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SUMMARY

1. The membrane characteristics of the slowly adapting stretch receptor from the
crayfish, Asta8us fiuviatilis, were examined with electrophysiological techniques con-
sisting of membrane potential recording, voltage clamp and ion-sensitive micro-
electrodes.

2. The passive membrane current (Ip) following step changes of the membrane
potential to levels above 0 mV required more than a minute to decay to a steady-
state level.

3. The stretch-induced current (SIC, where SIC = total- Ipassive) was not fully
developed until the Ip had decayed to a steady state.

4. With Ip at the steady state and the stretch-induced current at the 0-current
potential, a slow stretch-induced inward current was isolated. The latter reaches a
maximum after 1 see of stretch and declines even more slowly after stretch. The
I-V relation of the slow current had a negative slope and reversed sign near the
resting potential. It is suggested that this current is due to a Cl- conductance change.

5. The stretch-induced current, consisting of a rapid transient phase and a steady
component can be isolated from the slow stretch-induced current at a holding
potential corresponding to the resting potential.

6. The SIC-Em relation is non-linear and reverses sign at about +15 mV.
7. In a given cell, the reversal potential of the stretch-induced potential change

obtained with current clamp coincided with the 0-current potential of the stretch-
induced current obtained by voltage clamp. The average value from twenty-six
cells was + 13 + 6'5 mV; cell to cell variability seemed to be correlated with dendrite
length.

8. Tris (mol. wt. 121) or arginine (mol. wt. 174) substituted for Na+ reduces but
does not abolish the stretch-induced current.

9. The permeability ratios of Tris:Na and arginine:Na were estimated from changes
in the 0-current potential as these cations replaced Na+ in the eternal medium. The
PTr, :PNa was somewhat higher (0-31) than the Parginine:PN ratio (0.25).

10. Changes in the external Ca2+ concentration had no effect on the 0-current
potential in Na or Tris saline. However, reducing Ca2+ did augment the stretch-
induced current in either saline. A tenfold reduction of Ca2+ increased the conductance
(at the 0-current level) about twofold.
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11. Intracellular K+ and Cl- activities were obtained with ion sensitive electrodes.

The average values from six cells were ai = 133 + 34 mM and ai i = 15-2 + 1-8 mM
S.D.). EK was about 20 mV more negative than Em and EC1 was about 10 mV more
positive than Em.

12. act and resting Em undergo large changes in K+-free solutions. After 60 min,
ak was reduced eightfold and Em was reduced from -67 to -40 mV. Reduced
Ca2+ in K+-free augments the rate of these changes. Receptor potential amplitude
was also reduced in K+-free solution but could be restored upon polarizing the
membrane to the pre-existing resting level.

INTRODUCTION

Investigations of receptor mechanisms with the voltage clamp technique have
provided new information concerning the ionic mechanisms involved in production
of the receptor potential. To date most of this work has been conducted on large
invertebrate photoreceptors (see for example, Millecchia & Mauro, 1969; Hagiwara,
Koike & Meech, 1970; Brown & Mote, 1974). Only one investigation utilizing this
technique has been reported on the stretch receptor of crayfish (Klie & Wellh6ner,
1973).
The present study was conducted to attempt to quantify more thoroughly the

involvement of different ions in the production of the receptor potential of the cray-
fish stretch receptor and to make intracellular measurements of Cl- and K+ with
ion-specific electrodes. An early study on this receptor utilizing a single micro-
electrode and methods of ion replacement provided the important conclusiontha
Na+ was principally involved in the receptor potential (Edwards, Terzuolo & Washizu,
1963), but left unanswered the role of other ions including Ca2+. Membrane polariza-
tion and recording with two micro-electrodes (Obara, 1968) provided additional
information concerning changes of passive membrane conductance during ion sub-
stitution and the voltage clamp provided for the first time an accurate estimate of
the reversal potential in normal saline (Klie & Wellh6ner, 1973). KMle & Wellhoner's
measurements indicated that the reversal potential was on the average about +25 mV
and even though considerable variation was observed from cell to cell, only four of
twenty-five cells had reversal potentials between 0 and +5 mV. Previous estimates
had ranged from -30 mV (Obara, 1968) to 0 mV (Terzuolo & Washizu, 1962).
The present investigation extends these observations and provides new information

concerning additional components of membrane current that contribute to the
receptor potential. In addition, estimates of the equilibrium potential for Cl- and K+
were obtained by measuring intracellular K+ and Cl- activities with ion exchanger
electrodes. This enables a definite estimate of two important ionic batteries in this
cell. K+ electrodes were also used to evaluate the effects of K+-free and K+-free,
Ca2+-free solutions on intracellular K+. These studies were conducted to compare
possible mechanisms for the changes in the receptor potential which have been
described in the stretch receptor and the muscle spindle (cf. Husmark & Ottoson,
1971; Ottoson & Husmark, 1971).

METHODS

The experiments were carried out on the slowly adapting stretch receptor of the crayfish
(Astacus fluviatii8). The receptor neurone with its muscle were isolated from the second or the
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third abdominal segment of the crayfish and mounted in a small chamber filled with saline.
The temperature of the bath was maintained at + 15 00 by means of a peltier device.
The general arrangement of the experimental set-up is illustrated schematically in Fig. 1.

The ends of the receptor muscle were tied firmly to a thin tungsten rod (041 mm) which passed
through a glass capillary and thence to a Brush pen motor with position and velocity feed-back
controls. The neurone was placed on a small platform of glass while the muscle passed freely
through the bathing fluid to the attachments on the tungsten rods. Dark-field microscopy was
chosen to place the electrodes and to make the neurone clearer.

Em
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- ~

+~~~~+R-y ~~~~~Am
Fig. 1. Schematic representation of experimental arrangement for recording membrane
potential and voltage clamp of stretch receptor neuron. Neurone maintained in same
position by asymmetric stretch applied by two pen motors adjacent to recording
chamber. Left internal micro-electrode: to record potential difference between it and
an agar-KCl electrode in the bath (on right). Right internal electrode: to pass current
between it and bath electrode. Al: unity-gain capacity compensated probe. VC:
voltage clamp; CC: current clamp. Command signal, holding potential and Em signal
fed to variable-gain, summing amplifier A2 (Burr-Brown 3341/15C). A3: power amplifier
(Burr-Brown 3582). A4: current to voltage transducer. A5: to nullify the effect of
bucking potential on A4.

Stretching apparatus
The neurone was stretched by applying pulses of different wave forms to the Brush pen

motors. The applied stretch was generally a ramp-and-hold of various durations. The position
feed-back signals to the pen motors were used to record displacement. Before impalement of
the neurone, the stretch applied to each end of the muscle was adjusted so that the cell body
remained in the same position during stretch as during rest. In this way it was possible to avoid
electrode artifacts and dislodgement of the electrodes during stretching. This method worked
very reliably since experiments could be conducted with repeated test stretches over several
hours after the initial penetration with the electrodes.

Ion-sensitive micro-electrodes
Liquid ion-exchanger (Corning exchanger 477317 and 477315) micro-electrodes were con-

structed to measure K+ and Cl- activities (Brown, 1976). Internal Cl- activity was also measured
in a few experiments with Ag/AgCl micro-electrodes as described by Saunders & Brown (1977).
No correction for interference from intracellular ions was made in the present study.

157



158 H. M. BROWN AND OTHERS

Determination of internal ion activity (a')
The ion-sensitive electrode was connected via Ag/AgCl wires to a FET amplifier (Burr-Brown

3522). The signal was displayed together with the membrane potential on a chart recorder.
The signals were also subtracted electrically so that the potential difference (V'-Em) could be
used to calculate the internal ion activity (a'; = K+ or Cl-) from the relation

(VI'-EmVIa= exp= (1)

TABLE 1. Composition of salines (mM)
Arginine,

NaCl KCl CaCl2 MgCl2 Tris HCl

Normal Astacus saline (NAS) 210 5-4 13-5 1-2 10
Na-free (Tris) - 5-4 13-5 1-2 230
Na-free (arginine) 5-4 13-5 1-2 10 210
Na-free (Tris), Ca-free (Mg) 5-4 14-7 230
K-free (Na) 215 - 13-5 1-2 10
K-free (Na), Ca-free (Mg) 215 - 14-7 10

pH = 7-3.

where VI is the potential of the ion electrode in the external solution with primary ion activity
ao; VI is the potential of the ion electrode inside the cell; m is dV/da, of the ion sensitive elect-
rode after calibration in pure solutions of the primary ion x.

Solutions
The composition of the solutions is given in Table 1. Ions in parentheses indicate the ion

substituted for the principal ion. The solutions were buffered with Tris to pH 7-2-7-4.

Membrane potential recording and voltage-clamp technique
The neurone was impaled under visual control with two glass micropipettes filled with 3 M-

KCl (resistance 5-10 Me). Membrane potential was recorded as the potential difference between
an intracellular micropipette and an agar-KCl Ag/AgCl electrode in the bath. The second intra-
cellular electrode was used to pass constant current pulses across the membrane or to control
the membrane potential by the feed-back circuit shown in Fig. 1. The potential recording
micropipette was shielded and the shield was driven from the output of the probe. The time
required to clamp the membrane potential to a final value with the system used was about
0-5 msec when a rectangular commanding voltage pulse was applied. Membrane current was
measured as the voltage drop across the feed-back resistor of A4 which held the saline bath at
ground potential. The membrane potential (Em), the membrane current (Im) and the stretch
wave form and amplitude were displayed on a CRO and a chart recorder. The signals were also
fed to a 4-channel tape recorder (Hewlett Packard 3960). Resting membrane potential was
measured with the receptor muscle kept at resting length. Ramp and hold stretches were
usually 1-2-1-4 see long. During voltage-clamp, the membrane potential was usually shifted to
a positive potential value of about +40 mV and measurements were made when membrane
current was in the steady state. From this potential value the potential was changed in steps
of about -10 mV and test stretches applied at each potential level.

RESULTS
Current clamp
The values of the reversal potential for the stretch-induced potential change

obtained with current clamp were of interest because of the wide range of values
reported in the literature and because no experimental records have appeared show-
ing reversal of the stretch-induced potential change with current clamp.
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The traces shown in the inset of Fig. 2 were obtained by polarizing the membrane

with current from an intracellular KCl-filled micro-electrode until a steady-state
Em was obtained before applying the stretch. By shifting the membrane potential
to large positive values and then stepping down the current after a stretch-induced
potential change, reproducible values of the reversal potential could be obtained. At
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Fig. 2. Inset: change in stretch-induced potential at different membrane potential (Em)
levels preset to a constant level by passing current across the membrane.
I-V curves from data shown in the inset. Filled circles represent steady-state Em

obtained from a given amount of current. Open symbols represent the peak Em obtained
during stretch at the same current level.

the most positive membrane potential ( +37-5 mV), the potential change obtained
from stretch consisted of a negative-going peak and steady phase. As the membrane
potential was subsequently shifted to more negative values, a membrane potential
value was reached at which stretch produced no potential change with these features
(reversal potential). This was about +13 mV in the cell shown in Fig. 1. At more
negative values of Em than the reversal potential, the stretch-induced potential
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change consisted of a positive peak and steady phase and the amplitude increased
as the membrane potential was shifted toward the resting potential (-65 mV).
Action potentials noted on the stretch-induced potential change at the resting
potential were absent in the other traces due to inactivation of the Na+ current
produced by the more positive membrane potential values.
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Fig. 3. Inset: voltage-clamp records showing outward current (1m) during long step
changes to different membrane potential levels. The rapid capacitative currents had
decayed prior to full development of the peak outward current. Inward current
associated with action potentials is not observable on these records due to the slow
sweep velocity. Note that I. is essentially rectangular for a small step change of Em.
I-V relations are shown at 1 (0) and 60 (@) sec after a step change in Em.

The steady-state I-V relation is plotted for the records shown in the inset. The
filled symbols represent data obtained before stretch and the open data points repre-
sent the peak Em during stretch. At the resting potential, stretch produced a depolar-
ization from -65 to -40 mV. This potential difference was reduced as the membrane
potential was shifted to more positive values by passing current across the membrane.
At +13 mV, no potential change was observed during stretch (reversal potential);
from +13 to +40 mV, Em became less depolarized during application of stretch, i.e.

160



VOLTAGE-CLAMP OF ASTACUS STRETCH RECEPTOR 161
the sign of the stretch-induced potential changed sign. At the reversal potential the
slope of the steady-state I-V relation was 0-9 ,mho and increased to 1*25 #umho
during stretch. This represents a 40% increase in membrane conductance during
stretch. The input resistance of this cell estimated from the voltage change produced
by an inward current step of 10 nA was 4-2 M.

150 nA

* sec

250nA

30 sec

Fig. 4. Dependence of stretch-induced current on time after a step change in membrane
potential.
Top record: envelope of outward current during changes of Em from the resting

level (-70 mV) to + 35 mV. Stretch was applied at different times after a change in
Em as shown in the insets. Maximum current was obtained after steady-state outward
current was obtained.
Bottom record: same procedure as above except Erm shifted to -50 mV from -70 mV.

Current calibration applied to both sets of records.

Voltage clamp
Passive current inactivation. It was observed previously that large positive potential

shifts of the stretch receptor membrane produce a large outward current (Ip) that
slowly inactivates with time (Nakajima & Onodera, 1969; Kile & Wellhoner, 1973).
Fig. 3 shows this phenomenon and Fig. 4 shows that the stretch-induced current is
smallest when Ip is the greatest.
The inset in Fig. 3 shows three pairs of voltage clamp records obtained at different

membrane potential levels. The top trace of each pair is membrane current associated
with the potential change shown in the bottom trace. In the bottom pair, a rectangular
change of membrane potential produced an approximately rectangular change of
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membrane current when Em was shifted from the resting potential (-70 mV) to
- 50 mV. However, when the membrane potential was shifted to +5 from the Er,
there was an initial large positive outward current followed by a slow decline to a
steady-state value. The top pair of records shows this clearly when the membrane
potential was shifted from Er to +35 mV. In this case, the decline of the peak out-
ward current to the steady-state level required more than 60 sec. Data from these
records are plotted at the right 1 sec (0) and 60 sec (0) after the change in Em.
As the Em was shifted to more positive values, the Ip obtained at 1 sec was almost
twice as great as it was 60 sec later.

Stretch-induced current

Relation between stretch-induced current and passive Im. It was found that the
amplitude of the stretch-induced current (where the current = Im during stretch
- Ip without stretch) was related to the amount of passive membrane current during
a step change of the membrane potential and the time after application of the voltage
pulse as illustrated in Fig. 4. In the top set of records, Em was shifted from -70 to
+35 mV; +35 mV was ascertained beforehand to be more positive than the reversal
potential of the stretch-induced current. This potential change produced the typical
large initial outward change in membrane current followed by a slow decline to a
steady level. Stretch was applied in three consecutive runs, 5, 30 and 120 sec after
the onset of the change in the membrane potential. The records are shown above
the sustained record; these were obtained at higher amplification and sweep velocity.
There was little or no detectable current 5 sec after the change of membrane po-
tential, but 30 sec afterward a small outward current was observable and at 120 see
the outward current was more well developed. At still longer times the amplitude of
the stretch-induced current was enhanced no further. The maximum current was
obtained when Ip produced by the potential shift was at a minimum. Since the
minimum Ip occurs sooner for smaller potential shifts, the fully developed stretch-
induced current also occurs earlier. This could be demonstrated at a lower membrane
level as shown in the bottom set of records in Fig. 4. Here, a +20 mV potential
shift produced a brief transient which rapidly decayed to a steady state. In contrast,
to the records shown in the top set of records, the stretch-induced current was almost
as well developed 15 sec after the step-change in potential as it was 60 see afterward.
These results suggest that during a large increase in membrane conductance (pre-
sumably 0K) in response to a rapid potential change, there is suppression of the
stretch-induced current or that aK does not allow its expression. An additional
conductance change of an opposite sign that masks the current is another possibility.
These alternatives will be discussed subsequently.
I-V relations. The exact membrane potential for reversal of the stretch-induced

current was difficult to establish shortly after a shift in Em for reasons shown in
Fig. 4. The stretch-induced current was largely obscured at positive membrane
potential values for times as long as 1 min after a change in the membrane potential.
By adopting the following procedure the inward current was enhanced and reliable
I-V relations could be obtained. The membrane potential was held to approximately
+40 to +50 mV until inactivation of the large outward current was obtained.
The Ip was then shifted to a lower value (usually -10 mV) and stretch was
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again applied, etc. This yielded reproducible 0-current values for the stretch-
induced current and produced little undesirable effects such as changes in the resting
potential or in the after-potential following stretch at the resting potential. The
inset in Fig. 5 shows voltage clamp records of the stretch-induced current obtained
in this way. The initial part of each trace represents the amount of Ip necessary to
hold Em to the value indicated at the right. At the more positive membrane potential
values, stretch elicited an outward current consisting of a peak and steady phases;
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Fig. 5. Inset: voltage-clamp records of stretch-induced current obtained at the
membrane potential levels indicated on the right. The steady-state level of membrane
current is indicated by the offset of each record from the zero-current level.
I-V relations of the steady-state passive current (@) due to changes of membrane

potential and the peak stretch-induced current obtained by subtracting the Ip from the
total membrane current during stretch.

this current was diminished as the membrane potential was reduced; a null-current
was reached for both phases at the same Em. As the membrane potential was further
reduced, an inward stretch-induced current was recorded which increased in ampli-

tude as the membrane potential became more negative. These data were obtained
from the same cell shown in Fig. 2 and it can be seen that the reversal potential was
identical with either method. The I-V curve plotted from the current records is
illustrated in the graph in Fig. 5.
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The passive steady-state relation before stretch is represented by filled circles and
the active stretch-induced current is indicated by open circles. The slope conductance
for the passive I-V relation increased as the membrane was depolarized above
- 40 mV but remained quite constant from approximately - 40 to - 100 mV. At
membrane potential levels more negative than - 100 mV, membrane conductance
again increased. The I-V relation for the active phase of membrane current, i.e. the
stretch-induced current, was clearly non-linear. The slope conductance approaches
zero at values of Em more negative than - 100 mV but increases as the membrane
is depolarized. The slope conductance of the relation representing the stretch-
induced current is about 0 7 #smho which represents about a 70 % increase in the
membrane conductance due to stretch compared to the membrane conductance
measured from the steady-state passive I-V relation at the reversal potential of the
current (1 flmho). The average level of the reversal potential obtained from twenty-
six cells in this way was +13 + 6X5 mV (S.D.). The range was from +3 to +30 mV.
In many preparations, it was possible to identify particularly long and short main
dendrites. Invariably, those cells with long main dendrites had more positive
reversal potentials than those with the short main dendrites. This suggests that most
of the cell to cell variability in the reversal potential can be attributed to the cable
properties of the dendrites; the variability did not seem to be related to the input
resistance of the membrane or the resting membrane potential.

Effect of Na+ substitutes
I-V relations. It has been reported in studies on different types of receptors (cf.

Diamond, Gray & Inman, 1958; Ottoson, 1964; Brown et al. 1970) that a substantial
fraction of the receptor potential remains in Na+ substituted solutions and that more
remains in Tris substituted Na+ solutions than in choline (Obara, 1968) or arginine
salines (Klie & Wellh6ner, 1973). A systematic study of two of these Na+ substi-
tutes was made to evaluate the effect of these cations on the stretch-induced current
and reversal potential.

Fig. 6A (filled circles) shows the I-V relation of the passive membrane during
changes in the membrane potential by the voltage clamp. The membrane potential
was shifted initially to +40 mV and thereafter reduced in steps to the values shown
in the diagram. The stretch-induced current in normal saline was obtained at each
value of Em and is represented by the open circles. The current at Er was approxi-
mately -25 nA in the normal saline and showed the characteristic decline as the
membrane potential was depolarized. At +10 mV the current reversed sign and at
more positive potential values, it was outward or positive. Replacement of Na+ with
Tris produced a 5 mV reduction of the resting membrane potential and substantially
reduced the receptor potential as shown in the inset. The current was reduced sub-
stantially but was still appreciable in the Tris-substituted saline. Stretch-induced
current at Er was reduced to 5 nA, i.e. 20% remained in this solution. This reduction
in the inward current was associated with a decrease in the 0-current potential from
+ 10 to - 10 mV. The outward current elicited by stretch at +40 mV was also
reduced in the Tris saline to about 50% of the value in the normal saline. The solid
squares indicate that there was also a small decrease in the passive membrane
conductance in this saline but the change shown in this cell was not a constant
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VOLTAGE-CLAMP OF ASTACUS STRETCH RECEPTOR 165
feature of all experiments in Tris. In many cells studied, there was a tendency for
the passive membrane conductance to decrease somewhat during the experiment.
This occurred even though there were no apparent changes in the input resistance
of the membrane evaluated by a -10 nA current pulse applied at the resting mem-
brane potential.

Fig. 6B shows the effects of Na+ substitution with arginine. This cell was selected
for illustration because it had a passive current voltage relation in the normal saline
comparable to the cell in Fig. 6A. Replacement of Na+ with arginine had virtually
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Fig. 6. Change in I-V relations of stretch receptor neurone in Na+-substituted salines.
A: Tris saline. B: arginine saline. Two different cells.

Filled circles and squares represent the steady-state I-V relation before stretch in
normal saline (NAS) and Na-substituted saline respectively. The open circles and
squares represent the peak stretch-induced current in normal and Na-substituted
salines.

no effect on the resting membrane potential but slightly reduced the passive mem-
brane current in the range - 20 to + 30 mV; thereafter, the membrane slope con-
ductance was virtually the same in this saline as it was in normal saline. The stretch-
induced current (open circles) was reduced more in this saline than it was in the Tris
saline, i.e. the current at the resting potential in arginine saline was only 10% of the
value in normal saline. This was manifested as a small receptor potential as shown
in the inset. The reversal potential shifted significantly as the Na+ was replaced with
arginine. In normal saline the reversal potential was about +25 mV and in the
arginine saline it was reduced to about -2 mV for a total change of -27 mV.

Dependence of stretch-induced current on Na+ concentration. The inward current
was evaluated in three different cells at different Na+ concentrations as Tris replaced
Na+ in the external medium. The cells were exposed to normal saline after each
exposure to a Na+-substituted saline. The results were normalized by assigning the
inward current at the resting potential in normal saline a value of - 1-0. Values of
the stretch-induced current at other Na+ concentrations were expressed as the ratio
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of this value. In Fig. 7A, which shows Tris substitution of Na+, the inward current
at Er is seen to vary linearly with the Na+ concentration in the external medium.
The final value of the current in 2 mM-Na-Tris saline still represents a significant
fraction of the current measured in normal Na+. In the cell represented by filled
circles, 25% of the current remained even though Na+ had been reduced tenfold
from 210 to 21 mm. In the cells represented by open circles and squares, the current
was reduced to 35 and 50% of that in normal saline for a reduction in Na+ from
210 to 2-1 mM.
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o-Q.5Q -0*50-

-0Q75 L -075 -

-100 L -100 £
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[Na] 0 (mM)

Fig. 7. Relationships between peak stretch-induced current and Na concentration.
A: peak current in Tris-Na solutions. B: peak current in arginine-Na solutions. Peak
current measured at a holding potential which corresponded to the resting potential of
the cell; each symbol represents a different cell. The peak current in each test saline is
expressed compared with that in normal saline (210 mM-Na+); latter was assigned a
value of -10.

Data obtained in arginine (Fig. 7B) also indicated a linear dependence of the
stretch-induced current on the external Na+ concentration; however, arginine
appeared less permeable than Tris as indicated by the greater reduction in the inward
current as Na+ was systematically replaced by arginine. There was also less cell-to-
cell variation. Inward membrane current in 2-1 mM-Na arginine solution represented
only 10-18% of the stretch-induced current measured in the normal saline. These
data compare favourably with changes in the reversal potential (Fig. 8) which indi-
cates that the permeability ratio of arginine/Na+ is less than for Tris/Na+.
Na+ permeability ratio. By systematically changing the amount of Na+ in the

external medium and observing the changes in the reversal potential of the stretch-
induced current, estimates of the permeability ratios of the ion substitutes to Na+
were obtained. In these experiments the cell was routinely returned to the normal
saline between the test salines. If repeated determinations of the reversal potential
were made in a given Na+ concentration, the results were averaged for purposes of
the data analysis.

Permeability ratios were obtained from the relation (Brown & Saunders, 1977):
a

PNa/PX = bm, +a (2)
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where a and b represent the intercept and slope of the relation, exp EmF/RT V8.
concentration of Na+ in the external solution as Na+ is replaced by a substitute
cation. A value of 25 was used for F/RT and m is the total cation concentration.
Plots of this relation for two different cells in Tris-Na+ salines are shown in Fig. 8A.
The line connecting the points was drawn by eye. From the slope and intercept a
value of PTrn,:PNa of 0*31 was obtained. This indicates that as large a cation as Tris
(mol. wt. = 121), has a very significant permeability in the membrane during
stretch.

A B
2*5 -2.5 -

2.0 - 2.0 -

05i/~~~~~

1.5 - 1.5 -

I-)Nalo {m M ) [Na (m M )

0.5 -0*5

0 II I0

100 200 300 100 200 300
[Na]0 (mm) [Na]0, (mm)

Fig. 8. Tris-Na and arginine-Na permeability ratios in stretch receptor. A: relation be.
tween exp (reversal potential/25) and Na concentration in Tris-Na solutions for three
different cells denoted by different symbols, P.,/P.. = 0-31. B: same as A except
arginine-Na solutions for four cells, Pmg/P jqm = 026.

Arginine appears to be somewhat less permeable cation than Tris judging from a
similar analysis of four cells shown in the plot of Fig. 8B. In this case, the line fit by
eye falls quite close to all of the transformed data points except those at the 21 mm-
Na+ concentration. The reason for this is not clear but in practice this represents a
small change in the reversal potential of the stretch-induced current between arginine
solutions containing 105 mM-Na+ and those containing 21 mM-Na+ (average change
of the reversal potential in these two solutions = 5 mV). The value of PArg :PNa
obtained from the relation in Fig. 8B was 0-24 indicating that Na+ is only about
4 times more permeable than the much larger amino acid molecule.

Effect of Ca2+. The preparation tolerated low Ca2+ solutions very well, provided
that the time for exposure was relatively short and the cell was returned to normal
saline between the test salines. Results from a voltage-clamp experiment on one cell
as Mg2+ replaced Ca2+ in the external saline are shown in Fig. 9. The I-V relations
were obtained after the preparation was exposed for 15 and 20 min in the 0-135 and
1-35 mM-Ca2+ salines respectively. Exposure to low Ca2+ salines produced a syste-
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matic reduction in the Er and the slope conductance of the membrane was generally
increased. Reducing Ca2+ also had systematic effects on the stretch-induced current.
The inset shows the current obtained at - 60 mV in reduced Ca2+ salines. It was
increased twofold for a tenfold reduction in Ca2+ and increased threefold for a hundred-
fold reduction in Ca2+ concentration. This is reflected in the I-V relation which shows
that the slope conductance for the active phase is increased on the negative and
positive side of the reversal potential. The membrane conductance at the 0-current
potential of the stretch-induced current indicates an approximate doubling of the
stretch-induced conductance change for each tenfold change in Ca2+ concentration,
i.e. the conductance increased from 0-25 tmho in normal saline to 0-66 and 1-5 /Zmho
in the 1-35 and 0d135 mM-Ca2+ salines, respectively.

Ca- (mM)
m

13-5 _ _ 100 nA 7

1-35 s/

0*13 _ \*g_|o50
Na

50 P

-100 -80 -60 /0-EmmV

00000"..H 20 40

~~~~~~~~~~~~I
0~~2Z

0~~~~~~0 4

0 -50

Fig. 9. I- V relations in different Ca2+ concentrations. Filled symbols represent the
steady-state passive relation and open symbols represent the peak stretch-induced
current. Holding potential at Em in each test saline. Normal saline (O. 0); 1-35 mM-
Ca2+ (A, A); 0.13 mM-Ca2+ (-, *). Inset: traces of current in different Ca2+ solutions
at about resting membrane potential.

Ca2+ was also reduced in a solution containing a relatively impermeant cation
(Tris) to unmask a possible increase in Ca2+ conductance during the active phase
(Brown et a7. 1970). The results of one experiment are shown in Fig. 10. By comparing
the left and right panels, it is evident that a reduction of Ca2+ in Tris saline produces
a large increase of the stretch-induced current at membrane potential levels more
positive and negative than the reversal potential; however, the potential at which
the current's sign was reversed was little affected by the change in Ca2+. The peak
current values in these salines are shown in the I-V relation. The open circles show
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the voltage dependence of the current in normal saline. Current at the resting
potential (-60 mV) was -25 nA and its sign was reversed at about +IO mV.
Replacement of Na+ with Tris produced a large reduction in the stretch-induced
current to about 5 nA or 20% of the control value. There was also a shift in the
reversal potential from + 10 to -10 mV. Reduction of Ca2+ produced a fourfold
increase in current at -60 mV, which was almost equivalent to that in normal
saline. There was essentially no change of the reversal potential upon reduction

Tris, 13-5 Ca mV
nA mV
100 50
503 100 /m (nA)

_ -w~-1 0
0 _ 7_ _ \ 20

-50 W 5-60 50 1

0-5 sec sec

g 0 Em(MV)

-120 -8 __0L--&0 e 20 40 60

Insets: traces ofthe current in Trisnormalsaline Tris, 0 13 Ca
nA mV

-100
0 - -~~~~~20

-40

-10 -50L -75

0 5 sec

Fig. 10. Effect of reduced CO2+ on stretch-induced current in Tris substituted-Na saline.
Insets: traces of the current in Tris normal saline (top) and low CO2+ Tris saline

(bottom). Membrane current required to sustain the membrane potential is represented
by the offset of each current trace from the zero-current level. Voltage-clamped Em
indicated on the right.
I-V curves: peak stretch-induced amount in normal saline (0), in saline with all Na+

substituted with Tris (O), and in low Ca2+ Tris saline (A).

of Ca2+; if anything, a slight positive shift occurred. Thus, there appears to be no
significant permeability increase to Ca2+ during stretch even in Tris solutions. Rather,
Ca2+ seems to play a major role in moderating the monovalent cation
permeability.
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Slow stretch-induced current
It was observed during current clamp experiments that most cells had a slow

depolarizing component during stretch that became more apparent as the membrane
was systematically depolarized. This potential change had a slow time course and
outlasted the stretch by 1-2 sec. This was in contrast to the behaviour of the stretch-
induced potential change (see Fig. 2) which consisted of an initial peak and a later
steady phase both of which declined as the cell was depolarized. Furthermore, the
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Fig. 11. Slow stretch-induced current. A: current clamp records showing a slow positive
potential change that develops during stretch as the membrane is depolarized. The
potential change is most obvious at the reversal potential of the fast stretch-induced
potential change and appears as a positive after-potential at more negative levels of
membrane potential. Currents to hold the membrane at the different levels indicated
to the right. B: voltage clamp records of slow stretch-induced current and stretch-
induced current at different levels ofEm (right). The slowly developing slow component
appears in isolation at the 0-current level of membrane potential for the usual stretch-
induced current ( +10 mV). Polarization indicated to the right.

slow component gave the appearance of a positive after-potential following stretch
when the membrane was slightly depolarized from its resting level and the appear-
ance of a negative after-potential when the membrane was in a hyperpolarized state.
In many cells, the presence of this slow component of the receptor potential made
determination of the reversal potential difficult because it was still evident when the
usual stretch-induced receptor potential was effectively zero. However, it became
apparent that this slow component appeared in its purest form at the reversal
potential for the usual stretch-induced potential change.
Examples of this are shown in Fig. 1 A. At the resting potential stretch elicits
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a depolarizing receptor potential and a series of action potentials; cessation of
stretch is followed by a slow negative after-potential. As the membrane is depolar-
ized with constant current the after-potential following stretch is more positive than
the pre-stretch level and slowly declines to the pre-stretch membrane potential
level. At the reversal potential for the usual stretch-induced receptor potential, a
slowly developing depolarization is observed that declines slowly following cessation

25 nA

4 sec
Fig. 12. Slow component of the current obtained with different durations of stretch
near the reversal potential of the stretch-induced current. A slight decay of slow com-
ponent can be observed with long stretches.

of stretch. This 'tail' increases in amplitude as the membrane is depolarized to
higher levels as indicated by the potential jump at release of stretch. Records of
membrane current from the same cell during voltage-clamp are shown in Fig. 11 B.
At -50 mV, stretch induces a large peak inward current that declines to a lower
level as stretch is sustained. Release of stretch produces a small outward current
which declines to the pre-existing level. As the membrane potential is shifted to more
positive values, a slow 'tail' of inward current is evident following cessation of the
stretch. At the zero-current membrane potential level for the usual stretch-induced
current, a well developed slow inward current is seen to remain that requires approxi-
mately 2 sec to decline to the pre-stretch level. The magnitude of this current is
augmented as the membrane is further depolarized.
By clamping the membrane potential to the reversal potential for the usual stretch-
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induced current, the time course of the slow stretch-induced current was studied
during changes of duration of stretch (Fig. 12). The top trace shows that the inward
current develops a maximum approximately 1 sec after application of stretch. The
decline of the membrane current to the pre-stretch level has a slower time course
than the onset. The half-time for the former was 0 4 see and the latter, 2 sec. For
longer stretches (middle and bottom trace), a small decline from the peak was
observed about 1 sec after the stretch was initiated. This was followed by the usual
slow decline after stretch was released. As shown in the bottom trace in Fig. 12, the
inward current remains for stretches of up to 10 sec.

A B

10 - SSIC (nA) 10 - SSIC (nA)
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Fig. 13. I-V relations of slow stretch-induced current in different salines. A: filled
circles illustrate the slow portion in normal saline; squares show I-V relation of slow
portion in K-free saline. B: I-V relations of slow stretch-induced current in normal
saline (filled circles) and in K-free 0.1 mM-Ca2+ saline (filled triangles). In the latter
saline the resting potential was reduced to -20 mV afteran extended exposure. Different
cell from that in A.

Ion substitutes and I-V relations of the slow stretch-induced current. The filled
circles in Fig. 13A show the I-V relation for the slow part of the current in normal
saline from a voltage-clamped cell. Since the maximum was obscured by the stretch-
induced current at all membrane potential levels other than its reversal potential,
the tail current at release of 1 sec stretches was measured. This was considered to
give a good approximation of the maximum slow component (see Fig. 12). The data
obtained indicate that the slow stretch-induced current increases linearly as the
membrane is depolarized to approximately zero membrane potential. The increase is
somewhat less for more positive membrane potential values. There was a clear
reversal of the slow current phase at -55 mV in this cell. The slope of the I-V
relation indicates that this current is produced by a conductance decrease to a
positive ion species with an effective e.m.f. close to or somewhat more positive than
the resting potential of the cell or alternatively a corresponding change to an outward-
going anion species.

Since a decreased K+-conductance during stretch could account for these results,
the slow stretch-induced current was investigated by exposing the cell to a K+-free
solution. As shown in Fig. 13A by the squares, the reversal potential was not
appreciably affected by the K+-free solution. Depolarizing the membrane in a K+-
free, Ca-free solution did produce a positive shift of the reversal potential of the
slow portion of the current as shown by triangles in Fig. 13B.
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Intracellular Cl- and K+ measurement8
An attempt was made to estimate the Cl- equilibrium potential in the stretch

receptor by measuring intracellular Cl- activity (a4,) with Cl- liquid ion-exchange
micro-electrodes and Ag/AgCl wire-in-glass electrodes as described in Methods. These
electrodes were larger than the KCl electrodes (approx. 1 Jtm) and some difficulty
was experienced in penetrating the cells with them. Six of these experiments were
considered adequate (1) by the agreeement of the pre- and post-experimental calibra-
tion of the electrodes and (2) because little or no change in the resting potential was
observed upon insertion and removal of the KCI electrode. The results are shown in
Table 2. Cells 1 and 2 are repeated observations on the same cell with the same type

TABLE 2. Intracellular Cl activity

Cell Electrode a', (mm) Ec, (mV)* E. (mV)
1 (CLIX)t 14 -62 -70
2 (CLIX) 14 -62 -70
3 (CLIX) 18 -56 -67
4 (CLIX) 14 -62 -67
5 (AgCl) 16 -59 -70

Mean (+s.D.) 15'2+ 1.8 -60-2± 2.7 -69+ 16

*E - 57 logo j.4

t Chloride liquid ion-exchange.

TABIE 3. Intracellular K activity

Cell a, (mM) EK (mV)* Em (mV)

1 94 -78 -55
2 102 -80 -64
3 160 -91 - 64
4 169 -93 -67
5 140 -88 -72

Mean (S.D.) 133±34 -86+7 -64±6

*EK = 57 log1 4--

of ion-exchange electrode. An Ag/AgCI electrode was used in cell 5. The external
Cl- was empirically determined from measurements with a Ag/AgCl electrode and
found to be 174 mm (mean of several observations with several different electrodes).
The mean ai I from all five determinations yields an intracellular acl value of 15 mM
and an EC, of -60 mV. Since the mean resting potential in these cells was -69 mV,
the Cl- equilibrium potential is more positive than Em, i.e. there is more intracellular
Cl- than would be anticipated from a passive distribution of Cl-.

Intracellular K+ activity (au) was measured in five cells and the results are
shown in Table 3. The cells are ranked according to their resting potential. There
was more variability in the resting potential of these cells than those studied with
Cl- electrodes and this seemed to be reflected in the values of ak to some extent.
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Cell 1 with the lowest Em (-55 mV) also had the lowest ak (94 mM); cells with more
negative resting potentials tended to have higher aks. The mean value of a' in the
five cells studied was 133 mm which corresponded to an average EK of -86 mV.
This is more than 20 mV more negative than the resting potential of the cells as a
group.

mV NAS
40
20 _
20

-20
-40

-64

25'

: =~==dw

60'

> r--~~~~~~~~~~~~~~~~~

A~~==

L.

1 sec

Fig. 14. Membrane potential changes during stretch at different Em following the
substitution of K-free, 0.1 mM-Ca2+ saline. The current-clamped membrane potential
levels are indicated on the left and the arrow indicates the resting membrane potential
level at the specified time in the experimental saline.

Changes ofak and receptor potential. It has been found involtage-clampexperiments
that removal of potassium causes a reduction of the light-induced current of the
photoreceptor in Balanu8 and that reduction of Ca2+ in K+-free solution reverses
the effect (Brown & Ottoson, 1976). It was of interest to examine whether or not a
similar effect occurs in the stretch receptor neurone. Fig. 14 shows four panels of
current clamp records obtained in K+-free, low Ca2+ salines at the times indicated
above each panel. A 25 min exposure produced a reduction of Em from -60 to
-45 mV and a shift of the reversal potential from +10 to approximately +5 mV.
At 60 and 80 min, there was no change in the reversal potential, but the resting
potential continued to decline until at 80 min it was only -13 mV. Although the
receptor potential was small at this membrane potential, it could be almost restored
to the control amplitude by hyperpolarization of the membrane before stretch was
applied.
A dramatic reduction in the ai occurs upon exposure of the receptor to a K+-free

solution as shown in Fig. 15, which shows results of a cell studied with a K+ ion-
exchange micro-electrode. This cell had an Er of -67 mV at the time K+-free solution
was introduced into the bath. There was an initial hyperpolarization of the membrane
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to - 90 mV 15 min after K+-free and this was followed by a slow steady decline of
Er for the remainder of an hour. The ai showed a monotonic decrease of ak at the
rate of about 2X5 m-mole/min over this same time. After 60 min, the a' had dropped
to only 20 mm and the Er was -40 mV. However, as shown in Fig. 14, a well de-
veloped receptor potential can still be elicited under these conditions.

Restoration of the K+ to the bath restores the a'~to the original value in approxi-
mately 45 min; the Er was slightly more negative than the control value at this time.
Reducing the Ca2+ one hundredfold during an exposure to K+-free accelerates the
rate of K+ loss as shown at 120 min; however, reduced Ca2+ did not appear to
augment a loss of K-- if applied concomitant with the reduction in K+ (160 mix).

El-n aK l
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0. 13-Ca 0- 13 Ca
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Fig. 15. Effect of K-free and K-free-0*13 Ca2+ solutions on intracellular K-activity
measured with a K-sensitive liquid ion exchanger micro-electrode. Open circles repre-
sent measurements of the resting membrane potential (left ordinate) and filled circles
represent a' (right ordinate). The changes of solutions are shown at the top.

DISCUSSION

Most of the present knowledge about ionic currents involved in receptor functions
derive from voltage clamp studies on photoreceptors. Corresponding studies on
mechanoreceptors have been difficult for various reasons. The main reason is that
there are few mechanoreceptors which are large enough to allow multiple electrode
impalement. Another reason lies in the difficulty of preventing the intracellular
electrodes used for recording and passing current from being dislodged during
application of mechanical stimulation.

In the present study, we used a technique which allows stretching the receptor
without causing an appreciable displacement of the cell body of the neuron: it is
mainly the dendrites which are stretched. As a consequence, it was possible to con-
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tinually record from the neurons with repeated application of stretch for 6-8 hr
without dislodging the electrodes. This technique enabled a systematic analysis of
the ionic currents underlying the receptor potential of the stretch receptor. The re-
sults, as far as the reversal potential for the stretch-induced current are concerned,
are in general agreement with the values obtained by Klie & Wellhoner (1973) who
also used the voltage clamp technique. They obtained satisfactory results from forty
of 800 stretch receptor preparations and they found that the reversal potential of
the stretch-induced current for most cells was about +25 mV but sometimes as low
as +5 mV. We obtained a mean value for the reversal potential of + 13 mV for all
cells in our study; values as high as + 30 mV and as low as + 3 mV were obtained.
These values differ greatly from those reported earlier in the literature. Thus, in

1962, Terzuolo & Washizu, utilizing an indirect method for determining the reversal
potential, obtained a value of 0 mV. Obara (1968) reported reversal potentials of
-20 to -30 mV. In both of these investigations, the reversal potential was obtained
from extrapolation of a partial I-V curve.

There appear to be several reasons why different investigations obtained different
values. Microscopic observation of the cells suggests that the variability might be
related to the cable properties of the dendrites since it was observed that cells with
long main dendrites invariably had the most positive reversal potentials. Part of the
variability also lies in the method used for measurement of the sign-reversal of the
stretch-induced current. Since the current is diminished for several seconds after
the depolarization of the membrane, it is readily measured only after Ip has reached
a steady-state value. This may indicate some interaction between the current and
Ip or it may simply indicate that the receptor site is inadequately clamped when the
Ip is high, i.e. in the region of outward rectification. In this regard, it should be
stressed that the relations between the current and Em in the present study were
obtained when Ip was in the steady state, and, as far as we could determine. The
relation obtained before a steady-state Ip yielded essentially the same reversal
potential. However, if it is assumed that space-clamping is a problem in these cells,
then the cells with the shortest dendrites and less positive reversal potential should
provide the closest estimate of the 'true' value of the reversal potential. For the
above reasons, the earlier work on this preparation which extrapolated partial
I-V curves to estimate the reversal potential may provide quite accurate values of
the 'true' reversal potential, even though the non-linear character of the stretch-
induced current-Em relation was not taken into account.
Data from the present study indicate that the stretch receptor is not very selective

to different cations of widely varying size, i.e. large cations such as Tris and arginine
are as much as one third to one quarter as permeable as the much smaller unhydrated
Na+ ion. Several other studies have reported a receptor potential of significant
amplitude in media containing Na+ substitutes (Edwards, Terzuolo & Washizu,
1963; Obara, 1968; Klie & Wellh6ner, 1973), but estimates of selectivity were not
obtained. This poor cation selectivity accounts for the fact that the changes in the
0-current potential show less than an ideal change when Na+ is replaced by a seemingly
impermeant cation. It is worthy of note that replacing Na+ with arginine in hyper-
tonic solutions (500 mM) with a normal complement of divalent cations produced a
45 mV change in the reversal potential per decade change in Na+ concentration over
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the range 105-500 mM-Na+. This makes it clear that the membrane can behave as
an approximate Na+ electrode under certain experimental conditions.

Ca2+ does not appear to participate directly in the stretch-induced current as
evidenced by the lack of reversal potential changes in Ca2+ salines of different
concentration, whether the Ca2+ changes were made in normal Na+ or Na+-substi-
tuted salines. However, Ca2+ does affect the stretch-induced current by suppressing
the normal monovalent cation current and as shown in Figs. 9 and 10, it can
suppress a Tris current as well as a Na+ current. A reduction of Ca2+ can also increase
the net efflux of K+ when the stretch receptor is exposed to K+-free solutions as
demonstrated with the K+ liquid ion exchanger electrodes.
The experiments conducted with the Cl- and K+-sensitive micro-electrodes are

relevant to the mechanism of the slow stretch-induced current and generation of the
i.p.s.p. in this preparation. Intracellular Cl- (ail) has been measured in crayfish
axons with both Ag/AgCl electrodes (Strickholm & Wallin, 1975) and with ion
exchanger electrodes (Cornwall, Peterson, Kunze, Walker & Brown, 1970). The latter
estimate (13.7 mM) was lower than the former (25.2 mM) but both were in qualitative
agreement that Eci was more positive than Em. We found no difference between
estimates of ai1 depending on electrode type in the stretch receptor and the ai1 we
obtained (about 15 mM) is very close to the values Cornwall et al. obtained in axon.
There remains the possibility that our estimate of ab1 is too high since there may
have been some leakage from the KCl electrodes used for measurement of Em.
However, control experiments with similar electrodes in a different preparation
produced results that were inconsistent with any significant leakage from KCl
electrodes under the same conditions (Brown, 1976). Thus, EC, in crayfish stretch
receptor and axon appears to be more positive than Em; in both preparations, Cl-
is not in a Donnan equilibrium. It has been demonstrated that the i.p.s.p. in crayfish
stretch receptor is dependent upon both K+ (Edwards & Hagiwara, 1959) and Cl-
(Hagiwara, et al., 1960) conductance changes. Our results from the K+ and Cl-
electrodes support this notion, since ECi appears to be too near Em to account for
the generally negative-going i.p.s.p. One consequence of this proximity of EC1 and
Em would be that the sign of the i.p.s.p. would be dependent on Em (Kuffler &
Eyzaguirre, 1955) and that the large negative i.p.s.p.s that seemed independent of
Em reported by Meyer & Lux (1974) could be due to a predominant K+ component.
It should be noted that our value for EK based on the ion-exchanger electrode
(- 86 mV) is considerably more negative than a previous estimate (- 70 mV)
obtained with less direct techniques (Ozawa & Tsuda, 1973).
The slow stretch-induced current identified and described in the present study was

a demonstrably inward current at Em more positive than Er and an outward current
at Em more negative than Er. It is tentatively identified as predominantly a Cl-
current for two reasons: (1) the similarity of the reversal potential and Eci measured
with ion sensitive electrodes and (2) that changes in the reversal potential did not
follow the K+ equilibrium potential but were in the anticipated direction of the Cl-
equilibrium potential. Thus, when both external K and Ca were removed from the
saline, the membrane was depolarized and the reversal potential shift was in the
same direction. Cl- likely moves into the cell under these experimental conditions
which would result in a more positive EC,.
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The slow stretch-induced current has the feature that it increases with Em and

consequently is more apparent as the membrane is depolarized and the stretch-
induced current is reduced. Thus, at intermediate membrane potentials between the
resting potential and the reversal potential, the total stretch-induced current is
composed of both components.

It is concluded from these observations that the receptor potential can be repre-
sented by at least three components of membrane current: (1) stretch-induced current,
(2) the slow component of this and (3) Ip. The first component can be isolated in a

relatively pure form at the resting potential and Na+ is the indicated current carrier.
The second component can be isolated at the 0-current potential of the stretch-
induced current and Cl- is the suggested current carrier. Ip, a presumptive K+
component may interact with the stretch-induced current or alternatively may not
allow expression of this current in voltage clamp experiments, especially when Ip
is large, i.e. at high positive membrane potentials soon after a clamp pulse.
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