined by 
applying suction at various holding potentials (potentials applied to the whole-cell pipette with patch pipette held at bath potential). 
Horizontal axis is in absolute potential. The conductance at -100 mV is 11 pS. and the reversal potential is - 10  mV 

and K § This was confirmed in two experiments 
which showed that substituting 400 mM K + for 400 
mM Na + on the external face of the patch (pipette 
lumen) had almost no effect on the I-V relation of 
the channel (not shown). We did not test whether 
the channel displayed more selectivity among 
monovalent cations when external Ca :+ concentra- 
tion was reduced to micromolar concentrations, as 
has been reported for the stretch-activated channel 
in lens epithelium (Cooper et al., 1986). 

We tested the Ca 2+ permeability of the stretch- 
activated channel in four experiments using high 
Ca 2- (200 Ca, 0 Na (choline)) ASW (Fig. 4B). In 
attached patches, channel conductance was rela- 
tively unaffected at negative potentials with Ca 2+ as 
the primary charge carrier, but at potentials positive 
to about -70 mV the I-V relation showed more pro- 
nounced rectification and the extrapolated reversal 
potential was shifted to more positive voltages 
(compare to Fig. 4A, attached, ASW I-V). The ac- 
tual shift in reversal potential was difficult to deter- 
mine because of the substantial rectification and 
short channel open times at elevated Ca 2+ concen- 
trations (see below). In patches excised into ASW 
this substitution had little effect on either conduc- 
tance or reversal potential. This is expected if Ca e+ 
and Na § are about equally permeant in the channel, 
since the ASW into which the patch is excised con- 
tains approximately the same level of Ca 2§ as the 
oocyte cytoplasm contains Na § (Hagiwara & 

Yoshii, 1979). Figure 4B also shows the effects of 
removing both Na + (choline replacement) and Ca 2+ 
(Mg 2+ replacement). In attached patches the I-V re- 
lation in 0 Na, 0 Ca external solution was somewhat 
linearized and the reversal potential shifted to more 
negative values. The extrapolated reversal potential 
for this patch was -38 mV. The K + equilibrium 
potential under these ionic conditions is approxi- 
mately -61 mV. This discrepancy could be due to 
either choline or Mg permeation through the chan- 
nel (see Christensen, 1987). 

The above results indicate that the stretch-acti- 
vated channel in the unfertilized Boltenia oocyte 
behaves as a rather nonspecific cation channel, 
which excludes anions but passes Na § K § and 
Ca 2+ with approximately equal ease. This is in close 
agreement with the results of Lansman et al. (1987) 
working on aortic endothelial cells, who showed ap- 
proximately equal permeation of Na § and K § 
through the channel, with Ca 2+ slightly more per- 
meable than either. 

KINETIC ANALYSIS OF THE RESPONSE 

OF THE CHANNEL TO SUCTION 

We performed a basic kinetic analysis of the 
stretch-activated channel to determine the basis for 
the increased open probability at increased levels of 
membrane deformation. 
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Fig. 4. Current-voltage relations for the stretch-activated chan- 
nel under various ion conditions. All attached patch experiments 
were done with combined whole-cell and patch recording (see 
Materials and Methods). (A) Comparison of normal (530 mM) and 
reduced (120 raN) CI in the external (pipette) solution in at- 
tached and excised patches (different patches for different solu- 
tions). Patches were detached into ASW (see Materials and 
Methods for composition). (B) I-V relations for attached and 
detached patches in 200 Ca external solution and for an attached 
patch in 0 Na, 0 Ca external solution. In the attached recordings 
forA and B, potential is controlled by the whole-cell pipette. The 
attached and detached recordings in each solution are from the 
same patch 

Frequency distributions of open times were de- 
termined in 10 prolonged applications of suction in 
four patches; in eight of these runs, sufficient num- 
bers of openings occurred to allow reasonable fits to 
the open time histograms. In six of these eight 
patches the histograms of open times were best fit 
by the sum of two exponentials, with time constants 
in the range of 2-5 and 16-30 msec. These two time 
constants correspond to the brief and long openings 
seen in most long records (see Fig. 1D). In two 
patches, a single exponential with a time constant 

near 10 msec provided an adequate fit. Figure 5 
compares open times from a single patch at two 
levels of suction, the higher level increasing the 
open probability, measured over a 2-min continuous 
suction application, by approximately threefold. 
The time constants describing the two open states 
were essentially unaffected by suction. A third ap- 
plication of lower suction was analyzed for this 
patch and gave similar time constants (data not 
shown). A second patch, which showed only a sin- 
gle time constant to the open time histogram, was 
similarly analyzed at four increasing levels of suc- 
tion and gave time constants of 10.6, 10.04, 10.6 and 
12.5 msec. Similar results were obtained in several 
other patches, which were analyzed less com- 
pletely. 

It was difficult to analyze closed intervals, since 
in patches with low or moderate open probabilities 
and no overlapping openings, it was not clear 
whether more than one channel was active in the 
patch. Since long closed intervals could easily be 
bounded by the openings of two different channels, 
closed time histograms in such cases do not yield 
meaningful rate constants. We determined closed 
time histograms in several patches in which long 
records were obtained with few or no overlapping 
events to obtain a qualitative estimate of the effects 
of suction on closed intervals. Inspection of records 
indicated that there were at least two closed states, 
representing the brief flickers within the longer 
openings and the long intervals between openings, 
respectively. The high open probability at high suc- 
tion levels seemed to be primarily the result of a 
shortening of the longer closed interval or intervals, 
and this was borne out by the analysis. Figure 5 
shows closed time histograms for the same patch at 
the same two levels of suction. The sum of two 
exponentials provided a reasonable fit to both sets 
of data. The longer of the two time constants was 
greatly reduced by increased suction, whereas no 
consistent effect was seen on the shorter time con- 
stant. In patches in which several levels of suction 
were used, the longer closed time constant de- 
creased monotonically with increasing suction. 
Thus membrane deformation appears to increase 
channel open probability primarily by shortening 
the long closed intervals between channel openings. 
This agrees with previous findings for the stretch- 
activated K channel in Lymnaea cardiac cells (Si- 
gurdson et al., 1987). 

EFFECTS OF EXTERNAL CALCIUM LEVELS ON 
CHANNEL KINETICS 

In studying the permeation of calcium through the 
stretch-activated channel, it became clear that ex- 
ternal concentration of calcium had pronounced ef- 
fects on channel kinetics. We studied this effect in 
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Fig. 5. Sample records and open and closed 
time distributions from a single cell-attached 
patch at two levels of suction. The horizontal 
axes for all histograms are the same. The 
open time distributions are binned at l-msec 
intervals, the closed time distributions at 2 
msec. Although the higher suction caused a 
dramatic increase in channel open probability, 
the open time distributions were fit at both 
suction levels by the sum of two exponentials 
with similar time constants. In this patch, the 
relative contribution of the longer lasting open 
state to the distribution was higher at lower 
suction, but this was not consistently 
observed. The closed time distributions at 
both suction levels are also fit by the sum of 
two exponentials, but increased suction 
shortens the longer time constant. Attached 
patch recordings without whole-cell. Patch 
diam. ca. 1.5/xm; suction levels, 40 and 60 
cm H20. Voltage held at -60  mV relative to 
rest. Calibration bars for the current traces: 
1.5 pA, 150 msec 

10 patches at four different levels of external Ca 2+. 
Figure 6 illustrates results from three of these re- 
cordings. Channel activity in three different patches 
was recorded during a 3-min application of suction 
at external calcium concentrations of 0, 50 and 315 
mM (Mg 2+ held constant at 5 mM). At nominally 
zero calcium concentration, long openings domi- 
nate the recordings; as calcium concentration is 
raised, shorter openings become increasingly pre- 
dominant. The effect does not seem to be a simple 
one. At low Ca, there appears to be only a single, 
long-lived open state (4 patches; time constants: 
71.1, 53, 21 and 15 msec). Transitions to the short- 
lived open state are not seen. Note that in two of the 
patches, the single time constant in 0 Ca approxi- 
mated the longer time constant determined from 
openings recorded at more physiological Ca levels 
(10 mM; time constants 16-30 msec), although in 
the patch shown in Fig. 6, it was clearly longer. (It 
is possible that a third, long-lived open state exists 
in normal Ca levels, but is poorly resolved in the 
distributions, and that only transitions into this 
state are seen at very low Ca levels.) At Ca levels of 
10-50 raM, the distributions are similar to those in 
ASW (10 Ca, 50 Mg). The longer openings are inter- 
rupted more frequently by brief closings, which 
could be interpreted as blocking events, but the re- 

cords do not divide into recognizable bursts. At 
very high Ca levels (Fig. 6A), only short openings 
are seen, and the open time histograms can be de- 
scribed by a single exponential in the same range 
(2-5 msec) as that of the short-lived open state in 
ASW (Fig. 5). It appears that Ca may both promote 
transitions into the short-lived open state and block 
or facilitate closure of the long-lived open state. 
Clearly, more work is needed to understand these 
effects. 

DYNAMIC RESPONSE TO SUCTION ONSET IN 

MULTIPLE-CHANNEL PATCHES 

We performed a series of experiments on multiple- 
channel patches, in which between two and 20 
channels could be opened simultaneously at the on- 
set of step changes in suction (10-60 cm H20), to 
study the dynamics of the increase in channel activ- 
ity with increased suction. In these experiments, 
suction was monitored simultaneously using a force 
transducer placed at the entrance of the vacuum 
line to the patch pipette holder, and only records in 
which the rise time of suction onset was less than 
100 msec were used. In the large majority of such 
vacuum applications (20/25), the response of the 
channel population was highly phasic. Maximum 



186 W.J. Moody and M.M. Bosma: Stretch-Activated Channels  in Oocytes  

3 1 5  Ca 

==r~P U ~-:I= - :I(  ]f~~ 

I_ 

50 Ca 0 Ca 

~ = ~ - ~ i 1 ~  - - t  := ~ . = : : ~ :.: 

tO 

T: 3.6 ms 

T I :  2 .0  ms 

T 2 : 2 4 . 7  ms 

............................ ~ ................... i ................... n ........................... i, 

0 100 200  ms 0 100 200 ms 

.> 
" o  

o~  : .~ms Iqnt 
0 2 5 0  5 0 0  ms 
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sets of  suction. Representa t ive  records from two different 
patches .  At tached  patch without whole-cell. Voltage held at - 6 0  
mV relative to rest.  Arrows indicate onset  of  suction, which was 
moni tored by a pressure  t ransducer ;  onse t  t ime of  suction was 
less than 100 msec  in all cases,  and suction remained constant  for 
the duration of the application. See text.  Patch diam, ca, 2 b~m 
(top), 3 /xm (bottom), Suction: 30 cm H20 (top), 40 cm H20 
(bottom) 

channel activity was seen immediately after the on- 
set of vacuum and declined rapidly to a low steady- 
state level within 200 msec to 1 sec. Figure 7 shows 
two examples of this type of response. The steady- 
state level of channel activity represented about 10- 
50% of the peak activity and was maintained at an 
approximately constant level throughout the re- 
mainder of the vacumn application (1-3 rain). Fol- 
lowing a 2-min vacuum application, the previous 
peak response to a second, identical suction was 
not regained even after a 1-min interval. This phasic 
response was not as obvious in patches containing a 
small number of channels, especially at large suc- 
tion levels which can effectively saturate the chan- 
nel response. The transient response of the stretch- 
activated channel to step changes in suction may 
have important functional implications in terms of 
predicting effective physiological stimuli for chan- 
nel opening. Possible molecular substrates of the 
transient nature of the response are discussed be- 
low. 

Discussion 

We have described a stretch-activated (s.a.) ion 
channel in the unfertilized oocyte of the ascidian 
Boltenia villosa. This channel is a relatively nonse- 
lective cation channel, passing Na +, K + and Ca R+ 
ions. It exists in the membrane at a density compa- 
rable to or higher than voltage-dependent channels 
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that we have previously described in this cell (Block 
& Moody, 1987). The channel has at least two open 
and two closed states, with transitions out of the 
long-lived closed state being the primary site of 
stretch sensitivity. The kinetics of the channel were 
also affected by the external concentration of cal- 
cium ions, such that as the level of calcium was 
increased, short openings became increasingly pre- 
dominant. In multi-channel patches, the channel 
popuration showed a phasic response to a step onset 
of suction, with open probability declining within 
100-800 msec to a nonzero steady-state level. 

The properties of the Boltenia s.a. channel are 
very similar to those reported in a variety of other 
preparations. Calcium permeation has been found 
in s.a. channels in endothelial cells (Lansman et al., 
1987) and in choroid plexus epithelium (Christen- 
sen, 1987). Effects of high calcium levels on channel 
kinetics are also apparent in records from these two 
preparations (see Lansman et al., 1987, Fig. 3; 
Christensen, 1987, Fig. 1). Evidence for two open 
stales of the channel has been reported in endothe- 
lium (Lansman et al., 1987), frog oocytes (Methfes- 
sel et al., 1986), and for the s.a. K-selective channel 
in molluscan cardiac muscle (Sigurdson et al., 
1987). It also appears that stretch sensitivity of the 
transition out of the long-lived closed state may be a 
general property, independent of the ion selectivity 
[compare the present results with Guharay and 
Sachs (1984) and Sigurdson et al. (1987)J. The ap- 
parent density of the s.a. channels in Boltenia oo- 
cytes is similar to that reported in amphibian oo- 
cytes (Methfessel et al., 1986), choroid plexus 
epithelium (Christensen, 1987) and molluscan heart 
cells (Sigurdson et al., 1987). This is particularly 
interesting since the densities of voltage-dependent 
channels in these tissues varies widely. Thus the 
s.a. channel exists at low density relative to other 
ion channels in many tissues, but at similar or 
higher density than other channels in the Boltenia 
oocyte. 

The rapid decline of channel open probability 
following a step change in vacuum has not been 
reported in other cells, although decrement in chan- 
nel activity with repeated applications of suction 
has been described (Cooper et al., 1986). A simple 
mechanical model that puts an elastic channel in 
series with a viscoelastic membrane predicts that 
the strain on the channel should increase instanta- 
neously to a maintained level following a step 
change in vacuum (see, e.g., Rand, 1964; Hoch- 
muth & Waugh, 1987). However, the relaxation of 
strain on the channel could be explained by assum- 
ing that there is a second viscoelastic element in 
parallel with the channel whose strain increases on 
applied stress at a rate faster than the element in 
series with the channel. In this way, strain on the 

channel could be relieved after the initial increase 
even while strain on the entire membrane-channel 
complex continues to increase. The strain-relieving 
element in parallel with the channel might be cy- 
toskeletal, since the steady-state response of the 
s.a. channel to vacuum is greatly increased by cyto- 
chalasin, which disrupts cytoskeletal elements (Gu- 
haray & Sachs, 1984). In this model, the dynamic 
response and sensitivity of the s.a. channel would 
be governed by the mechanical parameters of both 
the lipid membrane and the cytoskeletal network 
associated with the channel. 

The presence of s.a. channels in ascidian oo- 
cytes at a density similar to or greater than several 
voltage-activated channels suggests that they may 
participate in events in early development which 
involve mechanical strain on the membrane or con- 
tractions of the cortical cytoskeleton. The single 
channel current at -70  mV, the normal resting po- 
tential of the oocyte (Hice & Moody, 1988), is about 
0.5 pA. The deactivation of the inwardly rectifying 
K current as the oocyte is depolarized from -70  to 
-60  mV yields an extremely high steady-state input 
resistance, often greater than 1 Gf~, at voltages pos- 
itive to -60  mV (Block & Moody, 1987). Thus only 
about 30-60 pA of current is required to bring the 
oocyte membrane to threshold for action potential 
generation, which involves both Na and Ca entry 
through voltage-dependent channels (Block & 
Moody, 1987; Hice & Moody, 1988). This current 
represents the activation of about 100 s.a. channels, 
or less than 1% of the estimated population in the 
oocyte. The activation of these channels could thus 
admit calcium ions to the cytoplasm by virtue of 
their Ca permeability and because the resulting po- 
tential change activates voltage-sensitive Ca chan- 
nels. 

There are several points in early embryogenesis 
when membrane strains might be sufficient to acti- 
vate the s.a. channel. Ooplasmic segregation, which 
immediately follows fertilization in ascidians, is me- 
diated by contraction of cortical actin filaments (Jef- 
fery & Meier, 1983) and is accompanied by visible 
shape changes in the oocyte and often dramatic 
movements of membrane-adherent particles or su- 
pernumerary sperm over the egg surface (Sawada & 
Osanai, 1981). Sufficient stimulus for s.a. channel 
activity might also occur during cytokinesis. Aside 
from the mechanical strains involved in the forma- 
tion of the cleavage furrow itself, the cyclical exten- 
sion and retraction of microvilli with cleavage cy- 
cles in ascidians (Satoh & Deno, 1984) might reflect 
underlying cytoskeletal activity with which s.a. 
channels might be involved. Finally the tissue 
movements and cell shape changes that character- 
ize gastrulation (see Gerhart & Keller, 1986) cer- 
tainly result in substantial mechanical strains that 
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might effectively activate the population of s.a. 
channels in the membrane. Interestingly, one of the 
major mechanical models of epithelial infolding dur- 
ing morphogenesis is based in part on the assump- 
tion that mechanical strain above a certain thresh- 
old in embryonic cells triggers active contraction of 
cytoskeletal elements, possibly through intracellu- 
lar release or influx of calcium ions; calculations of 
the propagation of this contraction from a single 
deformed cell can closely mimic a number of mor- 
phogenetic movements, such as sea urchin gastrula- 
tion and amphibian neural tube closure (Odell et al., 
1981). Direct tests of whether s.a. channels can pro- 
vide a physiological mechanism behind the assump- 
tions of this type of model may prove difficult be- 
cause the mechanical constraints placed on the 
membrane aspirated into the patch pipette itself are 
likely to alter the response of that membrane to 
events over the remainder of the cell surface. We 
are at present working at solutions to this problem 
and examining the activity of s.a. channels at vari- 
ous stages of early embryogenesis. 
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Note Added in Proof 

Adaptation of channel open probability following a step change 
in vacuum has recently been reported in fibroblasts and yeast 
cells (Stockbridge, L.L., French, A.S., 1988, Biophys J. 54:187; 
Gustin, S., Zhou, X.-L., Martinac, B., Kung, C., 1988, Science 
242:762). 


