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channel-bearing membrane is drawn against
the inner wall of the pipette, amplitude
histograms were examined for the presence
of attenuated events. Under conditions
where suction sharply decreased the open
probability (P,) for SI channels, the distri-
bution of single channel amplitudes was

29 June 1988; accepted 23 November 1988 C i .
i unchanged (Fig. 2). Calcium-related arti-

Stretch-Inactivated Ion Channels Coexist with
Stretch-Activated Ion Channels

facts (for example, Ca®* inactivation in-
duced by inward leak of Ca?*) are ruled out
by the observation of SI events in Ca*-free
conditions (Fig. 3). Even with such artifacts
eliminated, do membranes in fact encoun-
ter tensions comparable to those applied

through the patch pipette? Probably they

CATHERINE E. MORRIS AND WADE J. SIGURDSON

Stretch-activated ion channels of animal, plant, bacterial, and fungal cells are implicat-
ed in mechanotransduction and osmoregulation. A new class of channel has now been
described that is stretch-inactivated. These channels occur in neurons, where they
coexist with stretch-activated channels. Both channels are potassium selective. The
differing stretch sensitivities of the two channels minimize potassium conductance over
an intermediate range of tension, with the consequence that, over this same range,
voltage-gated calcium channels are most readily opened. Thus, by setting the relation
between membrane tension and transmembrane calcium fluxes, stretch-sensitive
potassium channels may participate in the control of calcium-dependent motility in
differentiating, regenerating, or migrating neurons.

have been studied in diverse cell types

(1-4). In snail neurons, under condi-
tions used to study SA K* channels (5, 6),
some membrane patches were observed in
which suction through the recording pipette
not only activated the ubiquitous SA chan-
nels, but simultaneously inhibited a class of
lower conductance, spontaneously active
channels. In a single-channel recording
where SA channel activity was abolished by
quinidine, spontaneous currents (multiples
of ~1 pA) were evident in the absence of
external membrane tension and were abol-
ished by suction (Fig. 1A). By contrast,
more typical patches of membrane did not
exhibit stretch-inactivated (SI) currents (7)
but were nearly quiescent until stretch
evoked SA channel activity (Fig. 1B). We
suspect that even with the pipette tip tension
nominally at zero, there was often sufficient
residual suction (from capillarity) to inact-
vate the SI channels. This would explain
why it was sometimes possible to stimulate
activity by applying 3 to 5 mmHg of posi-
tive pressure; this activity subsided with
further positive pressure, as expected for an
SI channel. The occurrence of SI and SA (8)
currents together (Fig. 1, C, D, and E) in a
single patch from cell bodies or growth
cones demonstrates that distinct populations
of channels with reciprocal responses to
mechanical tension can coexist within a

S TRETCH-ACTIVATED (SA) CHANNELS

Department of Biology, 30 Somerset Street East, Uni-
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membrane area of several square micro-
meters.

To exclude the possibility that suction
inhibits channel activity not because of in-
creased membrane tension but because the

do; for a semipermeable membrane, a mere
1 mosM equals 18 mmHg. Moreover, at the
advancing tip of crawling cells, motility gen-
erates forces ranging from 107% to 107°
dyne/wm (9), so that experimental tensions
[on the order of 1075 to 10™* dyne/um for
—10 mmHg in a typical patch (1)] are not
excessive.

For the SI channel, as for the SA channel
(5), analysis of single-channel current-volt-
age relations indicates that K™ is the physio-
logically permeant species. With normal sa-
line (NS) in the pipette (Fig. 3), the zero-
current potential for the SI channel was near
the resting potential and, as expected for a
channel with negligible Na* and intracellu-
lar anion permeability, the channel did not
pass inward current. When Nat was re-

Fig. 1. Currents inhibited and activated by mem-
brane stretch coexist. (A) Activity of SI channels
in a cell body patch abolished by application of
about —40 mmHg. NS plus 1 mM quinidine (18)
in pipette; membrane potential, Vy, = +70 mV.
(B) SA channel activity stimulated by —40
mmHg. NS in pipette; V,,, = +70 mV. Sustained
responses in (A) and (B) were typical; note
different amplitude calibration. (C) SA channel

(arrowhead) and SI channel activity in the same

and SI channel events from a growth cone, 0 -40 , ©

mmHg, 50 mM K* in pipette, patch V,, =

Vrest + 120 mV (the resting potential, Vs, was

unknown for growth cones). (E) SI and SA

channels in a growth cone patch. Suction (in . 55 o
millimeters of mercury) is indicated adjacent t0  wwsecrmeme 5

cach segment of record; at the arrowheads, suc-

tion was abruptly released. Note that between

about —20 and —50 mmHg, neither channel type

was active. Fifty millimolar KCI in the pipette; |__

4 pA, 2 5. Traces (A), (B), (D), and (E) filtered at

1 kHz, (C) at 500 Hz. Solid bars below traces (here and in Fig. 3) indicate suction. Lymnaea stagnalis
neurons were isolated from circumesophageal ganglia (45 min in 0.25% protease), plated on glass cover
slips, and used for up to 4 days after dissociation. Cells were maintained in NS (50 mM NaCl, 1.6 mM
KCl, 3.5 mM CaCl,, 2 mM MgCl,, 5 mM Hepes, pH 7.6) supplemented with 5 mM glucose, 50 IU of
penicillin per milliliter, and 50 pg of streptomycin per milliliter. All recordings were made on cells
bathed in this solution (exception noted in Fig. 3) at room temperature. Patch-clamp recordings of
single-channel activity were made with standard cell-attached gigaseal techniques (19); pipettes were
made from Corning 7052 glass. Suction, applied through a port in the microelectrode holder, was
measured and controlled with a Bio-tek transducer. Cell body membrane potentials are calculated on the

| M
patch, —70 mmHg, NS in pipette, Vy, = +70
patch held at V. Calibration: (A) 1 pA, 2 s;
assumption of Vieq = —50 mV [from intracellular recordings, Vies = —51 = 1.9 mV (SEM),

mV. (D) Higher resolution trace of SA channel E

-5 -15
(B) 4 pA, 2s; (C) 2 pA, 155 (D) 2 pA, 40 ms; (E)
n=32].
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placed with K* (making no CI~ changes),
inward SI currents were seen at rest (three
patches), and the reversal potential (Vey)
shifted to ~0 mV. The current-voltage rela-
tions of a Cl~ channel would not be altered
by this cation substitution. Since inward and
outward SI currents were seen with thallium
acetate (TlAc) in the pipette (Fig. 3), the
possibility that the SI channel is anion-
selective is ruled out unless extracellular
TIAc inexplicably induces permeability to
intracellular anions. SI currents were also
observed with 50 mM RbCl in the pipette;
as with K* and TI*, Ve, shifted in the
depolarizing direction (to —12 mV), with
0.5 pA SI inward Rb* currents at the
resting membrane potential (Vies) and out-
ward K" currents at positive potentials.
These permeation characteristics (that is,
substantial conductance for TI* followed by
K* and Rb™, and sparing or zero perme-
ability to Na* and anions) are consistent
with properties shown for other highly K*
selective channels (10) including Lymnaea
SA channels (5). Recently, SA channels with
similar permeation properties have been de-
scribed in vertebrate cells (11, 12).

On three cell body patches (different
cells), we measured P, for SI channels at
four or more pressures. In each case, P,
descreased to 50% or less (compared to 0
mmHg) by —15 mmHg. By contrast, SA
channel activation in Lymnaea neurons sel-
dom attained a half maximal level before
—30 mmHg. The stretch sensitivity of SI
and SA channels in a cell body patch and in
two growth cone patches is shown in Fig. 4.
The “notch-filter” appearance of the paired
curves (that is, SI/SA activity from the same

Table 1. Kinetics for SI channels at three pres-
sures. Time constants (Topen and Teiosea) Obtained
from a cell body patch in which the SI channel
activity was appropriate for kinetic analysis over a
range of pressures including 0 mmHg. Insuffi-
cient events precluded multiexponential fits to the
closed-time data in this patch, so measurements
are restricted to closed times that should belong
to the slowest component. NS plus 1 mM quini-
dine in pipette, Vy,, = +90 mV. For analysis, data
were filtered at 2.5 kHz and digitized at 20 kHz.

Pressure Relative TopenT Telosed T

(mmHg) Po* (ms) (ms)

0 1 0.85 = 0.07 109
(0.87)

-15 0.16 1.12 = 0.29 294
(0.87)

-30 0.068 0.75 = 0.23 559
(0.85)

*P, relative to value at 0 mmHg, which was 0.024.
tGiven both as inverse rate constant (£SEM, the error
associated with the fit) to a single exponential fit (events
=0.1 ms) and (in parentheses) as a maximum likelihood
estimate [that is, average open time minus cutoff time of
0.1 ms; see Eq. 50 in (17)]. tAverage closed time
minus cutoff time of 5 ms (17).
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patch) of Fig. 4 is particularly noteworthy
because it shows how intermediate tensions
minimize K* permeability, thereby maxi-
mizing the likelihood of membrane excita-
tion and the attendant entry of Ca**
through voltage-gated Ca?* channels. Given
the central role of Ca** in the control of
exocytosis, of cytoskeletal structure, and of
growth cone motility (13, 14), membrane
tension effects on SI and SA channel activity
could have important feedback conse-
quences for local motility and for morpholo-
gy. It is plausible that reduced adhesion to
the substrate would activate SI channels,
whereas excessively rapid growth or abut-
ment against a surface would recruit SA
channels. A widespread utilization of me-
chanosensitive K* channels in morphogen-
esis is suggested by the finding that SA K*
channels are activated cyclically in dividing
vertebrate embryonic cells (12).
Stretch-dependent decreases in the SI
channel P, could stem either from stretch-
induced increases in the rate of leaving an
open state (yielding briefer open sojourns)
or from decreases in the rate of leaving a
closed state (longer closed sojourns). Open

A

80
— 0 mmHg
-~--15 mmHg

60 -+ =20 mmHg
-— -25 mmHg
« — -30 mmHg

Frequency
»~
o

LA R L e |

0 0.2 0.4 0.6 0.8 1

Frequency

Current (pA)

Fig. 2. Suction does not affect elementary SI
channel current amplitude. (A) Patch in which
multiple openings were rare (same as Table 1);
histogram (constructed from events used in kinet-
ic analyses) for 0 mmHg is shown. Overlying lines
are Gaussian fits to this data and to histograms
(not shown) for four other pressures. Suction did
not decrease the mean amplitude, and tests for
skewness and kurtosis indicated no deviations
from Gaussian distributions. (B) Patch in which
multiple openings were the norm (same as Fig. 4,
cell body); family of amplitude histograms (con-
structed point by point from data filtered at 1 kHz
and digitized at 10 kHz) for six pressures ranging
from 0 to —30 mmHg show that both within a
given histogram and from one pressure to the
next, amplitude peaks occur at multiples of 0.6
PA.

time histograms for SI events could be fit
with a single exponential, whereas multiple
exponentials were required for the closed
times, the longest of which could be as-
cribed to a “between-bursts” state. Table 1
provides evidence that the channel open
time is insensitive to membrane tension. In
contrast, the long closed time lengthens
with increasing stretch as P, declines. Inter-
estingly, SA K* channels (2) and other SA
channels (1, 15) conform to this same basic

v, (mv)

100 -60 20 20 60 100

1

0 IM
-

-1 °
40 mv

-2

]
-3 -40 mV
-4
-5 M1 ’MH MM Wy O
-50 mV

Fig. 3. SI channel current-voltage relations. O,
NS in the pipette; conductance, 6.6 pS (linear
regression to all points), zero-current intercept,
—66 mV; @, 50 mM TlAc in the pipette, 50 mM
KCl in bath, both solutions Ca2*-free (2.2 mM
EGTA in bath only) and buffered with Hepes (5
mM), Viest assumed to be 0 mV. Slopes (fit by
eye) of linear portions are 38 pS (lower quadrant)
and 5.6 pS (upper quadrant), Vi, = +7 mV.
Note that the outward current conductances with
NS and TlAc in the pipette are similar, suggesting
that intracellular K™ carries the current in both
cases. (Inset) Stretch inactivation (~40 mmHg)
of outward and inward currents (TlAc experi-
ment), and (bottom), at a higher time resolution,
a record from the NS experiment, V,, as indicat-
ed. Cell body patches for both experiments. Cali-
bration: 2 pA, 4 s (top traces), 40 ms (bottom
trace).

pA

Blowing Suction
(positive) (negative)
1001 A
80
Q_O
g 01 A
5 .
g 40 A’A‘A \
201 A A
0 % - 0-0-0-0-0-0
3 10 10 3 5 70

Pressure (mmHg)

Fig. 4. SI and SA channels coexist in patches from
cell body and growth cone. Ordinate, P, normal-
ized to the maximum value for each type of
channel in each patch; solid symbols refer to SI
channels, open symbols to SA channels. O, @,
Paired curves for a cell body patch (same patch as
Fig. 1C); <, #, paired curves for a growth cone
patch. A, As explained in text, growth cone SI
channels with activity that was suppressed by the
residual pipette suction (—10 mmHg); note inac-
tivity at nominally zero and negative pressures. O,
@, NS in pipette, V,,, = +70 mV; &, ¢, 50 mM
K* in pipette, patch at Ve (same patch as Fig.
1E); A, 50 mM K* in pipette, patch
Vin = Viest — 60 mV.
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pattern: stretch acts on the between-bursts
closed time, without substantially altering
either open times or brief closed times. In
stretch-sensitive channels, therefore, slow
mechanical transduction processes and fast
kinetic processes may represent modes of
gating arising from spatially distinct regions
of the channel.

Several additional observations on SI
channels are worth noting. The maximum
number of SI channels in any patch was ten
and the minimum in patches that exhibited
SI events was two, a range corresponding to
that for SA channels in Lymnaea neurons.
(Density per patch is obtained from the
maximum number of stretch-sensitive ele-
mentary amplitudes, as seen in Fig. 2B). SI
channels, like SA channels, showed no obvi-
ous voltage dependence; spontaneous SI
channel activity at Vi, was evident with
K*, TI*, or Rb" in the pipette and no
inactivation occurred with depolarization.
Normal-looking SI events were observed
with both 10 mM tetraethylammonium and
1 mM quinidine (for example, Fig. 1A) in
the pipette. The phenomenon of channel
inactivation by stretch is not unique to this
preparation; SI channels have been observed
in mammalian astrocytes (16).

A number of properties shared by the two
stretch-sensitive channels (the parallel kinet-
ic effects of stretch on a between-bursts
closed state in both, the similarities in mem-
brane densities, the concurrent changes of
SI and SA activity in a given patch) are
consistent with the possibility that the chan-
nels are linked to a common transduction
mechanism. A good candidate is the sub-
membranous filament network proposed by
Sachs (3). The discovery of an SI channel in
paralle] with the SA channel also raises the
interesting prospect that yet other integral
membrane proteins—ones implicated in cell
motility, cell compliance, or osmoregula-
tion, but with “outputs” that are not neces-
sarily measurable with a patch clamp (carri-
ers, enzymes)—might also be influenced by
membrane tension.
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Nimodipine Facilitates Associative Learning in

Aging Rabbits

RicHARD A. DEYO, KAREN T. STRAUBE, JOHN F. DISTERHOFT*

Nimodipine is one of several dihydropyridines that block calcium channels. Originally
administered to improve cerebral blood flow in elderly patients with chronic cerebro-
vascular disorders, nimodipine was noted to facilitate learning. These observations led
to the present investigation of the effects of nimodipine on associative learning in aging
rabbits. Nimodipine accelerated acquisition of conditioned eye-blink in both young
and aging rabbits without altering the amplitude of responses to the conditioned or
unconditioned stimuli or causing nonspecific responding. Thus, nimodipine may be a
candidate for an effective treatment for age-related learning deficits.

NE OF THE MOST DEBILITATING

consequences of aging can be

memory loss. Although many
changes occur within the central nervous
system during aging (that is, decreases in
neurotransmitter synthesis and degradation,
decreases in receptor number, and increases
in cell loss), the perturbation of normal
Ca** metabolism appears to be an impor-
tant factor correlated with both the age-
related physiological deficits and the learn-
ing and memory deficits (1, 2).

There is a relation between Ca*" metabo-
lism and selected mechanisms of learning
and memory in aged subjects. (i) A Ca®*-
activated K* current is reduced in hippo-
campal neurons after associative learning in
rabbits (3). This same current is prolonged
in hippocampal neurons from aging brain
and may contribute to the learning deficits
that often accompany normal aging (4). (ii)
The elevation of plasma Mg®* (a competi-
tive inhibitor of many actions of Ca®")
improves reversal learning in both aged and
young rats (5). (iii) Alterations in normal
Ca>" homeostasis in aged subjects, such as

an increase in the intraneuronal Ca** con-
centration, can also be toxic to neurons (2,
6). Hence, Ca®* channel antagonists would
be expected to improve learning and memo-
ry in aged subjects by decreasing neuronal
influx of Ca®*, thereby reducing prolonged
Ca*"-activated currents or minimizing Ca?*
toxicity in neurons from aged brain. Nimo-
dipine, a potent Ca>" channel blocker (7),
has been noted to enhance learning and
memory in older persons with chronic cere-
brovascular disorders (8).

Here we have tested the effect of nimodi-
pine on eye-blink conditioning of rabbits.
This well-studied behavioral system is use-
ful, because both aged humans and rabbits
show similar deficits in the acquisition of
this conditioned response (9, 10).

Thirty-six experimentally naive New Zea-
land albino rabbits (Oryctolagus cuniculus)
were assigned to one of four treatment
groups based on age and drug treatment
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