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Abstract. Using the whole-cell voltage clamp (to de-
termine the membrane current) and current clamp
(to determine membrane potential) methods in con-
junction with the nystatin-perforation technique, we
studied the effect of methacholine (MCh) and other
secretagogues on whole cell K and Cl currents in
dissociated rhesus palm eccrine sweat clear cells.
Application of MCh by local superfusion induced a
net outward current (at a holding potential of —60
mV and a clamp voltage of 0 mV), and a transient
hyperpolarization by 5.6 mV, suggesting the stimula-
tion of K currents. The net outward current gradu-
ally changed to the inward (presumably Cl) currents
over the next 1 to 2 min of continuous MCh stimula-
tion. During this time the membrane potential also
changed from hyperpolarization to depolarization.
The inward currents were increasingly more acti-
vated than outward (presumably K) currents during
repeated MCh stimulations so that a net inward cur-
rent (at —60 mV) was observed after the fourth
or fifth MCh stimulation. Ionomycin (10 uMm) also
activated both inward and outward current. The ob-
served effect of MCh was abolished by reducing
extracellular [Ca] to below 1 nMm (Ca-free + 1 mm
EGTA in the bath). MCh-activated outward currents
were inhibited by 5 mM Ba and by 0.1 mM quinidine,
although these agents also suppressed the inward
currents. Bi-ionic potential measurements indicated
that the contribution of Na to the membrane poten-
tial was negligible both before and after MCh or ISO
(isoproterenol) stimulations and that the observed
membrane current was carried mainly by K and Cl.
MCh increased the bi-ionic potential by step changes
in external K and Cl concentrations, further support-
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ing that MCh-induced outward and inward currents
represent K and Cl currents, respectively. Stimula-
tion with ISO or FK (forskolin) resulted in a depolar-
ization by about 55 mV and a net inward (most likely
Cl) current independent of external Ca. CT-cAMP
mimicked the effects of FK and ISO. The bi-ionic
potential, produced by step changes in the external
CI concentration, increased during ISO stimulation,
whereas that of K decreased. This indicates that the
[SO-induced inward current is due to Cl current and
that K currents were unchanged or slightly de-
creased during stimulation with ISO or 10 uMm FK.
Both myoepithelial and dark cells responded only
to MCh (but not to FK) with a marked depolarization
of the membrane potential due to activation of Cl,
but not K, currents. We conclude that MCh stimu-
lates Ca-dependent K and Cl currents, whereas ISO
stimulates cAMP-dependent Cl currents in eccrine
clear cells.
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Introduction

The eccrine secretory coil elaborates nearly isotonic
primary fluid in response to Ca-elevating agents such
as cholinergic agonists and Ca-ionophores. cAMP-
elevating agents such as isoproterenol (ISO), for-
skolin (FK), and vasoactive intestinal peptide (VIP)
also stimulate sweat secretion [12]. Although the
secretory coil consists of three types of cells, the
clear cell is presumably the main cell type involved
in the secretion of salts and water [12]. Secretion of
primary sweat generally conforms to a secondary
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active chloride (Cl) transport mechanism [3, 8],
where chloride enters the clear cell due to the com-
bined activities of three basolateral membrane trans-
port mechanisms: potassium (K) channels, sodium
(Na)-K-2Cl cotransporters, and Na/K pumps. Cl
leaves the cell across the luminal membrane, pre-
sumably via Cl channels, down the electrochemical
potential gradient. This original Na-K-2ClI cotrans-
port model does not require the net outflux of K
from the cell because K is assumed to completely
recycle across the basolateral membrane via the
three basolateral transport mechanisms. Neverthe-
less, in both salivary acinar cells and eccrine clear
cells, cholinergic stimulation results in a net efflux
of KC1[1, 13] from the cell and sustained cell shrink-
age [2, 19, 20]. In the eccrine clear cell, the net KCl
efflux and cell shrinkage are most likely mediated
by the stimulation of both K and Cl channels [19],
although direct evidence for this thesis is lacking.
The mechanism of sweat secretion by cAMP-elevat-
ing agents is still poorly understood. During stimula-
tion with isoproterenol (ISO) or other cAMP-¢levat-
ing agents, a small amount of KCl efflux was noted
[13], but it remains unknown whether cAMP stimu-
lates both K and Cl channels or whether it stimulates
only Cl channels. It is also unknown whether Na
channels are involved in the regulation of sweat se-
cretion.

In the present study, we used the whole-ceil
voltage/current clamp technique [4] to elucidate how
K and Cl currents are regulated by secretagogues.
Since cultured cells are not the most ideal model
system to study the regulation of membrane events
by pharmacological stimulation in native sweat
glands [21], we used freshly dissociated rhesus palm
eccrine sweat secretory coil cells. Studies from the
authors’ laboratory have established that the rhesus
sweat glands are an ideal model system for human
sweat glands [12, 14].

Materials and Methods

CHEMICALS AND REAGENTS

Unless otherwise noted, all reagents were purchased from Sigma
(St. Louis, MO).

ISOLATION OF SECRETORY COILS

The preparation of isolated rhesus monkey palm sweat glands
was essentially the same as described previously [14]. Skin biopsy
specimens, approximately 4 x 8 mm, were repeatedly obtained
from the palms of 15 adult male monkeys tranquilized with a
mixture of Ketalar (Ketamine HCI; Parke-Davis, Morris Plains,
ND) and Innovar (Fentonyl citrate + droperidol; Pitman-Moore,
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Washington Crossing, NJ). In each monkey, the skin biopsy was
done at intervals no shorter than four weeks and the areas of
skin adjacent to previous biopsy sites were avoided. The excised
tissue was blotted of blood, sliced into several pieces, and imme-
diately washed in several changes of cold (about 10°C) modified
Krebs-Ringer bicarbonate solution (KRB) containing (in mm):
125 NaCl, 5 KCl, 1.0 MgCl,, 1.0 CaCl,, 25 NaHCO;, 1.2 NaH,PO,,
5.5 glucose, and 20 mg/100 ml bovine serum albumin (BSA). The
pH of this medium was 7.48 at 37°C when gassed with a mixture
of 5% CO,/95% O,. Single sweat glands were isolated under a
stereomicroscope using sharp forceps in a dissection chamber
kept at 14°C.

PREPARATION OF DISSOCIATED
SECRETORY CoIL CELLS

Dissociated cells were prepared as described previously [17] with
modifications. Briefly, approximately 200 isolated whole sweat
glands were first incubated with 0.75 mg/ml type I collagenase
in Krebs bicarbonate buffer also containing 10 mm HEPES
(HEPES-KRB, titrated to pH 7.48 with NaOH or KOH) for 15
min then thoroughly washed in fresh (collagenase-free) HEPES-
KRB. This brief collagenase digestion made the subsequent man-
ual separation of the secretory coils from the ducts considerably
easier. Isolated secretory coils (ducts were discarded in the pres-
ent study) were incubated in KRB containing 0.1 mM Ca, 0.75
mg/ml type I collagenase and 100 ug/ml DNAse I for 5 min at
37°C. The coils were incubated twice for 10 min in 500 ul of Ca-
and Mg-free KRB containing 2 mm EGTA. A second enzyme
digestion was performed for 30 to 60 min in KRB containing
0.1 mm Ca, 1.25 mg/ml collagenase or 0.125 mg/ml N-tosyl-
L-phenylalanine chloromethyl ketone-treated trypsin, penicillin
(100 U/ml) and streptomycin (100 pg/ml) mixture, and 100 ug/
ml DNAse. The cells were dispersed from the digested glands
by repeatedly passing them through a sieve, which was a tungsten
grid for electron microscopy (3 mm OD, 100 mesh), epoxy-glued
to a disposable plastic pipette, whose tip had been trimmed to 2
mm OD. Dispersed cells were subsequently passed through a
finer sieve (200-300 mesh) and centrifuged at 900 x g for 2 min.
The cells were then suspended in KRB containing 4% bovine
albumin. Electron microscopy of the dispersed cells obtained in
this way showed more than 60% secretory cells, less than 30%
dark cells, and about 10% myoepithelial cells. More than 95% of
these cells excluded trypan blue. Myoepithelial cells were readily
identified because of their characteristic morphology [19]. Clear
cells could be identified with relative ease because of the presence
of an autofluorescent lipofuscin granule and cytoplasmic vesicles
of varying sizes. Dark cells were the most difficult to identify
under phase contrast or Hoffman modulation contrast at
400-600 X (Modulation Optics, Greenvale, NY), but they were
identified by the lack of lipofuscin granules, a lack of methacho-
line (MCh)-induced cell shrinkage, and the presence of uniformly
sized cytoplasmic dark cell granules [19].

WHOLE-CELL VOLTAGE/CURRENT
CLaMP TECHNIQUES

Whole-cell current recordings were obtained using the standard
method [4] except that the giga-sealed cell membrane patch at
the tip of the patch-clamp electrode was perforated by the nystatin
method [5]. Sodium borosilicate patch-clamping electrodes had
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Fig. 1. A representative protocol for clamp voltages used for the
whole-cell clamp experiments. Small arrow, alternating clamp
voltages at 0 mV and —85 mV of 180 msec duration (every 2
sec) superimposed on the holding potential of —60 mV; large
open arrow, step voltages in increments of 20 mV and 800 msec
duration. The basis for this protocol is that the Nernst potential
is —83.9mV for K and 0 mV for Cl across the membrane. Because
Na (whose Nernst potential is +42.4 mV) conductance is negligi-
ble (see also Fig. 8), the membrane current is carried mainly by
Cl at —85 mV and mainly by K at 0 mV.

a tip resistance of 4-8 MQ when filled with the pipette solution
(containing in mm: 125 KCl, 6.2 Na-HEPES/3.8 HEPES, 0.1
CaCl,/0.2 EGTA, 23 Na(l, 10 glucose, 1 MgCl,, at pH 7.2). The
tip of the electrode was first filled with the above solution by
capillary action through the tip and the 0.1 mM nystatin containing
electrode solution was back-filied. Although Ca and Mg do not
readily penetrate nystatin pores and thus {Ca] in the pipette needs
no adjustment [S5], the electrode solution was chelated to the
physiological intracellular concentrations (approximately 100 nm)
as a precaution in case Ca-permeable pores were accidentally
formed in the patched membrane during sealing by suction. The
dissociated cells were placed in a chamber on the stage of a
Nikon Diaphot inverted microscope (Nikon, Garden City, NY)
thermostated at 30°C and perfused with a constant flow of bath
solution from a perfusion pipette. The composition of the bath
solution was (in mm): 5 KCl, 141 NaCl, t CaCl,, 1 MgCl,, 1
NaH,PO,, 6.4 Na-HEPES/3.6 HEPES, S glucose, at pH 7.5
(HEPES Ringer). The electrode was mounted on a DC-3K motor-
ized micromanipulator (Stoelting, Wood Dale, IL). An EPC-7
patch-clamp amplifier (List Electronic, Darmstadt, Germany)
was used. The output signals were digitized with a PCM-2 (Medi-
cal System, Greenvale, NY) and stored on a VHS tape with a
VCR recorder (e.g., RCA VR450, Indianapolis, IN) for later
replay and analysis. Immediately after forming a giga-seal in a
cell-attached configuration and before the membrane was perfora-
ted by nystatin (usually achieved within 5 min), the transient
capacitance, slow capacitance, and series resistance were com-
pensated for to the maximum allowed by the EPC-7, according to
its instruction manual. During all recordings, the series resistance
compensation was set at 70-80%. During replay, the current was
filtered at 250-500 Hz with an 8-pole low-pass filter (Series 900
filter, Frequency Devices, Haverhill, MA). It was displayed on
a Tektronix 5226 oscilloscope (Beaverton, OR) for photographing
the current steps and for writing on chart paper with a Gould
2600 pen recorder (Cleveland, OH). For voltage clamping, the
membrane potential was changed alternately from the holding
potential of —60 to 0 mV (near the Cl equilibrium potential, 180-
msec pulses) and to —85 mV (near the K equilibrium potential,
small arrow in Fig. 1). Since eccrine clear cells do not have Na
conductance [11] (see Figs. 8 and 9), the currents at the clamp
voltage of 0 and —85 mV largely reflect K and Cl currents,
respectively. Whenever appropriate, step voltages in increments
of 20 mV from —160 to +40 mV (large arrow in Fig. 1) were
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injected to construct voltage-current curves. A stable membrane
potential of — 50 to —80 mV with stable membrane conductance
was used as the criterion for adequate formation of nystatin pores
in the membrane patch. Drugs were directly applied to the cell
from one of seven perfusion pipettes mounted on the side arm
of the microscope. We agree with Horn and Marty [5] that the
nystatin method minimizes the “run-down” phenomenon (e.g.,
a gradual or sudden decrease of membrane potential, membrane
conductance, and pharmacological responsiveness due most
likely to diffusion of cytoplasmic factors into the patch pipette).
This was frequently observed when the membrane patch at the
electrode tip was disrupted by the suction used in the classical
method [4]. In most cells, membrane potential responses were
first determined in the (zero) current-clamp mode before the volt-
age-clamp experiments were started. The membrane potential
was monitored thereafter whenever appropriate. If the membrane
potential irreversibly decreased to less than — 350 mV, the experi-
ment was discontinued. The Donnan potential between the cell
interior and the electrode [5] is unknown but could be as much as
3.9 mV, assuming that the total cellular non-Cl anion (phosphate,
amino acids, peptides, and proteins that do not cross nystatin
pores) concentrations (= [K]; + [Na]; — [Cl]) are about 50 mm
[20], where i denotes inside the cell. No attempt was made in
the present study, however, to correct for such a potential (be-
tween the inside of the electrode and the cell interior across the
nystatin-perforated cell membrane) because any such Donnan
potential would be canceled when the pipette potential was re-
ferred to the grounded bath [5]. We did not observe any apprecia-
ble cell volume changes after the formation of nystatin pores,
indicating that the patched cells effectively regulated the cell
volume despite the osmotic disequilibrium due to the Donnan
effect. The patched clear cells, however, showed a drastic shrink-
age after MCh stimulation as reported in previous studies [19,
20]. The leakage current may be a small fraction of the resting
membrane current, as suggested from the extent of the decrease in
membrane conductance during the post-MCh stimulation period
(see Fig. 2B), and was thus ignored.

Results

ErFrFECcTS OF MCh ON MEMBRANE POTENTIAL,
MEMBRANE CONDUCTANCE, AND K
AND Cl CURRENTS

Since the clear cell is the major cell type involved
in the secretion of salts and water, we focused
mainly on clear cells in the present study. The re-
sponses of the membrane potential and membrane
currents to MCh differed qualitatively and quantita-
tively in different clear cells and in different cell
preparations. However, Fig. 24 is an illustrative
example of the membrane potential responses to
MCh that were most frequently observed. Upon
stimulation with 0.3 uM MCh, there was a transient
spike of depolarization (small arrow) followed by a
short period of hyperpolarization [by 5.6 + 0.9 mV
{mean = SEM), n = 43] with or without oscillation. In
general, however, the degree of initial MCh-induced
hyperpolarization was dependent on the resting
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Fig. 2. Effect of MCh on membrane potential as determined by the whole-cell current-clamp technique (A) and on membrane current
as determined by the whole-cell voltage-clamp method (B) in the same eccrine clear cell. In A: small short arrow, transient spike of
depolarization on stimulation with methacholine (MCh); large open arrow, gradual depolarization during continued stimulation with
MCh; small long arrow, rapid depolarization on cessation of MCh stimulation. The washout of the drug was extremely efficient due
to continuous perfusion with HEPES Ringer (see also Figs. 8 and 9 for the rapid change in the bi-ionic potential by the same perfusion
method). In B: a, b, c, and d are current responses to the incremental clamp voltage protocols (see Fig. 1); short small arrow, transient
membrane current on stimulation with MCh; long small arrow, rapid decrease in K current on cessation of MCh stimulation; large
open arrow, inward drift of membrane current on cessation of MCh stimulation. Note the continued decrease of the membrane current
at the right end of the trace which was seen in about a half of the clear cells during the recovery (from prior MCh stimulation) period.
The transient capacitance was eliminated during the pen recording with a 15 Hz filter for better illustration of steady-state current
levels. (C) oscilloscopic sweeps for a, ¢, and d in B. (D) current-voltage (I-V) relationship for a, b, ¢, and d in B. Because the current
pulses were nearly steady with time, they were read at their midpoints (at 400 msec) for construction of the I-V curves shown in D.
Throughout the present study, the outward current (positive values plotted on the Y-axis) was defined as the current moving from
the cell interior to the bath across the cell membrane. The membrane potential was that of the cell interior with respect to the bath
(nA, nanoampere). The duration of the voltage ladder was 800 msec throughout the present study. Since [K] and [Cl] in the cell and
the bath are known, and since Py, is negligibly small before and after stimulation (see Figs. 8 and 9 for the bi-ionic potential for Na),
the Py/P ratio can be calculated from the constant field equation under the assumptions that the cytosolic ions are readily equilibrated
with the pipette solution and that the electrogenic potential is negligible. The Py/Pq ratio thus calculated was 30.4 before MCh
stimulation (for a PD of —67 mV), 61.3 immediately after MCh stimulation (for a PD of —74 mV), 9.0 during the plateau level of PD
during MCh stimulation (for a PD of 49 mV), and 0.9 for the nadir of potential during the post-MCh washout period (for a PD of —14
mV). As shown in Fig. 2B, the total membrane conductance (G,,,) increased about four-fold during MCh stimulation and about three-
fold in the post-MCh period. Thus, the relative increases in Gy and G are 8.1-fold and 1.4-fold immediately after MCh stimulation,
5.5-fold and 15.9-fold during the steady state of MCh stimulation, and 1.1-fold and 22.5-fold during the post-MCh potential nadir,
respectively. These estimations qualitatively agree with the change in the membrane current shown in Fig. 2C.

membrane potential; i.e., the lower the prestimula-
tion membrane potential, the larger the degree of
hyperpolarization because the peak membrane po-
tential after MCh only approached —80 mV (see
subsequent figures for other examples of MCh-in-
duced potential responses). The membrane potential

then gradually shifted to a level less negative than
the resting level (large open arrow). After the MCh
stimulation (and switching to perfusion with HEPES
Ringer), the membrane potential then suddenly de-
polarized further (small long arrow) to as low as
—10 to —40 mV but the potential then gradually
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returned to the prestimulation level within 5 to 7
min. Figure 2B shows the whole-cell voltage clamp
experiment on the same cell subsequent to the cur-
rent clamp experiment in Fig. 2A. The membrane
conductance of a whole cell at rest was relatively
constant in each cell (1.6 = 0.24 nS, range 0.2 to
3.5 nS, n = 69). Upon stimulation with MCh, we
noted a transient inward current (as shown by down-
ward deflection of current at the holding potential,
short arrow in Fig. 2B). Although the nature of sucha
transient spike-like inward current (of a few seconds
duration) remains unknown, it corresponded to the
transient spike of depolarization in Fig. 2A. It was
not simply due to a superfusion artifact because
other agonists did not produce such a spike. The
transient current was followed immediately by an
outward current at the holding potential of —60 mV
and a marked increase in membrane conductance
(from 3 nS before to 18 nS after MCh in Fig. 2B),
as shown by the larger deflection of current pulses
in response to the clamp voltages of 0 mV (the tips
of current pulses, largely reflecting K currents) and
—85 mV (the bottoms of current pulses, largely re-
flecting CI currents). The membrane current at the
holding potential, however, gradually drifted toward
the inward direction (i.e., downward in the trace)
during the continued MCh stimulation. Upon cessa-
tion of MCh stimulation, the K current rapidly di-
minished (long small arrow), resulting in an increase
in the inward current at the holding potential (large
open arrow in Fig. 2B). In more than half the cells
studied, the membrane current continued to de-
crease to well below the prestimulation level during
the poststimulation recovery period, although the
current returned to the prestimulation level within
5 or 10 min (Fig. 2B near d). The membrane conduc-
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Fig. 3. Response of the membrane current to
different doses of MCh in the same cell.
Current steps in 4 are shown in B and the I-V
curve in C. Small arrowheads in B show the
transient closure of a 103 pS unitary channel.
It may be a Cl channel superimposed on
another channel current because the
extrapolation of the I-V curve for the unitary
channel gave a value close to the Cl reversal
potential of 0 mV (not shown). The
anomalous inward rectification in the I-V
curve b in C may be due to this unitary Cl
channel. The small arrow in C shows the

+40 (mV)

0.1 increase in the Y-intercept, presumably due to

the activation of K conductance.

tance, however, returned to the prestimulation level
within 5 to 7 min after cessation of the stimulation
(not shown). The response of the membrane current
to step voltage pulses was steady over time without
time-dependent inactivation or activation (Fig. 2C).
The steady state current-voltage (I-V) curves (Fig.
2D) were linear before and after stimulation (without
rectification) in most cells studied. MCh stimulation
increased the slope of the curve and shifted the re-
versal potentials (values at the X-intercept) toward
the K equilibrium potential of 84 mV (curve b, which
corresponds to b in B), indicating that the increase
in membrane conductance was most likely due to
the increase in K conductance. At ¢, the I-V curve
shifted to the right, suggesting that Cl conductance
was activated on a delayed basis.

Figure 3 shows an illustrative example of MCh
dosage vs. membrane currents. The current re-
sponses increased with MCh concentrations, satu-
rating around 0.3-3 uMm (n = 5). Since 3 um MCh
required a longer recovery time after each stimula-
tion and the recovery often was not complete, 0.3
uM MCh was preferentially used (unless otherwise
noted) in the study, especially when repeated MCh
stimulation was required. The observed MCh action
was pharmacologically specific because it was com-
pletely inhibited by 5 uM atropine (n = 3, not illus-
trated). The cell in Fig. 3 also showed a superim-
posed single channel current at both — 140 and — 160
mV (arrows in B, calculated to be 103 pS); however,
this was an infrequent finding. The extrapolation of
the single channel current crosses the X-axis at —4
mV (near the Cl equilibrium potential of 0 mV, not
shown), suggesting that it may be a Cl channel acti-
vated by a combination of the negative clamp voltage
and MCh. The anomalous inward rectification seen



MCh|0.3uM-1

c D (nA)

O Contro! (a)
& MCh 0.3 uM (b)
a MCh peak 1
® MCh peak 5§
A MCh peak 7

MCh-7 10

Fig. 4. Effect of repeated MCh stimulation on K and Cl currents.
(A) the first MCh stimulation; (B) the fifth stimulation; (C) seventh
stimulation. 1, 5, and 7 were the peak currents seen at about 10
sec of MCh stimulation. (D) shows I-V curves for a, b, and peaks
1,5 and 7.

in curve b in Fig. 3C (large open arrow) may be due
to activation of this single Cl channel.

ErrECT OF REPEATED MCh STIMULATION

The current and voltage responses to MCh differ
slightly in different clear cells. Furthermore, as sug-
gested in Fig. 2, the MCh-induced K current activa-
tion preceded the Cl current activation. Thus, we
studied whether K and ClI current responses to MCh
remained constant in a given cell or changed with
repeated stimulation using three cells. Anillustrative
example of this study is shown in Fig. 4. The first
three repeated MCh stimulations basically yielded
a pattern showing a predominantly outward current
at the holding potential of —60 mV (Fig. 44). How-
ever, the inward current during the initial period of
stimulation became more prominent in subsequent
episodes of MCh stimulation (Fig. 4B shows the fifth
MCh stimulation and 4C the seventh. Note peaks
1,5, and 7). I-V curves for the three peak responses
indicate a gradual shift of the reversal potential to-
ward the Cl equilibrium potential (Fig. 4D), indicat-
ing that the responsiveness of Cl does change with
repeated MCh stimulations.
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EFFECTS OF ISOPROTERENOL, FORSKOLIN, AND
cAMP oN MEMBRANE POTENTIAL AND CURRENTS

In contrast to the biphasic nature of the MCh-
induced potential and current responses, isoprotere-
nol caused only a depolarization of the membrane
potential in a dose-dependent fashion (Fig. 5). The
whole cell current at the holding potential (— 60 mV)
was also directed inward during ISO stimulation
(n = 18) and the I-V curves shifted toward the Cl
equilibrium potential. These observations are con-
sistent with the thesis that ISO-induced depolariza-
tion of the membrane potential is due to activation
of CI currents (see Fig. 5C and D). Also note that,
as shown in the legend to Fig. 9, the Px/P ratio
dropped from 72.1 in the control to 3.5 during ISO
stimulation, reflected by the 74% decrease in Gk
after ISO stimulation but the 9.0-fold increase in G
during ISO stimulation). Forskolin (FK) mimicked
the effects of ISO on membrane potentials and whole
cell currents (Fig. 6, n = 8), suggesting that the
activation of inward (most likely Cl) current is due
to cellular cAMP. This notion is supported by the
activation of mainly inward current by 1 mm CT [8-
(4-chlorophenylthio)]-cAMP + 0.2 mm IBMX (Fig.
7). The slow time course of the response to CT-
cAMP may be due to its slow rate of penetration
into the cell. The I-V curves in Fig. 7D suggest that
K currents were also activated during stimulation.
Activation of K currents, in addition to that of Cl
currents, during stimulation with cAMP-elevating
agents was not a constant finding, however. The K
current tended to become activated, but to a minor
extent, during prolonged stimulation with 50 mm FK
(three out of seven clear cells, not illustrated) or
when 0.2 mM IBMX was added to ISO (two out of
five cells, not illustrated).

Bi-IoNic POTENTIALS DURING IONIC
REPLACEMENT IN THE BATH

The foregoing discussion is based on the premise
that Na does not contribute to the whole cell current
and thus the inward current is carried largely by Cl
and the outward current mainly by K. To examine
such a thesis, bi-ionic potentials were determined
by quickly replacing the extracellular K, Cl, and Na
with less permeable ionic substitutes. As shown in
Fig. 84 and B, the magnitude of depolarization due
to the 10-fold change in the medium [K] increased
from a mean of 42 before stimulation to 51 mV after
MCh stimulation. These APD (potential differences)
correspond to the apparent ion-dependent partial
potential ratios (7;) [18] of about 0.70 and 0.85, re-
spectively. In contrast, during reduction of the Cl
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© 30s ® FK10 1M (b) currents (B and C) in a clear cell. The upper
a b trace in C (*) is the voltage ladder. (D) I-V
' I curves for a (control) and b (during
stimulation with FK) shown in B. Note the
rightward shift of the curve during FK
stimulation (filled arrow). The maximum
FK'10uM depolarization was 54.6 = 2.8 mV for 10 mm

concentrations from 150 to 19 mm, APD increased
from zero to 16 mV, yielding the apparent 7, values
of 0 and 0.30, respectively. Reduction of medium
Na concentrations from 152 to 35 mM caused no
change in the membrane potential before or during
stimulation with MCh (see Fig. 8D). As shown in
Fig. 9, the 10-fold increase in medium {K] brought
about the APD of 44 and 39 mV before and during
stimulation with 50 uMm ISO (which correspond to
the apparent T;values of 0.73 and 0.65, respectively).
Again, the APD for Na replacement remained un-
changed during ISO stimulation. However, the APD
for the reduction of the medium [C]] from 150 to 19

FK (n = 8).

mM caused a depolarization of 0 before and 22 mV
during stimulation with ISO (which correspond to
the apparent T, values of 0 and 0.41, respectively).
The change in [Na], thus had no effect on PD, pro-
viding indirect evidence that Na conductance is neg-
ligible before and after stimulation and that the mem-
brane currents are carried largely by K and Cl.

RoLE oF Ca oN THE EFFECTS OF MCh AND ISO
Cholinergic stimulation is associated with an in-

crease in cytosolic [Ca] in sweat clear cells [17].
MCh-induced, but not ISO-induced, sweat secretion
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Fig. 7. Effect of CT-cAMP on the membrane
potential and whole cell current in a clear
cell. (A) membrane potential; (B) whole cell
current; (C) voltage (*) and current ladders a
(before) and b (during cAMP stimulation); (D)
I-V curves for a and b. The CT-cAMP curve
shifted to the right (shaded arrow) but the Y-
intercept also increased, suggesting the
simultaneous activation of K currents. An

CT cAMP +IBMX

and K efflux in vitro are also dependent on extracel-
lular Ca [13, 15]. Thus, the effect of buffering cyto-
solic [Ca] to the nanomolar range (by adding 1 mm
EGTA to a nominally Ca-free electrode solution)
was first tested on MCh-induced whole cell current
using the conventional whole-cell clamp method
(without using nystatin pores). MCh-induced activa-
tion was either absent or markedly reduced in all
the cells studied (n = 12, not illustrated), although
the “run down” phenomenon frequently encoun-
tered with the classical patch-clamping method [4,
5] precluded the specificity of the observation. The
effect of low extracellular [Ca] was then studied with
the nystatin method (as used throughout the study).
As shown in Fig. 10, the reduction of extracellular
Ca (<1 nm) had no effect on ISO-induced depolariza-
tion of the membrane potential (Fig. 104) or ISO-
induced activation of Cl currents (Fig. 10B). How-
ever, repeated stimulations with MCh in a Ca-free
(<1 nM) medium abolished the effect of MCh (Fig.
100). To study the effect of the increased cytosolic
[Ca] on membrane potential and currents, we then
examined the effect of 10 uM ionomycin (n = 4).
Ionomycin (10 wM) was comparable to 3 um MCh
in increasing cytosolic [Ca], stimulating sweat secre-
tion in vitro (unpublished data), and inducing cell
shrinkage [19]. As can be seen in Fig. 114, iono-
mycin drastically depolarized the membrane poten-
tial without initially causing the transient hyperpo-
larization that can be seen frequently with MCh.
The time course of ionomycin-induced whole cell
currents, however, resembled that seen after re-
peated stimulation with MCh (see Fig. 4C), i.e., an
initial surge of inward current with delayed activa-

" a0 illustrative experiment from three similar
_0.1("‘\” studies. CT-cAMP without IBMX
(isobutylmethyl xanthine) had no effect (n =
0.2 2, not illustrated); 0.2 mMm IBMX alone had
no effect on the membrane potential or
--0.3 currents (n = 3).

tion of the outward current. In fact, the I-V curves
indicate that both Cl and K currents were activated
by ionomycin (Fig. 11D).

EFFECTS OF BARIUM AND QUINIDINE
ON MCh-INDUCED Cl AND K CURRENTS

Since the preceding observations suggested that cy-
tosolic Ca plays a key role in the activation of K
currents during MCh stimulation, we studied the
effects of barium (Ba) and quinidine—putative in-
hibitors of Ca-dependent K channels [6], on MCh-
activated K currents. As shown in Fig. 12, Ba sig-
nificantly inhibited MCh-induced K current as
shown by the decrease in the Y-intercept (filled
arrow in Fig. 12B). It is puzzling, however, that
Ba also shifted the MCh-curve to the right (shaded
arrow in Fig. 12B), suggesting that Cl currents were
also inhibited. Interestingly, quinidine (0.1 mm) be-
haved similarly to Ba (n = 4, not illustrated). No
further studies were performed to elucidate the
mechanism of the observed simultaneous inhibition
of K and CI channels by Ba and quinidine.

WHOLE-CELL CURRENT/VOLTAGE CLAMP
STUDIES OF MYOEPITHELIAL AND DARK CELLS

‘ Myoepithelial cells can be readily identified because

of their large size and characteristic morphology
[19]. All five myoepithelial cells studied showed de-
polarization by MCh (3 cells with 3 uM and 2 cells
with 0.3 uM MCh). Despite the dramatic depolariz-
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Fig. 8. Bi-ionic potentials for K, Cl, and Na before and during MCh stimulation in eccrine clear cells (illustrative experiments). K in
the perfusates was replaced by Na, Cl replaced by methylsulfate, and Na by N-methyl-p-glucamine (pH adjusted with HCI). During
stimulation with MCh, 50 mM K (K50) in HEPES Ringer (or other perfusates) contained 0.3 um MCh. K50-induced depolarization
was 41.9 + 4.8 mV during the resting period and 50.6 = 2.4 mV during 0.3 pum MCh stimulation (n = 6). (A-B) illustrative
examples of K50-induced depolarization. (C) bi-ionic potential due to reduction of the medium [Cl] from 150 to 19 mM. The observed
hyperpolarization during Cl replacement before MCh was mainly due to a liquid junction potential (—5.8 mV as determined directly
between the free-flowing 3 M KCl electrode and the perfusate) and thus Cl19-induced depolarization was practically zero. In contrast,
during MCh stimulation, APD increased to 16 = 1.3 mV (corrected for liquid junction potential) (n = 4). (D) reduction of [Na] from
152 to 35 mM (arrows) had no effect on the membrane potential (after being corrected for the estimated liquid junction potential of

5 mV) before and during MCh stimulation (n = 4).

ing response to MCh, the myoepithelial cells failed
to respond to FK. Their membrane conductances
were much lower than those of clear celis both be-
fore [0.32 = 0.05(n = 5) vs. 2.89 = 0.46 (n = 20)
nS] and during MCh stimulation [0.46 = 0.11 (n =
5) vs. 37.7 = 8.5 (n = 20) nS between 0 and —85
mV]. I-V curves (Fig. 13D) show that both K and
Cl currents were activated by MCh but the latter
were activated to a greater extent as suggested by
the depolarization of the membrane potential. Since
dark cells were difficult to identify under the optical
system used for the voltage-clamp studies (.e.,
Hoffman modulation contrast), a group of cells that
lacked lipofuscin granules, contained cytoplasmic
(dark cell) granules of uniform size, and showed
no cell shrinkage upon MCh stimulation [19] were
operationally defined as dark cells. As shown in Fig.
14, these cells showed drastic depolarization upon

MCh stimulation yet failed to respond to FK. The
I-V curves show that the initial surge of inward cur-
rent was entirely due to activation of Cl currents
(Fig. 14B and C). Thus, although we are without
positive identification of these cells as dark cells,
they are distinct from clear cells by a combination of
electrophysiological, morphological, and functional
characteristics.

Discussion

Although the responsiveness of human and monkey
eccrine sweat glands to cholinergic and adrenergic
agents has been well studied, the detailed membrane
events associated with pharmacological stimulations
have remained poorly understood [12]. Conven-
tional glass microelectrode studies provided only
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Fig. 9. Bi-ionic potentials for K, Cl, and Na
before and during stimulation with 50 um ISO
in a clear cell. (4) potential responses to K,
Na, and Cl replacement before and during
stimulation with ISO. (B) same cell,
subsequent to A, showing ISO-induced inward
current. (C) I-V curves for a and b in B. The
shaded arrow shows the decrease in the Y-
intercept, suggesting a decrease in K currents.
The filled arrow shows the rightward shift of
(nA) the curve, suggesting an increase in Cl
conductance. APD for K replacement was
43.5 = 3.9 and 18.6 = 2.8 mV before and
during ISO stimulation, respectively (n = 4).
APD for Na replacement was 0.11 = 0.03 and

1SO 50uM

H ol onssa sl e

0.12 = 0.01 (corrected for the liquid junction
.04 potential) before and during ISO stimulation,

respectively (n = 3). APD for the reduction of
-0.8 Cl from 150 to 19 mm was 0 and 22 = 2.1
mV, respectively (n = 3). The Py/P, ratio,
calculated from the potential trace in Fig. 94
using the constant field equation, was 72.1
before 1SO stimulation (for a PD of —72 mV)
but dropped to 3.5 during ISO stimulation (for
a PD of —33 mV). The relative changes in Gg
and G were calculated to be 0.74-fold and
9.0-fold, respectively, during the nadir of ISO
stimulation in Fig. 9B,

Fig. 10. Effect of Ca-free medium on the
membrane potential and membrane currents
during stimulation with ISO and MCh in a
clear cell. Three other experiments had
similar results. ISO-induced depolarization
was unchanged after the removal of
extracellular Ca (A). The cell continued to be
superfused with Ca-free (<1 nm) HEPES
Ringer when a second ISO stimulation failed
to detect a significant decrease in inward
current (B). Note that the observed ISO-
induced inward current is very similar to
those observed in other cells bathed in normal
Ringer solution (e.g., Figs. 5 and 9).

Subsequent repeated stimulations with MCh

MCh

<
[
w
™~
© 30s

180

limited information on the electrophysiological re-
sponses of sweat secretory cells [11, 16]. Using the
whole-cell voltage/current clamp method [4] com-
bined with the nystatin-perforation technique [5],
we succeeded in obtaining stable membrane poten-
tials and whole cell currents from single cells to
study the effects of various pharmacological stimula-
tions. Using freshly dissociated rhesus eccrine clear
cells, we observed that stimulation with methacho-
line (MCh) resulted in activation of both K and Cl
currents. In most clear cells, MCh initially stimu-

in the Ca-free Ringer abolished the MCh-
induced depolarization (not illustrated) and
activation of membrane currents (C).

lated mainly K currents producing a net outward
current (at the holding potential of —60 mV) regard-
less of the MCh dose. Concurrently, the membrane
potential was hyperpolarized (after an initial tran-
sient spike of depolarization). Within 30 sec to 1 min
after beginning MCh stimulation, Cl currents were
increasingly activated so that the initial net outward
current changed to a net inward current (at the hold-
ing potential of —60 mV). This caused the membrane
potential to depolarize to a level less negative than
the prestimulation level. After stopping the MCh
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stimulation, K currents subsided first, temporarily
leaving Cl currents more dominant, further stimulat-
ing inward current and causing a marked depolariza-
tion of the membrane potential. The poststimulation
inward current subsided within a few minutes, but
in about half the cells studied, the whole-cell clamp
current continued to decrease to well below the
prestimulation level during the post-MCh stimula-
tion washout period. Repeated MCh stimulation dur-
ing this “refractory period” resulted in markedly ob-
tunded responsiveness to MCh (nor shown). Thus,
care needed to be taken to ensure the complete re-
covery of the membrane potential and the whole cell
current before a second pharmacological stimulation
was applied.

Upon repeated MCh stimulations, however, ac-
tivation of Cl currents became more dominant so
that MCh stimulation caused initial net inward cur-
rent even though K currents were simultaneously
activated. Interestingly, stimulation with 10 uM io-

* jonomycin 10uM
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Fig. 11. Effect of a Ca-ionophore, ionomycin,
on the membrane potential (A) and currents
(B) in a clear cell. (C) Oscillograph of the
membrane current in response to the voltage
ladder (*) in increments of 20 mV. ¢ and b in
C correspond to those in B and D. Note the
increase in both K (filled arrow in D) and Cl
(shaded arrow in D) currents during
stimulation with ionomycin. In all four cells
studied, ionomycin caused similar potential
(depolarization by 44.1 + 5.8 mV) and current
responses.

{nA)

Fig. 12. Inhibition of MCh-induced K and Cl
currents by Ba?*. Four other experiments had
similar results. Ba (5 mM) drastically inhibited
the MCh-stimulated K current (as shown by
+40 the filled arrow in B). Ba?* also shifted the
MCh curve to the right (shaded arrow),
indicating that the Cl current was also
decreased (n = 5).

nomycin, a calcium ionophore, also caused an initial
net inward current and initial marked depolarization
of the membrane potential, although K currents
were also activated subsequently. The activation of
K and ClI currents by MCh is pharmacologically spe-
cific and is most likely mediated by cytosolic Ca
because the effects of MCh were abolished by atro-
pine, by excessive chelation of cytosolic Ca with
EGTA (using the conventional method of disrupting
the membrane patch by suction), and by the removal
of extracellular Ca. K current activated during MCh
stimulation may be due to Ca-dependent K channels
[6, 7] because they were inhibited by barium and
quinidine. It is puzzling, however, that these puta-
tive inhibitors of K channels also inhibited CI cur-
rents. It remains to be studied whether such anoma-
lous observations reflect unknown nonspecific
effects or the “functional cross talk” between Cl
and K channels. The qualitative differences in the
current and potential responses between MCh and
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Fig. 13. Effects of MCh and FK on the
membrane potential (A) and whole cell
current (B) in myoepithelial cells. (C)
Oscillographic pictures of membrane currents
in response to clamp voltage ladders. (D) I-V
curves for a (before) and b (during MCh
stimulation) indicated in B.
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ionomycin should also be investigated in the future.
The present study also demonstrated that only K and
Cl currents were activated during pharmacological
stimulations in clear cells and that the contribution
of Na to the membrane current was negligible both
before and after stimulations. The lack of Na current
before and during pharmacological stimulation sup-
ports the basic premise of the study that the outward
current is carried largely by K and the inward current
by CL

During stimulation with ISO (isoproterenol) or

-60

Fig. 14. Effect of MCh and FK on the
membrane potential (4) and whole cell
current (B) in cells lacking lipofuscin granules
and MCh-induced cell shrinkage. In the
absence of positive identification, these cells
were operationally defined as dark cells. In
(D) the I-V curve from the MCh transient (b
in B) was also illustrated (triangles in D).

FK (forskolin), the membrane potential depolarized
by about 55 mV and was associated with a net inward
whole cell current. ISO-induced depolarization was
dose dependent. The effects of ISO on activation of
the CI current may be most likely due to cAMP (or
the effect of the cAMP cascade) because CT-cAMP,
a membrane permeable derivative of cAMP, also
stimulated Cl currents. Also, FK mimicked the ef-
fect of ISO. K currents were unchanged or slightly
decreased during stimulation with ISO or 10 um FK,
indicating that the decrease in K conductance may
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partly contribute to the marked depolarization of the
membrane potential in some cells. A minor activa-
tion of K current was, however, observed in a small
number of cells when they were stimulated by 50
uM FK (on a delayed basis) or by a combination of
cAMP-elevating agents and IBMX, suggesting that
the observed K current activation in the minority of
cells may be due to a nonspecific effect of IBMX or
to prolonged exposure to the excessive cytoplasmic
levels of cAMP.

Myoepithelial cells have a much lower mem-
brane conductance than clear cells and responded
only to MCh (but not to FK) with a marked depolar-
ization of the membrane potential due to activation
of Cl, but not K, currents. Although dark cells can-
not be positively identified under the optical system
used in the present voltage-clamping experiment,
we selected a group of cells with the morphological
and functional features of dark cells, i.e., the lack
of lipofuscin granules, presence of small uniform
cytoplasmic granules (presumably dark cell gran-
ules), and absence of MCh-induced cell shrinkage
[19]. These cells also responded only to MCh (but
not to FK) with a marked depolarization of the mem-
brane potential due to stimulated CI, but not K,
currents. Given that there is a subset of cells with
features of both clear and dark cells [12] (suggesting
that one cell type may derive from the other), strict
separation of dark cells from clear cells may not be
warranted. Nevertheless, the present study pro-
vided evidence that dark cells may behave differ-
ently from clear cells in their electrophysiological
responses to MCh and cAMP-elevating agents.

The present whole-cell voltage/current clamp
study successfully produced basic information on
the activation of membrane currents during stimula-
tion with MCh and cAMP-elevating agents. The re-
sults are consistent with the notion that cholinergic
stimulation of the clear cell is associated with stimu-
lation of Ca-dependent K and CI channels, whereas
stimulation with cAMP-elevating agents is associ-
ated with the stimulation of cAMP-dependent, rela-
tively Ca-insensitive, Cl channels. In this respect,
it is of interest to note that eccrine clear cells behave
somewhat similarly to the acinar cells of rodent sali-
vary and lacrimal glands [1, 6, 7, 9, 10]. It remains
to be studied, however, why K and Cl currents in the
eccrine sweat gland cells are regulated differently
in different cells during the time course of (MCh)
stimulation or by repeated stimulations. It is also
unknown whether or not only calcium is involved
in MCh-induced stimulation of K and Cl channels
because the effect of ionomycin was somewhat dif-
ferent from that of MCh. The characteristics of indi-
vidual channels must also be elucidated. The present
work has thus provided the basis for further studies
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on the regulation of membrane channels by pharma-
cological agents, the pivotal event during sweat se-
cretion.
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