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Mechanosensitivity of N-Type Calcium Channel Currents

Barbara Calabrese,* lustin V. Tabarean,* Peter Juranka,* and Catherine E. Morris**

*Department of Neurosciences, Ottawa Health Research Institute, and TDepartment of Medicine, University of Ottawa,
Ottawa, Ontario K1Y 4E9, Canada

ABSTRACT Mechanosensitivity in voltage-gated calcium channels could be an asset to calcium signaling in healthy cells or
a liability during trauma. Recombinant N-type channels expressed in HEK cells revealed a spectrum of mechano-responses.
When hydrostatic pressure inflated cells under whole-cell clamp, capacitance was unchanged, but peak current reversibly
increased ~1.5-fold, correlating with inflation, not applied pressure. Additionally, stretch transiently increased the open-state
inactivation rate, irreversibly increased the closed-state inactivation rate, and left-shifted inactivation without affecting the
activation curve or rate. Irreversible mechano-responses proved to be mechanically accelerated components of run-down;
they were not evident in cell-attached recordings where, however, reversible stretch-induced increases in peak current
persisted. T-type channels (a4, subunit only) were mechano-insensitive when expressed alone or when coexpressed with
N-type channels (a5 and two auxiliary subunits) and costimulated with stretch that augmented N-type current. Along with
the cell-attached results, this differential effect indicates that N-type mechanosensitivity did not depend on the recording
situation. The insensitivity of T-type currents to stretch suggested that N-type mechano-responses might arise from
primary/auxiliary subunit interactions. However, in single-channel recordings, N-type currents exhibited reversible stretch-
induced increases in NP, whether the a5 subunit was expressed alone or with auxiliary subunits. These findings set the stage

for the molecular dissection of calcium current mechanosensitivity.

INTRODUCTION

Calcium influx through voltage-gated calcium channels is
essential in many neuronal functions. The influx has imme-
diate effects such as neurotransmitter release and the shap-
ing of action potentials and firing patterns, plus long-term
effects mediated via calcium-sensitive enzymes that regu-
late gene transcription, axonal outgrowth, neuronal migra-
tion, and more. Based on electrophysiological and pharma-
cological properties, different types of calcium channels
(designated L-, N-, P-, Q-, R-, and T-type) have been
distinguished (Moreno Davila, 1999; Catterall, 2000). Con-
sistent with their central role in signal transduction, Ca**
channels are heavily modulated.

Diverse unidentified, identified, and cloned channels
from organisms as different as bacteria, plants, frogs, and
rats exhibit mechanosensitive responses (Hamill and Mar-
tinac, 2001). The first evidence that calcium channels feel
and respond to membrane stretch came from whole-cell
voltage clamp of arterial myocytes (Langton, 1993), and
evidence has subsequently accumulated that L-type currents
in cardiac (Matsuda et al., 1996), gastric (Xu et al., 1996),
arterial (Ruiz-Velasco et al., 1996; Kimura et al., 2000), and
intestinal (Holm et al., 2000) smooth muscle and also pitu-
itary cells (Matzner et al., 1996) and osteoblastic cells
(Ryder and Duncan, 2001), increase with stretch and/or
shear. However, the channels involved have been molecu-
larly indeterminate, and morphologically diverse native
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cells have been used in conjunction with assorted mechan-
ical stimuli (hydrostatic swelling, osmotic swelling, and
extracellular perfusion) whose effects on cell geometry
were not cross-correlated against the ongoing electrophys-
iological mechano-responses.

Here, we address calcium channel mechanosensitivity in
a recombinant system. Expression of specific proteins, hu-
man brain N-type and rat brain T-type, in undifferentiated
clonal cells (HEK cells) provided a standard cell morphol-
ogy. Studying recombinant N-type was preferable to L-
types because for N-type in HEK cells, inactivation is not
mediated by the divalent charge carrier (Patil et al., 1998;
Jones et al., 1999). During whole-cell recording, with infla-
tion (positive pipette pressure) as the mechanostimulus, cell
shape and pressure were continually monitored. Invariably,
in cells that inflated, reversible and irreversible mechano-
sensitive changes occurred for the N-type currents. T-type
currents made no response, a differential responsiveness
that was surprising but was confirmed in cell-attached
experiments.

MATERIALS AND METHODS
Constructs

Human embryonic kidney T-antigen-transformed (HEK-tsA201) cells
were provided by G. Zamponi (University of Calgary, Calgary, AB).
Human embryonic kidney (HEK 293) cells stably expressing the rat T-type
Ca?* channel (ay,) were obtained from E. Perez-Reyes (University of
Virginia, Charlottesville, VA). This version of the rat «;, Ca** channel
(GenBank accession number AF086827) used to generate this stable cell
line is a C-terminally truncated version of the predicted full-length rat «,,
Ca?" channel and appears to be missing a short section at the 3’ end of the
coding sequence. This C-terminal truncation appears to have little func-
tional effect on the electrophysiological properties of «, (Lee et al., 1999).
Human brain cDNAs encoding ayg, By, @,-8 subunits (N-type calcium
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channel) were obtained from M. W. McEnery (Case Western Reserve,
Cleveland, OH). The cDNA for the enhanced green fluorescent protein was
provided by G. Zamponi.

Cell culture and transient transfection

Cell lines (<20 passages) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum and 1% penicillin/strep-
tomycin at 37°C/5% CO,. To sustain stable expression of rat a;;, 1 mg/ml
active geneticin (GIBCO-BRL, Burlington, Ontario, Canada) was added to
the medium. Cells were grown to 80% confluency, split with 0.5 ml of
trypsin-EDTA (1X) per 25-cm? flask, and plated at 10% confluency on
12-mm round glass coverslips. The next day, using a standard calcium
phosphate protocol, we transiently transfected cells with cDNAs for human
brain a;g, By, and a,-6 subunits plus enhanced green fluorescent protein
in a molar ratio of 3:3:3:2 (usually 6 wg/ul for each subunit, but for
single-channel recordings from cells expressing all subunits, only 1 ug/
wl/subunit). After 8-12 h, cells were washed with Dulbecco’s modified
Eagle’s medium, allowed to recover for 12 h, and then incubated at 28°C
for 1-3 days before recording. Products for cell line maintenance were
obtained from GIBCO-BRL, and chemicals for recording solutions were
purchased from Sigma Chemical Co. (St. Louis, MO).

Electrophysiology

Whole-cell and cell-attached patch clamp (Hamill et al., 1981) currents
were recorded 36 h after transfection from isolated enhanced green fluo-
rescent protein-expressing cells that were round or eye-shaped. Coverslips
were attached to a chamber (Warner Instrument Corp., Hamden, CT)
bottom with silicone grease. Recordings were obtained at room tempera-
ture (21-23°C) with an Axopatch-1D (Axon Instruments, Foster City, CA).
Patch pipettes, made of borosilicate (N51A Garner, Claremont, CA,
1.15-mm inner and 1.65-mm outer diameter) had resistances of 1-3 MQ
when fire-polished for the whole-cell configuration. Electrode capacitance
was compensated before disrupting the patch, with the amplifier’s fast
transient cancellation circuits. Series resistance was compensated up to
70% in all experiments except those designed for monitoring membrane
area (see next section) and was routinely checked during the course of
experiments. Currents were filtered at 1 kHz. Leak current was subtracted
by a P/-4 protocol in the data acquisition software (pClamp6, Axon
Instruments). Pipettes for cell-attached recording were coated with Sylgard
(Sylgard 184, Dow Corning, Wiesbaden, Germany) and fire polished to
achieve 4-5 M) with 100 mM BaCl, or higher in the case of single-
channel recordings. Patches with low apparent channel density were cho-
sen for experiments, but the brevity of unitary events prevented us from
ascertaining N, the number of functional channels in any patch, with
certainty. Pipette pressure was applied and monitored with a transducer
(DPM-1B, Bio-Tek, Winooski, VT). Unchanging baseline currents during
mechanostimulation indicated the cells did not exhibit endogenous mech-
anosensitive currents under our recording conditions. The presynaptic
action potential (AP) recorded by Borst et al. (1995) was scanned, digi-
tized, and scaled for use as a waveform for AP clamp recordings.

Membrane capacitance (C,,) and series
resistance (R,) measurements with and without
cell inflation

To simultaneously monitor membrane area and ionic current, C,,,, R,, and
Iz, Were obtained applying a double-voltage-step protocol (a 4-ms step
from —90 to —70 mV, then a 240-ms step from —90 to +10 mV). We
applied an off-line analysis method using the following equations from
Pappone and Lee (1996): R, = 7/C and C,, = AQ + I7/V,. Capacitative
charge was measured from the integral of the current transient (AQ). To

2561

correct for the exponential rise of the voltage step, all current I was
integrated and summed with a component equal to I, V, is the amplitude
of the applied voltage step (20 mV); I is the current measured at steady
state with respect to baseline before the step; and 7, the decay time constant
of the capacitative transient, is calculated according to I(t) = (I, —
I )exp(—t/r) + I, We performed this analysis with a routine using
Labtalk from Origin 6.0 (Microcal Software, Northampton, MA).

Solutions
Whole-cell recordings

The external recording solution contained (in mM) 20 BaCl,, 1 MgCl,, 10
HEPES, 40 tetraethylammonium (TEA)-CI, 10 glucose, and 65 CsCI (pH
7.2 with CsOH; 315 mOsm) or, for activation and inactivation curves,
closed-state inactivation, and double-pulse experiments (see Figs. 6, A-D,
8, and 9), 2 BaCl,, 1 MgCl,, 10 HEPES, 40 TEA-CI, 10 glucose, and 105
CsCl (pH 7.2 with CsOH). The pipette solution contained (in mM) 105
CsCl, 25 TEA-CI, 11 EGTA, 1 CaCl,, and 10 HEPES (pH 7.2 with CsOH)
unless otherwise noted. For low intracellular CI~ conditions, the pipette
solution contained (in mM) 120 N-methyl p-glucamine, 60 HEPES, 1
MgCl,, and 10 EGTA (pH 7.3 with methanesulfonic acid), and an extra-
cellular solution of 150 Tris, 1 MgCl,, 10 BaCl, (pH 7.3 with methane-
sulfonic acid) was used. In some experiments ATP-Na, was added to the
pipette solution or EGTA was replaced with BAPTA. Just before record-
ing, coverslips were washed in a Tyrode’s solution to avoid precipitation of
BaSO, from streptomycin-SO, in the growth medium. Solution osmolar-
ities were measured with a 3MO micro-osmometer (Advanced Instruments,
Needham Heights, MA).

Cell-attached recordings

The composition of the bath solution, designed to zero the resting mem-
brane potential was (in mM) 120 K-aspartate, 1 MgCl,, 5 EGTA, 10
HEPES, and 20 KCI (pH 7.4 with KOH; 320 mOsm with sucrose). Patch
pipettes were filled with a solution of the following composition (in mM):
100 BaCl,, 10 TEA-CI, and 10 HEPES (pH 7.4 with TEA-OH).

Single-channel recordings

High-resistance pipettes (10-16 M with 100 mM BacCl,) were used, and
seals usually exceeded 30 G(). Leak and capacitive current subtraction was
performed by averaging segments of traces with no activity from the same
voltage protocol in the same experiment and subtracting this average from
each episode using pClamp 8.1 (Axon Instruments). Currents were re-
corded with an Axopatch 200B, sampled every 100 ps, filtered online at 2
kHz, and then off-line Gaussian filtered at 1 kHz. Openings to main and
subconductance levels were observed in all patches (as is evident in the
all-points histograms in Figs. 11 and 12) but were not analyzed separately.
Single-channel activity (formally, the sum for each unitary current level, i,
of iNP, where N is the number of functional channels and P, the proba-
bility of being open) was obtained from the all-points histograms by fitting
with the pClamp 8.1 routine for weighted sum of Gaussians for open states.

Analysis of electrophysiological data

Graphs and curve fittings were done with Origin 6.0. The peak I/V
relationships were fitted to the following transform of a Boltzmann func-
tion:

I = Gpax(V — V)AL + eXp[_(V — Vos)/kl},

where | is the peak Ig, elicited by V, the test voltage, V,,, is the reversal
potential, G, the maximal conductance, V,, 5 the voltage for half-maximal
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activation, and k the slope factor (in millivolts). The inactivation and
activation curves were fitted by the Boltzmann function:

/N = L1 + exp[Vos — V)/K]},

with k made negative in the case of inactivation and V, applied to
half-maximal activation or inactivation as appropriate. Because run-down
of g, did not follow a simple exponential time course, it was quantified as
the time to decline to 50% of the maximum I, after whole-cell access
(tyy2)-

Cell volume measurements

Imaging of cells was via the inverted microscope’s (Hoffman modulation,
x40, NA 0.5 objective) CCD camera (Hitachi Denshi Canada, Ltd.,
Nepeah, ON) whose video output was fed into a JVC time-lapse VCR for
off-line analysis using a frame grabber DT3155 (Data Translation, Marl-
boro, MA). Images were collected during electrophysiological recording
and collated by synchronization of pClamp and time-lapse VCR timers.
The cross-sectional area (CSA) of traced regions was determined with
ImageJ 1.06 (NIH Image), and cell borders were traced on the monitor by
mouse and computer-generated cursor. Each image was traced twice, and
the values were averaged. This analysis process allowed detection of
changes in cell CSA with an accuracy of 2-3%. We calculated relative cell
volume changes (Vol/Vol,) using the equation Vol/Vol, = ((test CSA)/
(control CSA))*? (Churchwell et al., 1996).

Statistics

Results are presented as means = SE. Except where noted, comparison was
by unpaired or paired t-test, used as appropriate. Significance level was
p < 0.05.

RESULTS

BaZ* current just after whole-cell access: run-up
and run-down

Human neuronal a,g, B;n, and a,-6 subunits were tran-
siently expressed in HEK 293-tsA201 cells. To avoid con-
founding stretch- and time-dependent effects in our exper-
imental conditions, currents were first characterized over
time. After obtaining the whole-cell configuration, cells
were clamped to —90 mV and Ba®** current (Ig,) was
elicited by a 240-ms step to +10 mV (Fig. 1 A). During the
first 5-30 s after whole-cell access, a spontaneous increase
in peak Ig, (i.e., run-up) was observed, followed by a slower
decline (i.e., run-down; Fig. 1, A and B). During the
post-access period, there was an increase in the activation
rate (Fig. 1 A, inset). Run-down was significantly slower
(e.g., Fig. 2 A) for an inter-episode interval of 15 s than
for 5's (p < 0.001; n = 6), indicating that N-type Ba**
current run-down was caused, at least in part, by cumu-
lative inactivation.

Simultaneously we monitored, over time, the speed of
inactivation (Fig. 1 B). Just after whole-cell access, inacti-
vation was sufficiently slow that even with pulse durations
of hundreds of milliseconds, fits to exponentials were un-
reliable; as an arbitrary index of inactivation speed, there-
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FIGURE 1 After whole-cell access, g, shows run-up followed by run-
down. (A) Selected whole-cell current traces elicited by a 240-ms test pulse
(from —90 to +10 mV) from the 5-s inter-episode experiment of B. On the
right, normalized versions of these traces are plotted to emphasize kinetic
changes; the expanded boxed area (arrow; box width, 30 ms) demonstrates
that it was possible to resolve a post-access increase in activation rates. (B)
Peak |5, (M) and lg, inactivation (O) during a 240-ms test pulse (inacti-
vation 0—240 ms quantified as 1 — (1,4oms/lpea)) Plotted versus time, from
representative cells of four experimental conditions differing in inter-
episode intervals (5 and 15 s) and intracellular solution.

fore, we calculated the extent of inactivation during a
240-ms pulse (e.g., Fig. 1 B, right-hand axis). As Fig. 1, A
and B (right axis) indicates, inactivation speeded up until it
reached a plateau (Fig. 2 B).

Unlike run-down, run-up of peak lg, coincided with a
slowing of inactivation; i.e., during the run-up period, the
inactivation index fell (Fig. 1 B). This suggested that current
contained a slowly recovering component, a possibility
tested by pulsing at several higher frequencies (0.2-, 0.3-,
and 0.4-s inter-episode intervals). Because an initial run-up
of peak I, was absent at these higher frequencies (Fig. 2 C;
the absolute value of 1/1,,,, falls continuously), we suspect
that frequent pulsing prevented slow-mode channels from
recovering from inactivation. This would also be consistent
with the finding (data not shown) that during frequent
pulsing as in Fig. 2 C, inactivation speed was constant.
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FIGURE 2 Run-down is reduced by long inter-episode intervals,
whereas run-up does not occur during frequent pulsing. (A) For different
combinations of inter-episode intervals and intracellular solution, times to
decline to 50% of the maximum Ig, after whole-cell access (t,,,) were
averaged (**p < 0.001, multiple comparison Tukey test of the three 5-s
inter-episode conditions compared against the 15-s inter-episode condition;
n = number of cells). (B) Levels at which inactivation stabilizes with
different inter-episode intervals, adding ATP or reducing the concentration
of CI™ (*p < 0.001, multiple comparison Tukey test of 5-s inter-episode
condition with low CI™ versus all the other conditions; n = number of cells
per bar). (C) Peak values of inward I, at +10 mV were normalized and
plotted versus time at different inter-episode intervals (0.4, 0.3, and 0.2 s)
for three representative cells (different symbols for each).

Use of more physiological pipette solutions (with ATP or
low CI7) did not significantly alter the time course of
run-down (Figs. 1 B and 2 A) or run-up (Fig. 1 B). Despite
significantly slower run-down with 15-s inter-episode inter-
vals, we mostly used the 5-s protocol; 15-s intervals proved
impractical for monitoring rapid responses to membrane
stretch (Fig. 3 A). For all solutions, the tendency for inac-
tivation to speed up over time was evident, although for low
Cl™ (e.g., Fig. 1 B, right axis), this reached a plateau at a
significantly smaller value (p < 0.001, multiple comparison
Tukey test versus 5 s; Fig. 2 B).

If free Ba?*"accumulated and caused run-down, then the
percent run-down should correlate strongly with the maxi-
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FIGURE 3 g, peak increases with membrane stretch. (A) Peak Ig,(t) (®)
for a representative cell, elicited at 5-s intervals, by steps from —90 to +10
mV. Pressure (mm Hg) was applied until an obvious volume change
occurred. Cross-sectional area (O) is expressed x10% um?. (B) Peak Ig,(t)
for a cell that inflated immediately upon application of pressure. Selected
current traces (a—e) from the time course below are normalized in the lower
right inset, the boxed part of which is expanded (arrow; box width, 30 ms),
showing that the activation rate was unaffected by stretch. From a to c,
increasing g, represents the effect of positive pressure. At d (stretch off),
the effect had begun to reverse. (C) Peak Ig,(t) for two representative cells
elicited at 5-s intervals by steps from —90 to 10 mV, using 10 mM Ba?*
and 11 mM EGTA in the pipette. Selected current traces (a—d; 1-3) are
shown from these time courses.

mal run-up lg, magnitude in any cell, an effect that would
intensify with longer barium influx. Instead, for n = 12 cells
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(maximal Ig, range, —2 to —9.5 nA), when percent run-
down after 10 and then 20 depolarization episodes was
plotted (not shown) against maximal Ig,, the correlation was
weak, with regression coefficients of —0.4 and then —0.3
(+0.4 and +0.3 for I, taken as positive).

Effect of membrane stretch on the amplitude of
peak Ig,

Cell volume was manipulated via pressure in the recording
pipette and was monitored by video-microscopy. Whenever
positive pressure succeeded in producing a volume increase
(e.g., Fig. 3 A), this was accompanied by a current increase.
Although visible inflation often lagged behind the onset of
pressure, they coincided in Fig. 3 B (CSA not shown).
Enhancement of peak currents coinciding with inflation was
also observed for experiments using BAPTA (not shown). If
the mechanically induced increase in peak lg, were an
artifact of increased divalent buffering during inflation (re-
sulting from blowing in EGTA), then pipette solutions that
either clamp buffer capacity or slightly increase cytoplasmic
[Ba®*] during inflation should eliminate the stretch effect.
In a series of tests, therefore, we added Ba?™ to the pipette
so that solution blown into the cell would have a known low
level of free Ba®". Specifically, we inflated cells using a 0.3
mM free Ba®" solution (calculated with MaxChelator free-
ware for the regular 11 mM EGTA pipette solution except
with 10 mM Ba?" used instead of 1 mM Ca?*). As seen in
Fig. 3 C, inflating with this solution did not discernibly alter
the outcome. The run-down time (70 = 26 s; n = 4 cells)
was not significantly different and, critically, the response
to inflation was like that for the control pipette solution:
peak lg, increased 1.5-fold = 0.1(n = 4), and inactivation
speeded up with stretch. These data strongly suggest that the
inflation effect was not mediated chemically but was me-
diated mechanically by membrane stretch.

We, like Langton (1993), sometimes found that substan-
tial pressures (+30 and +50 mm Hg) would not yield a
perceptible change in cell volume. In those cases, there was
no increase in lg,. Partially blocked pipette tips may have
prevented such cells from experiencing the applied pressure
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even though access for voltage clamp was adequate. Con-
firming that inflation was the critical parameter, peak Ig,
increase correlated strongly with the cell volume change
(Fig. 4, left) but was uncorrelated with the magnitude of
pressure applied (Fig. 4, lower right). Another plot (Fig. 4,
upper right) demonstrates that maximum inflation was not a
function of pressure.

To ascertain whether shifting 1/V relations explained the
peak effect, we recorded lg, with 20 mM Ba®"in the bath
before, during, and after inflation (not shown). Although the
fitted G, increased significantly from 18 = 2 nS to 26 =
2 nS, equivalent to recruiting 800 units of 10 pS via inflation
(p < 0.005, paired t-test; n = 6), peak Ig, scaled up to the
same extent across all voltages (e.g., at —10 mV and +30
MV, lyuring/ Ibefore Was 1.5 = 0.1 and 1.5 = 0.2, respectively)
and the reversal potential (54 = 1 mV before and 55 * 2
mV during and after) was unaffected. In other words, there
was no evidence for an inflation-induced shift in the 1/V
relations.

R, and C,,, during applied pressure

To determine whether inflation-induced increases of Ig,
required an increased membrane area, membrane capaci-
tance (C.), lg,, and CSA were measured simultaneously
with and without pressure. To preserve the capacitative
transients needed for determining C,,, and R, (see Materials
and Methods), leakage current was not subtracted on-line. A
raw current trace sequence in Fig. 5 (top) illustrates that
stretch increased peak g, with no change in leakage current
(unchanged baseline). Note that although stretch increased
both peak Ig, and CSA, C,, decreased and did not change
more than 2%. For five stretch measurements with positive
pressures (n = 4 cells) the average absolute percent change
in C,,, ([maximal AC,, during stretch]/[mean C,, prestretch]
X 100) was 2.8 = 0.6%, with increases in two of five and
decreases in three of five measurements. During the entire
illustrated experiment, series (i.e., access) resistance (R,)
(Fig. 5, center) varied <5% (the change for n = 5 was
4.6 = 0.6%; 3 decreased, 1 increased, and 1 unchanged).
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FIGURE 5 Simultaneous changes in lg,, R, C.,, and CSA before, dur-
ing, and after pressure in a representative cell. (Top) Raw current traces (no
leak subtraction) elicited by 240-ms pulses from —90 mV to +10 mV at
5-s intervals and the corresponding |g, peaks plotted versus time. (Center)
Series resistance (R,) and membrane capacitance (C,,) calculated from
4-ms prepulses (see Materials and Methods) and plotted versus time.
(Bottom) CSA measurements versus time.

Effect of stretch on inactivation and
activation curves

A double-pulse protocol was used to generate inactivation
curves for lg, (Fig. 6, A-C). Prepulse potentials (—130 to
+10 mV) were applied for 7 s, and then after a 10-ms
interval, at —100 mV, the membrane was stepped to +10
mV for 240 ms (i.e., test pulse). The recovery time allowed
between 7-s prepulses was 10 s. Test currents, normalized to
those obtained for the —130-mV prepulse, were plotted
against prepulse potentials and fitted by a Boltzmann equa-
tion (see Materials and Methods). Time control recordings
(over 4-16 min; n = 10) showed a spontaneous 7-mV
leftward shift (Fig. 6 A) with initial and final half-inactiva-
tion voltages (Vo) at =73 = 0.9 mV and —80 = 0.7 mV
and no change in slope factor (k; 12 + 0.8 mV versus 12 =+
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0.7 mV). For cells maintained in an inflated condition by
positive pressure over a 4-19-min interval (n = 12; Fig. 6
B), an 18-mV leftward shift was obtained (Vo5 = —73 =
0.9 mV without stretch and —91 + 0.9 mV with stretch),
with k constant at 13 += 0.8 mV before and during stretch.
The stretch-induced V, 5 shift, which developed gradually
and was irreversible (Fig. 6 C), was significantly larger than
the spontaneous shift (p < 0.0009, unpaired t-test).

Activation data in time control (not shown) and stretch
experiments (Fig. 6 D) were fitted with a Boltzmann equa-
tion (see Materials and Methods). The curves were ob-
tained by stepping in 10-mV increments from V,, = —100
mV to +70 mV, starting from —70 mV, for 20 ms before
repolarizing to —50 mV. Activation V5 values and k (in
mV) showed no significant changes with time (from
Vos=—-19=*06andk =74 *+05t0V,s=—-23*06
and k = 7.9 = 0.5, 4-8 min later; n = 5) or with stretch
(from Vo5 = —1.7 = 0.7 and k = 8.5 = 0.7 for the control
to Vo5 = —2 = 0.5 and k = 8.7 = 0.5 with stretch over
4-10 min; n = 7).

Kinetic properties of /5, during stretch

The rate of activation of g, with and without stretch was
compared for normalized current peaks (e.g., Fig. 3 B, inset,
and Fig. 7 B for steps from —90 mV to +10 mV). In all
cells tested, and over a wide range of voltages, no effect of
stretch on the activation rate was observed. Stretch did not,
therefore, increase peak lg, via this mechanism.

The gradual speeding of open-state inactivation invari-
ably seen in 5-s inter-episode recordings (e.g., Fig. 1 B) was
immediately accelerated by stretch, as Fig. 7, A and B,
illustrates. Stretch acceleration of open-state inactivation
was transient rather than irreversible (e.g., Fig. 7 A, +4
mmHg). Additionally, although it was dramatic early in the
recordings, stretch acceleration could not be elicited at all
once inactivation speed reached a plateau (e.g., Fig. 7 A).
This changing effectiveness of stretch is summarized quan-
titatively in Fig. 7 C.

N-type channels inactivate preferentially from intermedi-
ate closed states (Patil et al., 1998), so we tested whether
stretch affected this process using a protocol involving
20-pulse trains (10-ms pulses, from —90 to +10 mV, with
a 50-ms inter-episode; Fig. 8 A). The extent of closed-state
inactivation over the course of these trains was quantified as
the proportion: 1 — (last pulse current/first pulse current).
As illustrated in Fig. 8 C (left), membrane stretch (+7, +4,
and +7 mmHg) dramatically enhanced the process of
inactivation from intermediate closed states. On the right
side of Fig. 8 C, the graph for selected 20-pulse trains
(a—e) from this cell illustrates in fuller detail that stretch
acted in a progressive and irreversible manner. Fig. 8 B,
which charts the process over time (100, 200, 300, and
400 s) in control cells versus cells subjected to stretch,
indicates that stretch augmented a background time-de-
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pendent increment in the speed of inactivation from in-
termediate closed states. Not surprisingly, 10-ms depo-
larizing steps separated by 980 ms (corresponding to first
and last pulses only in the 20-pulse trains) elicited iden-
tical currents (Fig. 8 D, left), as expected if, during the
earliest 20-pulse trains, inactivation occurred preferen-
tially from intermediate closed states. That said, over
time (50-450 s was tested; Fig. 8 D, right), the relative
height of I, at the end pulse did diminish. This loss (i.e.,
during the uninterrupted 980-ms interval at —90 mV) was
significantly (p < 0.005, Wilcoxon signed rank test)
enhanced by membrane stretch. Simultaneously, a minor
time-dependent increase (e.g., see arrows in Fig. 8 D,
left) in the activation rate was measured (1 = 2.2 = 0.5
msatt=0sand 1.5+ 04msatt=400s;n=6;p <
0.006, paired t-test), but this was unaffected by stretch.
Yet again, therefore, we found that even as stretch was
enhancing a spontaneously occurring (i.e., time-in-
whole-cell-configuration-dependent) process, it had no
impact on activation kinetics.
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Differential stretch effects on T- and N-type I,
Whole-cell recordings

In the next series of experiments we asked 1) whether low-
voltage-activated calcium channel currents (T-type) were
mechanosensitive like the high-voltage-activated N-type and
L-type channel currents and 2) whether T- and N-channels in
the same cellular setting responded in a channel-specific man-
ner to stretch. Whole-cell recordings were made with a double-
pulse protocol that activated both types of currents but also
allowed them to be dissected. For the first question we used
HEK cells stably transfected with the «,, (T-type calcium
channel) subunit, and for the second question we transiently
transfected into this cell line the human «,g (N-type calcium
channel), B,,,, and a,-6 subunits. As demonstrated in Fig. 9 A,
in cells stably expressing T-type channels only, —30 mV and
+10 mV elicited large and small inward currents, respectively.
Stretch had no discernible impact on these T-type currents at
either voltage; increasing the inflationary pressure until rupture
did not change this (n = 3). By contrast, when only N-type
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FIGURE 7 Membrane stretch and the rate of open-state inactivation. (A)
Time course of peak Ig, and, below this, of inactivation rate, in a repre-
sentative cell. Bars indicate positive pressure applied to the pipette (note
the abrupt early increase in volume or CSA). A first-order exponential fit
(dashed line) including only data corresponding to the white dots, avoiding
the nonlinear region of the hatched dots, corresponds to the time course for
inactivation rate expected in the absence of stretch. Primed numbers on this
line thus represent expected-without-stretch values. (B) Normalized current
traces from the above time course, as numbered. (C) For experiments like
that illustrated in A, the bar graph summarizes over time the diminishing
effect of stretch on inactivation speed (stretch effect given as percent
difference between the value observed with stretch and the interpolated
exponential no-stretch value).

channels were expressed (Fig. 9 B), —30 mV elicited no
current and +10 mV elicited large inward currents, and as we
have now come to expect, stretch increased the current at +10
mV. Next the two channels were coexpressed so they could
simultaneously be subjected to precisely the same mechanical
stimulus. As illustrated in Fig. 9 C, stretch did not affect the
current elicited at —30 mV (this is T-only current) yet in-
creased that at +10 mV (n = 5). Taken together with the
control for T-type (as in Fig. 9 A), we conclude that the entire
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FIGURE 8 Membrane stretch and closed-state inactivation. (A) Repre-
sentative currents elicited by a 1-s train of 20 pulses of 10 ms (hence,
50-ms inter-episodes). The expanded current trace shows no apparent
inactivation from the open state. (B) From experiments as illustrated in C,
average values for inactivation from closed states were calculated every
100 s after recording began, either in cells that were not stretched (white
bars) or those under stretch when the measurement was obtained (gray
bars). Number of cells is given in the bars (**p < 0.00001; *p < 0.01
(200 s); *p < 0.002 (300 s); p < 0.9 (400 s)). The extent of inacti-
vation at the indicated times was quantified as the decimal fraction
1 - (Ipeak‘ st pulse/lpeak, 15t puise): (C) For a sample cell, inactivation from
intermediate closed states plotted versus time (left) with normalized peak
currents (right) with and without stretch from selected times (different
symbols; locate a—e at left). (D) On the left are representative currents
elicited by a 1-s train of two pulses (10 ms) 980 ms apart (i.e., first and last
pulses only of the train used for A-C), taken at the beginning of an
experiment (top) and 400 s later during stretch (bottom). On the right is
shown the extent (decimal fraction) of inactivation from deep closed states,
calculated at 50-s intervals after the start of recording in three no-stretch
control cells (white bars) and three cells for which stretch was present
during the measurements (gray bars); n values for control:stretch are thus
3:3 (white:gray), except for late times (350, 400, and 450 s) when loss of
seals reduced n values to 1:2.

effect at +10 mV was caused by an N-type current response to
stretch. This amounted to 1.4 + 0.1-fold peak increase (n = 7).
Notice that the imposed cell inflation did not affect the baseline
between steps or during steps when no voltage-dependent
current was elicited (e.g., Fig. 9 B, —30 mV).

Cell-attached recordings

Because the cell-attached patch recording preserves the
content of the cytoplasm and provides a different way

Biophysical Journal 83(5) 2560-2574
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FIGURE 9 Differential stretch effects on whole-cell T- and N-type Ig,.
The double-pulse protocol was applied to a cell transfected with only
T-type calcium channels (A) and a cell transfected with only N-type
calcium channels (B). (C) Double-pulse protocol activates T-type (—30
mV) and N-type (+10 mV) currents in the same cell. Numbers 1-5 indicate
the sequence of the raw traces with an interval of 5 s between 1, 2, and 3
and 4 and 5 and 15 s between 3 and 4. Solid, dashed, and dotted lines
indicate the presence or absence of positive pressure during the recording.
The repeated application of positive pressure (+9 mm Hg during trace 2;
+5 mm Hg during trace 5) elicited 1.3- and 1.2-fold peak increases of the
N-type current whereas the T-type current did not change. Bath solution
contained 2 mM Ba?*.

(pipette aspiration) to subject membrane to tension, we
performed some experiments in this configuration. To ob-
tain macroscopic N-type or T-type currents from the
patches, pipettes of ~2-um inside diameter (after polishing)
were used. At the beginning of recordings of N-type current
(one pulse every 5 s), run-up was evident (data not shown),
but the currents stabilized by ~25 s, and thereafter there
was no evidence of run-down. Every time suction in the
range of —15 to —55 mmHg was applied to patches to
generate membrane stretch, a reversible increase in the
peak (and sustained) N-type current was observed (Fig.
10 A). The increase averaged 33 = 6% (n = 9, from six
patches) or 1.3-fold. In five of six patches, inactivation
was unaffected by stretch, although in a sixth (Fig. 10 A,
inset) it showed a minor change. For patches from cells
expressing T-type current (Fig. 10 B), no change was
observed when pressure was applied (n = 6) and then,
with successive pulses, increased until rupture occurred.
Likewise, stretch did not elicit currents in nontransfected
cells (n = 3; Fig. 10 C).
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FIGURE 10 Differential stretch effects on T- and N-type g, from cell-
attached patches. (A) Representative N-type currents elicited by a 240-ms
pulse showing a 1.6-fold increase during membrane stretch. The inset
shows the same traces normalized. (B) Representative T-type currents
before, during, and after stretch. (C) Representative traces recorded from a
nontransfected cell before, during, and after stretch. To help reveal the
traces with and without stretch, traces were Gaussian filtered at 500 Hz.
Scale bars are the same for all the traces.

Single-channel recording

In our macroscopic recordings, stretch reversibly increased
N-type lg, without detectably accelerating its onset. One
possible explanation was that stretch increased unitary cur-
rent. To examine this, we made cell-attached single-channel
recordings of N-type Ig,, both for channels in cells express-
ing the ;5 subunit alone (see Meir and Dolphin, 1998) and
for cells coexpressing the a;g/a,-8/3,, combination (for the
latter, the quantities of cDNAs were reduced). The small
membrane patches used in these experiments would neces-
sarily have encompassed less long-range structure than
large patches used for macroscopic recording. Conse-
quently, the single-channel recordings represent the sim-
plest situation (mechanically speaking) in which we tested
effects of stretch on N-type channels. To collect enough
events for even the simplest analyses, stretch was applied
continuously during and between depolarizing steps, so
even though the patches were initially formed as gentle
patches (as defined by Small and Morris, 1994), the data
were collected from nongentle patches.

Single-channel data with and without stretch are seen in
Figs. 11 (a4 subunit alone) and 12 (the «;g/a,-6/B4;, cOM-
bination). Raw data from several patches are included,
illustrating the range of prestretch channel activity in our



Calcium Channels and Membrane Stretch

A control

2569

stretch

stretch

recover

FIGURE 11 Patch stretch increases
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(baseline) peaks were truncated to em-
phasize the open levels. Down/up ar-
rowheads indicate the beginning and
end of test depolarizations. Faint dot-
ted lines correspond to 1 pA from
baseline. (B and C) Twenty overlapped
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during, and after stretch.

control

Y Ay A

o maausmae: o R e vz o)

amplitude (pA)

stretch

i1 pA
l l 20 ms
: [ 1 0 1 0 1

patches. For the entire collection of patches tested before,
during, and after stretch (at one or more suction levels), Fig.
12 B plots the single-channel activity (means and errors)
obtained from analysis of the all-points histograms. Because
the high-concentration divalent pipette solutions (100 mM
Ba®* was used) needed for single-channel recording right-
shift the 1/V, 20 mV was used as the test voltage. Within-
patch comparisons of these data sets showed that stretch
significantly and reversibly increased channel activity both

for a,g alone (2.4-fold increase) and for the a;g/a,-8/B4;
combination (1.7-fold increase; see Fig. 12 for statistical
details). The magnitude of these stretch-induced activity
increases were comparable to the ~1.5-fold stretch-induced
peak lg, increases measured in the macroscopic current
experiments. Inspection of both the overlapped traces and
the all-points histograms shows there are no grounds for sug-
gesting that stretch increased the amplitude of the fully open
state. Because subconductance events were characteristic of
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FIGURE 12 Single-channel recordings from cells transfected with a,g/
a,-6/B1p- (A) On the left are current records (20 overlapped episodes/
condition) elicited by steps to 20 mV from —70mV. On the right are
all-points histograms (bin-width, 0.021 pA). (B) Single-channel activity (as
defined in Materials and Methods) as a fraction of the total recording time
before, during, and after stretch. The corresponding values for patches from
cells transfected with only «,g were 0.036 = 0.011, 0.086 = 0.023, and
0.042 + 0.015 (white bars; n = 8 applications of suction —8/—60 mm Hg;
n = 6 patches; paired t-test: p < 0.03 before/during stretch; p < 0.006
during/after stretch). For cells transfected with the a;g,a,-6/B,, combina-
tion they were 0.27 = 0.040, 0.46 =+ 0.015, and 0.32 = 0.048 (gray bars;
n = 12 applications of suction —14/—80 mm Hg; n = 6 patches; paired
t-test: p < 0.0009 before/during stretch; p < 0.019 during/after stretch)

control records for both «,g alone and for the «,g/a,-6/B,,
combination, a possible explanation for the stretch-induced
increase of N-type current was that stretch transformed sub-
conductance events into full-conductance events. Although the
brevity and amplitude spread of the subconductance levels
prevented their precise quantitation, the histograms argue
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against the possibility of stretch-induced conductance level
switch; the sub- and full-conductance contributions to histo-
grams increased about equally during stretch.

Thus, the single-channel data demonstrated the follow-
ing: 1) a5 subunits alone can generate mechanosensitive
N-type channels, and 2) unitary current amplitude is not
mechanosensitive. By elimination, mechanosensitivity
probably resides with channel kinetics and/or the number of
functional channels. Given the presence of subconduc-
tances, the small amplitude and short duration of the unitary
current events, and the lack of a striking qualitative stretch
effect (e.g., a switch from sub- to full-conductance), how-
ever, extensive data sets will be required to uncover any
stretch-sensitive effects on N or P,. Additional investiga-
tions might most profitably be done with channel variants
that tend to make more prolonged openings.

Action potential clamp recordings and stretch

Finally, we wished to gauge whether the mechano-re-
sponses of N-type currents would be perceptible during the
sorts of brief repetitive voltage excursions experienced in
neurons. We performed AP clamp recordings under whole-
cell clamp (see Materials and Methods), applying a series of
nine AP trains (frequency, one train per 20 s). Within each
train, the peak AP amplitude fell with time, giving a ratio of
the ninth to the first of 0.8 = 0.04 (n = 4) that was
insensitive to stretch (data not shown). In Fig. 13 A, the peak
value of the first AP of each train is plotted as a function of
time (i.e., at 20-s intervals). Every time positive pressure
inflated the cell, increase peak g, increased (by 26 = 3%;
n = 6, from 4 cells). This ~1.3-fold increase in the mag-
nitude of N-type current during spike trains is consistent
with what was observed for steps. Insofar as the inward
currents attained their prestretch levels faster during the
APs, a nontrivial consequence of stretch-augmented cur-
rents in vivo could be to accelerate as well as increase
intracellular [Ca®*] changes during spikes. AP waveform
trains applied to nontransfected cells (Fig. 13 B, left) elicited
no inward current, and cell inflation had no effect on the
recorded current in these cells (Fig. 13 B, right).

DISCUSSION
Overview

For recombinant N-type channels in a cell line, we observed
a phenomenon seen in many native preparations for L-type
currents (references in Introduction): membrane stretch in-
creases the peak current ~1.5-fold. Despite the potential
physiological and/or pathological interest of mechanosensi-
tive calcium currents, the reports from smooth muscle cells
have attracted little attention (e.g., Catterall, 2000; Jaggar et
al., 2000). Perhaps there have been concerns that the re-
sponses depend as much on the recording conditions as on
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FIGURE 13 Stretch during AP-like voltage excursions. (A) At a fre-
quency of one train per 20 s, trains of 9 AP excursions from —77 mV to
+26 mV and back, as shown, were applied at 1 or 10 Hz. Current traces
elicited by AP waveforms were selected (as indicated by the numbers)
from the peak lg, time course plotted below. Filled bars indicate when
positive pressure was applied. (B) Current traces elicited by the same AP
waveforms in a nontransfected cell without (left) and with (right) pressure.

the channels themselves. We found, however, that a T-type
channel construct did not respond to stretch, even when
coexpressed and costimulated with N-type channels. This
strongly suggests that either the channels themselves or
their subtype-specific arrangements in the plasma mem-
brane underlie the susceptibility of the N-type currents to
membrane stretch. Unpublished preliminary results for re-
combinant L-type channels (B. Calabrese and C. E. Morris)
in HEK cells confirmed the stretch-induced increase re-
ported from native cells. Mechano-responses shared by na-
tive L-type and recombinant N-type (and L-type) calcium
channels are presumably not reliant on native cell morpho-
logical and biochemical specializations. In addition to the
stretch-induced peak current increase, N-type channels
showed several other effects, some reversible (e.g., en-
hanced rate of inactivation from open states) and some not
(e.g., enhanced rate of inactivation from closed states). The
irreversible effects were like stretch accelerations of spon-
taneous run-down processes and as such may have links to
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what in intact cells would be classed as modulation (e.g.,
Kepplinger et al., 2000).

Membrane tension and voltage-gated channels

Stretch effects on N-type channels are very unlike effects on
a simpler voltage-gated channel, Shaker. In Shaker, revers-
ible stretch activation (Gu et al., 2001) depends on increased
activation rates that produce a hyperpolarizing shift of the
G(V) and no change in G, (Tabarean and Morris, 2002).
By contrast, for N-type calcium channels, stretch increased
Gnax but did not shift G(V) or alter the rate of activation.
Because we reliably detected small changes in the rate of
N-type activation during run-up, temporal resolution was
not an obvious problem. In calcium channels, as in Shaker
and sodium channels, gating charge movements are tightly
coupled to pore opening (Olcese et al., 1996); accordingly,
if stretch facilitates gating charge movements, one might
expect all these voltage-gated channels to make qualita-
tively similar changes in activation during stretch. The
picture that is emerging is, however, more complex than
that. Voltage-gated sodium and potassium channels in squid
under hyperbaric conditions (Conti et al., 1984) and Shaker
channels in oocytes (Meyer and Heinemann, 1997) activate
faster at atmospheric pressure than when compressed, as if
the channels expand during voltage activation. Expansion in
the plane of the bilayer would be consistent with the re-
sponses of recombinant Shaker to stretch (Tabarean and
Morris, 2002). Nothing, however, in the responses of N-
type channels suggests that they expand during voltage
gating. The conundrum is deepened by the fact that in a
mammalian sodium channel (a-subunit only), activation
rates are not reversibly stretch sensitive even though stretch
can irreversibly affect other aspects of the channel’s behav-
ior, making the anomalously slow-gating a-subunit gate in
the way it normally does with the B-subunit present (Taba-
rean et al., 1999). Likewise, we found that stretch that
irreversibly changed inactivation of N-type currents (whole-
cell conditions) had no impact on activation rates. Thus,
whatever is signified by the reversible mechano-responses
of Shaker and of squid channels, we have to conclude that
in neither N- nor T-type calcium channels (nor skeletal
muscle sodium channels) do the voltage sensors feel mem-
brane tension in any appreciable way.

We can rule out the possibility that auxiliary subunits
somehow prevented the calcium channels from responding
to stretch like Shaker, first, because T-type currents arising
from an «4, subunit alone showed no stretch-sensitive acti-
vation and, second, because N-type currents through a;g
subunits were stretch sensitive with or without the auxiliary
subunits. The mechanosensitivity of N-type current thus
differs qualitatively from that of the inherently mechano-
susceptible homotetrameric membrane protein Shaker. Fi-
nally, we emphasize that our results for the T-type channel
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were for one construct and should not be used to assert that
all T-type channels are insensitive to stretch.

The mechano-responses of N- and L-type calcium channels
bear little overall resemblance to those of bacterial osmotic-
valve stretch channels (Sukharev et al., 2001), where elevated
membrane tension alone (albeit at near-lytic levels) can change
P, from zero to near unity, or to the two-pore domain K*
channels of excitable cells (Patel et al., 2001), for which the
same is true at somewhat lower tensions. These K* channels
would broadly coexist in central neurons with N-type calcium
channels. Evidence that they perform physiological mechano-
tasks has not been forthcoming, but in vitro, we note, they
respond to the same range of mechanical stimuli shown here to
act on N-type calcium channels.

Stretch and increased G,,,,, for N-type channels.

Stretch transiently increased G,,., for N-type channels, and
the effect could be elicited repeatedly. The apparent in-
crease in the number of channels was not caused by mem-
brane addition because even when cells inflated twofold,
their plasma membrane area remained fixed. Inflation-in-
duced smoothing of excess surface area (Solsona et al.,
1998; Raucher and Sheetz, 1999) inevitably involves dis-
ruption of long-range plasma membrane structure. How, at
fixed membrane area, stretch might abruptly yet transiently
(seconds, not minutes or hours) increase the density of
functional N-type (but not coexpressed T-type) channels is
difficult to fathom. Because some channels traffic to the
surface in mechanically specialized domains (Martens et al.,
2001), one possibility is that a subpopulation of channels
sequestered in lipid rafts is reversibly recruited during
stretch to the pool of operating channels. Such a scenario is
envisaged for c-Src tyrosine kinase inhibition of volume-
regulated anion channels, which seems to require compart-
mentalization of the kinase to membrane subdomains
(Trouet et al., 2001).

Another possibility is stretch reactivation of channels lost
to run-down. Mechanisms suggested for Ca®>* channel run-
down include proteolysis (Romanin et al., 1991), dephos-
phorylation (Ono and Fozzard, 1992; Costantin et al., 1999),
and washout of the cytoplasmic factor calpastatin (Ka-
meyama et al., 1998), which evidently can target calcium
channel subunits (Kepplinger et al., 2000). Because stretch-
induced I, Sometimes exceeded initial values (e.g., Fig. 3
A), invoking a reactivation mechanism would imply that at
the time of whole-cell access, some channels were in a
down-modulated state. The fact that cell-attached patches
(where run-down is not a factor) show the stretch-induced
increase in peak current, however, tends to undermine the
stretch reactivation idea.

Single-channel recordings of calcium currents before, dur-
ing, and after stretch showed that NP, increased reversibly
with stretch, with no obvious change in the single-channel
current amplitude. This suggests that the change may be ki-
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netic, but our data did not let us rule out the possibility that
stretch transiently increases N (the number of operational chan-
nels) as the macroscopic currents seem to suggest. This idea is
testable at the single-channel level, but long-lasting unitary
events from BAYK 8644-treated L-type channels or an N-type
mutant that makes prolonged openings will be needed.

Mechanical stimulus

Pressures applied under whole-cell clamp ranged from 2 to
15 mmHg (i.e., 267-2000 N/m?), which, assuming spherical
geometry and applying Laplace’s Law (T = Pr/2) would
correspond to membrane tensions of 2-9 mN/m. For most
biological membranes, Iytic tensions are ~10 mN/m (Mor-
ris and Homann, 2001). Only in cells that visibly inflated
with pressure either immediately or within tens of seconds
did we obtain mechano-effects, but more precisely what this
means in terms of mechanical changes at the plasma mem-
brane we do not know. Stretch-1,,,, increases correlated not
with pressure but with the extent of cell inflation. They also
coincided temporally with inflation. By contrast, stretch
acceleration of inactivation began as soon as pressure was
applied, even when detectable inflation did not occur until
many seconds later (e.g., Figs. 3 B and 7 A). This suggests
that distinct mechanical perturbations underlie effects on
peak current and on inactivation kinetics. Plasma membrane
is not a classic Hookean solid; concepts of stress (reversible
extension) and strain (irreversible extension) in response to
applied force are not rigorously applicable. Membrane-
associated structures at various size scales (e.g., individual
membrane proteins, lipid rafts, and membrane skeleton) will
respond in many fashions to the same applied pressure and
healing, or mechanical memory, may be a factor. Consider
several possibilities: stretch-disruption of long- or short-range
membrane skeleton complexes (Lee and Discher, 2001),
stretch flattening of caveolae (Dulhunty and Franzini-Arm-
strong, 1975), stretch regulation of a membrane kinase
(Kimura et al., 2000), stretch dissociation of heteromeric chan-
nel subunits, and stretch alteration of the membrane ceramide
content (Chik et al., 1999). Each could be reversible or irre-
versible, depending on the state of the cytoplasm.

The reversibility of stretch-induced increase in 1., Was
difficult to evaluate in whole-cell recordings not only be-
cause of run-down but also because deflation after a positive
pressure pulse could be slow. However, the reversibility of
this phenomenon was confirmed in cell-attached recordings
where application and release of membrane tension is more
straightforward.

Before leaving the topic of our mechanical stimuli, we
should discuss the possibility of unintended cell swelling.
Cell swelling immediately after whole-cell access was sug-
gested by Langton (1993) as a way to explain run-up. That
can be excluded here because 1) in our experiments detect-
able cell swelling after whole-cell access was rare, whereas
the run-up was invariably present (unless high-speed puls-
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ing was used); 2) if, for a minute or so after going whole-
cell (i.e., beyond the usual run-up time) the membrane was
left unclamped (and hence rather depolarized) before apply-
ing the standard protocol (—90 mV with 5-s inter-episodes),
a run-up of .., was still obtained; and 3) high-frequency
protocols applied right from the outset prevented run-up.
We think therefore that run-up reflected a slowly recovering
gating mode in the N-type Ca®" channels and was not a
cryptic stretch effect caused by post-access swelling.

Do effects of stretch on inactivation cancel the
effect on activation?

Unlike classic Na* or K* channel inactivation, N-type
Ca®* channel inactivation shows almost no voltage overlap
with steady-state activation, so during trains of brief pulses,
inactivation occurs predominantly from intermediate closed
states (Patil et al., 1998). We found that stretch significantly
enhanced this process. Additionally, stretch transiently ac-
celerated inactivation from the open state, exacerbating a
process occurring spontaneously with time under whole-cell
conditions. Finally, stretch irreversibly left-shifted inactiva-
tion (Fig. 6, B and C), again exacerbating or amplifying a
spontaneous process. If these effects of stretch on inactiva-
tion were to occur in vivo would they overwhelm the
stretch-induced increase in N-type current? We conclude
that they probably would not from our finding that during
voltage clamp excursions mimicking repeated bursts of
action potentials, stretch accelerated the development of the
calcium current and increased its overall magnitude at the
AP peaks. Cell-attached experiments suggested that with
intact cytoplasm, stretch would have little impact on the rate
of inactivation, and this might mean that stretch impacts on
net calcium entry could be appreciably greater than seen in
whole-cell recordings. The stretch-induced left-shift of in-
activation that we report (whole-cell) developed progres-
sively, however, so it may be that for cells subjected to
prolonged mechanical trauma (e.g., Agrawal et al., 2000),
a progressive left-shift of inactivation could counteract
calcium loading via the channels. Hyperbaric depression
of synaptic transmission is specifically dependent on
suppression of synaptic N-type calcium channel activity
(Etzion and Grossman, 2000); perhaps the complex
mechanosensitivity of N-type channels contributes to this
pressure phenomenon.

In immature neurons, where N-type calcium channels are
a prerequisite for directed migration (Komuro and Rakic,
1992), growth cone membrane tension might be high due to
traction forces (Lamoureux et al., 1998). Of particular in-
terest are the L- and N-type channels located near load-
bearing focal adhesions, which appear to regulate actin-
myosin dynamics and the remodeling of the load-bearing
membrane skeleton (Zimprich and Bolsover, 1996; Archer
et al., 1999). It is intriguing to consider that when dendritic
spines contract (Halpain, 2000), membrane tension would
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likely change not only in the postsynaptic membrane (as
discussed by Korkotian and Segal, 2001) but also in the
adherent presynaptic membrane. Although our results sug-
gest that the modulation by stretch of N-type (and L-type)
channels near mechanically active synapses and growth
cones is a possibility, it will be an interesting challenge to
determine whether such channels in situ mediate stretch-
induced increases in calcium influx.

NOTE ADDED IN PROOF

A recombinant L-type a-subunit cloned from human smooth muscle has
also just been reported to be mechanosensitive (Lyford et al., 2001)
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