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Single-Channel Mechanosensitive Currents 

Morris and Horn (1) describe ion channel 
activity, elicited by mechanical stimulation, 
in both membrane patches and in whole 
neurons from the snail Lymnaea stagnalis. In 
whole-cell recordings, mechanical-stimula- 
tion did not elicit the large macroscopic 
mechanosensitive currents (I,,) that were 
anticipated from studies of single mecha- 
nosensitive (MS) channels in -membrane 

\ ,  

patches. These negative results led Morris and 
Horn to suggest that single-channel mecha- 
nosensitivity is an artifact of patch recording. 

In contrast to snail neurons, MS channel 
currents in spheroplasts of the yeast Saccha- 
romyces cerevisiae were found in both patch 
and whole-cell recordings (2). Morris and 
Horn offer two explanations for this differ- 
ence. I,, could result from activation of 
only a few MS channels near the pipette-to- 
membrane seal, possibly as a result of the 
vigorous suction needed to form a seal on 
the yeast membrane. They also point out 
that I,, in yeast showed nonselectivity and 
did not saturate at high pressures (2). They 
suggest that these properties would be con- 
sistent with mechanicallv induced leaks 
through nonchannel pathways. Both expla- 
nations seem untenable for several reasons. 

Morris and Horn say that, "on the basis of 
yeast channel density . . ., the maximum I,, 
(at -60 mV) corresponds to recruitment of 
<2% of the population." This calculation 

L 1 l l l l l l  
0 ' 2 3 4 5 6 7 8  

Pressure (cm Hg) 

Fig. 1. Pressure dependence of MS channels in 
whole-cell mode. Spheroplast preparation, whole- 
cell recording, and internal pressure application 
were as described in (2). Internal pressure was 
increased in steps, between each of which the 
pressure was released. No change in the leakage 
current was noted between pressure applications. 
Cell capacitance = 0.69 pF, voltage = +40 mV. 
Recording solutions, pipette: 100 mM cesium 
glutamate, 250 mM mannitol, 4 mM MgCI,, 2 
mM EGTA, 2 mM adenosine triphosphate, 10 
mM Hepes, pH 7.2; bath: 100 mM cesium 
glutamate, 210 mM mannitol, 2 mM MgCI,, 1 
mM CaCI,, 10 mM MES, pH 5.5 

appears to use the highest points shown in 
figure 3 of the study by Gustin et at. (2). 
This is an inappropriate reinterpretation of 
the data because the currents shown in (2) 
are clearly not maximal, nor did we ever 
claim that they were. When the voltage 
across the yeast spheroplast membrane was 
kept positive on the inside to minimize 
adaptation, cell-inflating pressure elicited 
large macroscopic currents (2). These cur- 
rents showed saturation at increasing pres- 
sure (Fig. 1). For three different sphero- 
plasts in which I,, saturation was observed, 
the maximum MS conductance was 105,99, 
and 160 picosiemens (pS) I*.m-2, respec- 
tively. In recordings made from patches of 
approximately 1 p,m2, two to six MS chan- 
nels (35 pS) were observed. The maximal 
specific whole-cell conductance was there- 
fore roughly equivalent to that expected 
from patch recordings of yeast MS channels. - .  

 he necessity for vigorous suction to form 
seals on S. cerevisiae has little to do with MS 
ion channel currents in whole-cell record- 
ings. In fungi such as Schizosaccharomyces 
pornbe and Uromyces appendiculatus, where 
gigaohm seals form rapidly with little suc- 
tion, MS ion channel currents are present in 
patch and whole-cell recordings. MS ion 
currents in the latter type of recordings, like 
those from S. cerevisiae, are large and satu- 
rating at high stimulating pressures (3). 

Ion selectivity and inhibitor sensitivity is 
the same for macroscopic and unitary con- 
ductances elicited by mechanical stimulation 
in S.  cerevisiae. As Morris and Horn correct- 
ly point out, the I,, in yeast is nonselective; 
however, so too is the MS unitary current 
(i,,) (2). Both the macroscopic and unitary 
currents elicited by mechanical stimulation 
in yeast are completely inhibited when 10 
KM Gd3+ is applied intracellularly. MS 
channels in yeast also do not appear to be 
manifestations of some other channel. The 
only other channel consistently found in the 

plasma membrane, an odtward-rectify- 
ing potassium channel, is not activated when 
pressure is applied to membrane patches or 
to whole cells. 
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We agree with Morris and Horn that MS 
channels were probably not physiologically 
active in their preparation. However, before 
MS channels can be called an artifact, there 
are two questions to be answered. 

1) Did Morris and Horn find less current 
than expected? Growth cones have two 
kinds of mechanosensitive channels: stretch- 
activated (SA) and stretch-inactivated (SI). 
For SA channels, the stimulation was prob- 
ably too small to activate a substantial frac- 
tion. Sigurdson and Morris (2) showed that 
SA channels could be activated only by 
pressures greater than 70 to 100 rnmHg. 
For a typical patch 4 I*.m in diameter, such 
pressure produces tensions greater than 9 to 
13  dyn/cm. This tension is close to the lytic 
limit and is difficult to sustain across large 
areas of membrane without the formation of 
stress-relieving blebs. It is not clear whether 
Morris and Horn were able to stimulate 
even a small fraction of the SA channels. In 
the case of SI channels, the maximal proba- 
bility of being open was reported to be 
0.024, and the observed density was less 
than 0.06 per patch or about 0.04 per 
square micrometer ( 3 ) .  In the unlikely event 
that all the channels in the cell could be shut 
by the applied stress, there would be less 
than 2 pA of current measured by whole-cell 
patch clamping. There might also have been 
compensation of SI and SA channels as one 
type opened and the other closed. (The 
magnitude of the stimulus in the experi- 
ments with hypoosmotic stress is unclear. 
Morris and Horn found no change in potas- 
sium ion (K+) currents with swelling, but 
dilution of the intracellular compartment 
should have changed the reversal potential). 
We conclude that Morris and Horn's results 
satisfy the expectations of the single chan- 
nels studies, particularly in view of the un- 
certainties of the stimulus. The low sensitiv- 
ity of MS channels in in vitro Lymnea 
neurons may indicate that the channel sen- 
sitivity is regulated. 

2)  Is the insensitivity of whole-cell re- 
sponses a general finding? It does not appear 
to be. Davis et al. (4) showed that smooth 
muscle cells had nonselective SA channels 
and, when the cells were stretched, they 
generated an inward current. Bear (5 )  found 
that liver cells possessed calcium permeable 
SA currents, and that hypoosmotic stress 
induced both channel activation and an ele- 
vation of whole-cell calcium with a similar 
time course. Endeben (6)  demonstrated 
nonselective cation SA channels in the cray- 
fish stretch receptor neuron that had a de- 
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polarizing generator potential. The only 
reservation we have about interpreting 
Erxleben's data is that the patch experi- 
ments were done on the soma or primary 
dendrite, rather than on secondary pro- 
cesses, and that the distribution of channels 
might have varied (2). 

Gustin et al. (7) demonstrated in yeast 
that whole-cell currents could be evoked by 
inflation of the protoplast and that pressure 
sensitivity increased with the diameter of the 
protoplast, as expected from Laplace's law. 
This contradicts the contention of Morris 
and Horn that stimulation was limited to 
the region of the pipette attachment, be- 
cause in that case there should have been no 
correlation with size. 

Without any patch clamping, Sigurdson 
et al. (8) showed that in in vitro heart cells, 
gentle mechanical prodding produced an 
inward calcium flux. This flux satisfied many 
of the properties expected from SA chan- 
nels: the flux was blocked by gadolinium, 
carried by extracellular calcium, and was 
sensitive to mechanical stimulation. With- 
out specific blockers whole-cell currents are 
not convincing evidence of specific trans- 
duction and the stimulus is, in most cases, 
poorly controlled. 

Finally, Morris and Horn's in proof refer- 
ence to dissolution of the cytoskeleton in 
patches (9) is inappropriate. The patches in 
that study were made with giant pipettes 10 
to 15 pm in diameter and did not form 
gigaseals. Gigasealed patches from normal 
pipettes contain cytoskeleton (10) that can 
change with flexing of the patch, or with 
time ( I l ) ,  and may affect the sensitivity of 
MS channels. 
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Response: Gustin's new data leave little 
doubt that I,, in yeast spheroplasts are 
channel-mediated. Three critical questions 
are no longer at issue. Does I,, saturate? Is 
it blocked, like the single-channel current, 
by gadolinium? Are the channels contribut- 
ing to IMs only those near the pipette rim? 
Additional support is given to the hypothe- 
sis of channel-mediation by the finding that 
yeast species that seal without vigorous suc- 
tion also exhibit I,,. 

The membranes and SA channels of yeast 
and snail neurons (1) may simply be differ- 
ent. We note that yeast SA channels (2) are 
nonselective between cations and anions, 
that they have two open levels like a two- 
barrelled channel, and that they occur in a 
membrane whose natural state is one of high 
curvature (3). By Laplace's law, the yeast 
I,, shown in figure 1 above is activated at 
tensions that would be generated by apply- 
ing -130 mmHg to a typical patch of 5 
km2. In patch recordings, the ubiquitous 
snail neuron SA Kf channels were at least 
this sensitive (1). This sensitivity did not, 
however, translate to macroscopic record- 
ings. In yeast, half-maximal activation oc- 
curs at -5  dyne/cm-l. In our experiments 
on neuronal membrane, we assume that com- 
parable or greater tensions developed over 
many square micrometers before stimulus- 
induced rupturing occurred, but these ten- 
sions did not generate the expected currents. 

Despite Gustin's results neither the small 
I,, we observed in some snail neurons (and 
in GH, cells) nor that in yeast spheroplasts 
can be assumed to represent physiological 
currents. We detected currents only in cells 
that were near rupturing or were irreversibly 
distended, and the currents in yeast cells 
were seen in wall-free cells with their cyto- 
plasm exchanged for pipette solution. Nev- 
ertheless, we concur that patching does not 
appear to render SA channels artifactually 
mechanosensitive in yeast spheroplasts. 
Data from more preparations are needed 
before the same can be said of animal cells. 

Sachs et al. describe the behavior of patch- 
es during sealing and stretching (4, 5). It is 
clear that patching can traumatize the mem- 
brane, and passive (viscoelastic) or active 
(contractile) effects can interfere with the 
effects of pressure applied to the pipette (4). 
Furthermore, the different pipette tip geom- 
etries that have been used to record SA 
channel activity affect the nature of mecha- 
nostimuli applied to patched membrane (5). 
These uncertainties make it difficult to pre- 
dict the magnitude of in situ or physiologi- 
cal channel mechanosensitivity on the basis 
of patch mechanosensitivity. 

We disagree with the statement that SA 
channels "could only be activated by pressures 
greater than 70 to 100 mmHg" in Lymnaea 

neurons. Sigurdson found that 30 mmHg suc- 
tion-activated SA Kf channels in some patches 
(6 ) ,  and we reported [ ( I ) ,  reference 131 that SA 
K+ channels turned on with suction at 240 
rnmHg. Moreover, in looking for whole-cell 
responses, we consistently used stimuli that at 
high intensity brought the cell to rupture, yet 
we observed at best minute currents that could 
be attributed to a handfd of channels. Altered 
reversal potentials during osmotic shock should 
not have prevented the detection of conduc- 
tance changes, but we saw none. 

We agree with Sachs et al. that macro- 
scopic MS currents can be demonstrated; we 
observed them in GH, cells [ ( I ) ,  reference 
231, but only under conditions that caused 
irreversible distension. Sachs et al. refer to 
the preliminary report by Davis et al. (7) of 
mechanosensitive whole-cell currents in 
smooth muscle, but it is too early to tell 
whether these macroscopic currents repre- 
sent a physiologically relevant expression of 
single-channel SA currents. Are the currents 
gadolinium-sensitive? Do they saturate or 
show any .''dosen dependence? What is the 
state of the cells when currents are obtained? 

The other preliminary report to which 
Sachs et al. refer ( 8 )  was suggestive, but not 
conclusive, since no control for CaZ+ chan- 
nel blocking by gadolinium was done, no 
current measurements were made, and 
mechanostimulation was not necessarily 
"gentle." The stimulating probe was a patch 
pipette, used in a manner that sharply in- 
dented the plasma membrane, inevitably 
shearing cortical cytoskeleton against con- 
tractile machinery and intracellular organ- 
elles. This unusual stimulus may alter the 
mechanical environment of SA channels, 
rendering them hypermechanosensitive. 

Bear (9) did not make whole-cell record- 
ings. Endeben's work (10) is important, but 
he did not claim to have made an unequiv- 
ocal connection between single-channel and 
whole-cell currents. Some of the missing links 
have been listed in (11). If the channels 
contributing to the whole-cell currents mea- 
sured by  tin et al. (12) were mechanically 
disturbed near the recording pipette, they 
would have experienced the curvature of the 
cell and so would, indeed, have been expected 
to conform to Laplace's law. Finally, we made 
no reference to "dissolution of the cytoskele- 
ton." We used the term "disrupt." Sachs et al. 
(4) show just how disrupted the cytoskeleton 
can be beneath a patched membrane. 
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Lysyl Oxidase and ng 
Messenger RNA 

Several of us recently reported that the rrg 
gene was a putative tumor suppressor gene 
or anti-oncogene of ras (1). Mouse NIH 
3T3 cell lines transformed by ras expressed 
almost no rrg, in contrast with nontrans- 
formed NIH 3T3 cell lines and interferon- 
reverted cell lines. Revertants continued to 
express ras p21 and mRNA in amounts 
cok~arable t o  those expressed bv trans- 
form'ed cell lines. A reveGant cell l&e trans- 
fected with an r g  antisense expression con- 
struct became retransformed: These data 

Table 1. Lysyl oxidase activity in cell lines. 
Lysyl oxidase activity was assayed in both media 
and cell extract, summed to give total activity, 
and normalized against cell number and cell 
protein. In all cell lines, more than 90% of the 
total lysyl oxidase activity was in the media. ND, 
not detectable. AS, antisense cell lines, PR4 cells 
with ng andsense expression construct; S, sense 
cell lines, PR4 cells with rrg sense expression 
construct; AS3BT1, cell line cultured from tumor 
induced in a nude mouse by subcutaneous 
injection of cell line AS-3B. Tumors grew to - 1 
cm in diameter within 7 days of first appearance 
(+++), within 7 to 14 days of first appearance 
(++), or 14 days or more after first appearance 
(+); or they did not grow (-). 

Total lysyl oxidase 
actilib (1 I )  

Cell Tumor 
line CpmI ~ p m /  growth 

1 O6 PR ( 1 )  

cells protein 

NIH 3T3 
PR4 
RS485 
AS-3B 
AS-3BT1 
AS-30 
AS-4 
S-10 
S-16 

suggested that the regulated expression of 
rrg product forms a part of the pathway of 
cell transformation by ras. 

A search (2) of GenBank Release 65.0 and 
PIR Release 26.0 revealed a match between 
rrg cDNA sequences ( 3 )  and a 2672-bp 
cDNA of rat lysyl oxidase (4). The two 
nucleotide sequences were 92% identical, 
but the protein sequences were only 79% 
similar with two blocks of nonhomologous 
sequences interrupting the alignment. 
Frame shifts at four locations restored iden- 
tity; each shift location was rich in GC. 
GC-rich areas are often compressed on se- 
quencing gels. The sequences of rrg and rat 
lysyl oxidase cDNA in these areas were veri- 
fied with the dGTP analog dITP, which 
prevents compressions (5) .  Several base inser- 
tions in the rat sequence restored exact align- 
ment with rrg (6)- heref fore, rrg, a regulator 
of ras expression, encodes lysyl oxidase. 

Determinations of lysyl oxidase activity in 
the culture media of NIH 3T3 and derived 
cell lines (Table 1) indicated a direct corre- 
lation between lysyl oxidase activity and rrg 
mRNA expression (Fig. 1). Nontrans- 
formed cell lines exhibited high lysyl oxidase 
activity and large amounts of mRNA, while 
the transformed lines had low lysyl oxidase 
activity and small amounts of mRNA. 

The down-regulation of lysyl oxidase 
expression in transformation and the induc- 
tion of lysyl oxidase in interferon-mediated 
reversion of transformed cells suggests that 
this enzyme plays a role in tumor suppres- 
sion. Lysyl oxidase is a copper-dependent 
m i n e  oxidase that catalyzes the oxidative 
deamination of peptidyl lysine in elastin and 
collagen; intra- and intermolecular conden- 

Fig. 1. RNA blot hybridized with rat lysyl oxidase 
cDNA (4). Total cellular RNA (15 kg) was 
separated by electrophoresis on a 1% agarose- 
formaldehyde gel and transferred to a nitrocellu- 
lose membrane. Cell lines as in Table 1. Lanes: 1, 
NIH 3T3; 2, PR4 (revertant of RS485); 3, 
RS485 (rac-transformed NIH 3T3); 4, AS-3B; 5, 
AS-3BT1; 6, AS-30; 7, AS-4; 8, S-10; 9, S-16. 
Bottom panel shows an ethidium bromide stain- 
ing of 28s  ribosomal RNA. 

sations then form covalent cross-linkages " 
that insolubilize these matrix proteins (7). 
The cDNA sequences each predict signal 
peptide sequences and cleavage sites as well 
as potential sites for N-glycosylation (4, 6). 
This is consistent with the known secretory 
fate of lysyl oxidase in cultured cells (Table 
1) (8). Thus, if catalytic activity is essential 
to the reversion process, it likely occurs in 
extracellular spa&. 

There is ample evidence for the modula- 
tion of cell phenotype by the extracellular 
matrix (9). Inmacellular communication 
with extracellular cross-linked collagen or 
elastin may be critical to the present obser- 
vation. Alternatively, as lysyl oxidase can act 
on proteins other than elAtin and collagen 
in vitro (lo), it may oxidize other accessible 
proteins such as membrane-bound receptors 
that are capable of transducing signals 
through ras, or it may oxidize other matrix 
components to modulate matrix-cell com- 
munication, which is important to the non- 
transformed phenotype. 
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