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Summary. In vivo and in vitro, keratinocyte differentiation is
linked with increased extracellular Ca**. In order to correlate ion
channels with cell differentiation and investigate keratinocyte
membrane responses to Ca’", keratinocyte single channel cur-
rents were studied using the patch-clamp technique. The most
frequently observed channel was a 14 pS nonspecific cation chan-
nel. This channel was permeable to Ca®* and activated by physio-
logical concentrations of Ca>*. We also found a 35 pS Cl~ channel
whose open probability increased with depolarization. Finally,
a 70 pS K* channel was seen only in cell-attached or nystatin-
permeabilized patches. We correlated channel types with staining
for involucrin, an early marker of keratinocyte differentiation.
While the nonspecific cation channel and C1~ channel were seen
in both involucrin positive and involucrin negative cells, all chan-
nels in which the K* channel activity was present were involucrin
positive. Membrane currents through these channels may be one
pathway by which signals for keratinocyte proliferation or differ-
entiation are sent.
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Introduction

Human keratinocytes in culture respond to altered
concentrations of extracellular cations with predict-
able changes in rates of proliferation and expression
of proteins characteristic of mature keratinocytes.
Increased extracellular Ca?*, the most extensively
studied of these ions, inhibits proliferation and in-
duces protein markers of differentiation (Hennings,
Holbrook & Yuspa, 1983; Watt, Mattey & Garrod,
1984; Rubin & Rice, 1986). In vivo, the epidermis
establishes a gradient from low to high extracellular
Ca?* as cells move from the basal layer to the stra-
tum granulosum (Menon, Grayson & Elias, 19853).

* Present address of corresponding author: Dermatology
Service (190), San Francisco Veterans Administration Medical
Center, 4150 Clement Street, San Francisco, California 94121.

This gradient is disturbed in the abnormal epidermal
differentiation of psoriasis (Menon & Elias, 1990),
implying that keratinocyte response to extracellular
Ca®* has physiologic significance.

In cultured mouse and human keratinocytes,
raised extracellular Ca?" induces an increase in
Ca** influx and intracellular Ca>* (Hennings et al.,
1989; Pillai & Bikle, 1991; Reiss, Lipsey & Zhou,
1991), stimulates a voltage-sensitive Cl~ current
(Mauro, Pappone & Isseroff, 1990), and inhibits
voltage-insensitive currents carried through a non-
specific cation channel (Galietta et al., 1991). The
rise in intracellular Ca®" is probably mediated both
through IP;-dependent intracellular release and in-
flux of extracellular Ca’>* (Jaken & Juspa, 1988;
Tang et al., 1988; Kruszewski et al., 1991: Reiss
et al., 1991). In this study we characterize single
channel currents in keratinocytes that may underlie
the membrane responses to Ca?*. We also correlate
the presence of specific ion channels with the
presence of involucrin, a marker of differentiation
(Watt, 1983). Membrane currents through these
channels may be one pathway by which signals
for keratinocyte proliferation or differentiation are
sent.

Materials and Methods

CELL CULTURE

Epidermis was isolated from newborn human foreskin (Rhein-
wald & Green, 1975), dissociated with trypsin, and plated in
modified MCDB 153 medium containing 0.07 mm Ca’" and bovine
pituitary extract (Boyce & Ham, 1985), termed keratinocyte
growth medium (KGM, Clonetics, Boulder, CO). At confluence,
keratinocytes were dissociated with trypsin and replated on 35
mm plastic plates in which a labeled grid had been imprinted
(Mecanex, Switzerland). Initial plating density was 1 x 10%-1 x
10° cells/ml. Passage 1-3 cells were studied 1~5 day after plating.
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Table 1. Bath solution (mM)
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Solutions NaCl Na-Glutamate KCl CaCl2 EGTA¥ NMDG-CI
Control 136 0 5 0.07 0 0
Gluta- 0 136 5 0.07 0 0
mate

High K* 41 0 100 0.07 0 0
NMDG* 0 0 0 0.07 0 141
50 nMm 136 0 5 0.92 2 0
Ca2+b

250 nMm 136 0 S 1.62 2 0
Ca2+b

500 nMm 136 0 5 1.78 2 0
Ca2+b

2 N-methyl p-glucamine
b calculated

¥ Ethylene glycol-bis-(8-aminoethyl ether)-N,N,N’,N'-tetraacetic acid.
All bath solutions contained (in mM): 14 NaHCO;, 28 N-tris[hydroxymethyl] methyl-2-aminoethane
sulfonic acid (TES), 10 glucose and NaOH to adjust to pH 7.40 (approximately 10).

ELECTROPHYSIOLOGY

Solutions

Concentrations (in mM) of the bath solutions are listed in Table
1. The control solution is modeled after the KGM culture medium.
As directed by Boyce and Ham (1985), the pH of bathing solutions
was adjusted to 7.4 with NaOH before NaHCO; was added. N-
tris [hydroxymethyl] methyl-2-amino ethane sulfonic acid (TES)
buffer was used to buffer pH as other buffers have been reported
to block Cl1™ flux (Hanrahan & Tabarchani, 1990). Solutions were
bubbled with a 5% C0,/95% O, mixture. All solutions were pH
7.4, 330 mOsm.

For cell-attached or inside-out patches, the standard pipette
solution was the control bath solution. For nystatin permeabilized
patches (Horn & Marty 1988), the pipette contained (in mm):
150 K-aspartate, 20 KCl, 10 tetramethyl ammonium hydroxide
(TMA)-TES and 50 wg/ml nystatin, pH 7.25, 330 mOsm. For
studies of Ca’* permeation of the nonspecific cation channel, the
pipette contained (in mm): 100 CaCl,, 28 TMA-TES, TMA-OH
to adjust the pH to 7.4.

PaTcH-CLAMP RECORDING

Patch pipettes were pulled in two steps from Borosilicate glass
(Sutter Instruments, Novato, CA) on a Brown-Flaming puller
(Sutter Instruments, Novato, CA). The pipette tips were fire-
polished to resistances of 3-4 MQ. Following seal formations of
5-20 G}, single channel currents were recorded in cell-attached,
inside-out or nystatin-permeabilized outside-out configurations
(Hamill et al., 1981; Horn & Marty 1988). Single channel currents
were measured with a List L/M EPC 7 patch amplifier (List-
Medical, Germany), Cheshire Data Interface (Indec, Sunnyvale,
CA), and LSI 11/73 computer (Digital Equipment, Marlboro,
MA), using programs from R. Lewis, Stanford University. Cur-
rents were filtered at 1 KHz with an eight-pole low-pass Bessel

filter (Frequency Devices, Haverhill, MA) and stored on vid-
eotape.

Single channel currents were analyzed and open times calcu-
lated using the pCLAMP programs (version 5.5.1, Axon Instru-
ments). The reversal potential (Ez) and slope conductances were
obtained by linear regression fitting of amplitudes from current
amplitude histograms. Relative ion permeabilities at different
membrane potentials were determined from the Goldman-Hodg-
kin-Katz potential equation. Channel open times were calculated
by the pPCLAMP program using a nonlinear least-squares curve-
fitting routine to fit a single exponential function to the open times
distribution. Open probabilities were determined from records in
which only one channel was apparent as the amount of time the
channel was open/total amount of recorded time as measured by
the pStat program. Statistical significance was determined using
One Way Analysis of Variance (ANOVA) tests. All results are
presented as the mean * SEM.

INVOLUCRIN STAINING

After patch-clamp experiments, the location of the previously
studied keratinocyte on the labeled grid was noted. Cells were
washed with the control bath solution and stored at 5°C until
staining in Michel’s solution, which contained (in mm): 100 K-
citrate, 100 MgSQ,, 100 N-ethyl maleimide, dissolved in distilled
water.

Cells were stained for involucrin using an immunogold tech-
nique (Parenteau, Ekert & Rice, 1987). Briefly, the plates were
washed with phosphate-buffered saline (PBS), fixed with 0.1%
formalin, rinsed again in PBS, and permeabilized with 0.1% sapo-
nin. They were incubated with 5% normal autologous goat serum
and 0.1% bovine serum albumin (BSA), rinsed, and incubated
for 1 hr with antibody to involucrin (gift of R. Rice, UC Davis),
diluted 1:500 in PBS. Excess antibody was washed away, and
cells were then incubated with 1: 40 Auro probe Goat anti-rabbit
IgG coupled to colloidal gold (Amersham). The keratinocytes
were rinsed again in PBS and fixed in 2% gluteraldehyde solution.
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The cells were washed with distilled water and incubated with
silver (Amersham) to enhance the colloidal gold staining. The
keratinocyte whose currents had been studied was identified by
its grid location and was examined for involucrin staining. The
keratinocyte was scored as involucrin positive if there was uni-
form staining throughout the entire cell. Plates were stained in
parallel, using the same procedure without the primary antibody
as a negative control. Some cells detached from the plate after
the experiments. Therefore, the number of cells stained is less
than the number of cells studied with the patch clamp.

Results

A total of 55 cells was studied. A 14 pS nonspecific
cation channel was the only channel found in 23
patches. This channel passed Na* and K* equally
well, and displayed a significant permeability to
Ca’*. This channel was sensitive to physiological
concentrations of Ca’*, opening more frequently
after increasing Ca®* in the solution bathing the cyto-
plasmic side of the membrane. A 35 pS Cl~ channel
was noted in 20 patches. This channel was voltage
sensitive, opening more frequently with depolariza-
tion. Finally, a 70 pS K* channel was seen in 12
patches. This channel was voltage insensitive. It was
studied with nystatin-permeabilized patches as it
disappeared rapidly when studied in excised inside-
out patches. Perhaps because of the larger surface
area of the nystatin-permeabilized patch, the non-
specific cation channel was also seen in several of
the patches with K™ channels. While the nonspecific
cation channel and Cl~ channel were seen in both
involucrin positive and negative cells, all cells in
which K* channel activity was present were involu-
crin positive.

NoNsPECIFIC CATION CHANNEL

The most frequently observed channel in excised
inside-out patches was a cation-selective, 14 pS
(0.6, pS, n = 10) channel (Fig. 14). When K* was
substituted for Na* in the bath solution (Fig. 1B),
the slope conductance measured 15 pS (=0.8 pS,
n = 5), and the reversal potential shifted from an
average of 2.6 mV (x1.4 mV) to —5.6 mV (=3.1
mV), indicating that this channel did not distinguish
between Na* and K* (Py\,/Px = 0.96). E, shifted
35 mV (£2.40 mV) positive when Na* was replaced
by the large cation N-methyl p-glucamine (NMDG)
(Fig. 1C), identifying it as a cation-selective channel
(Pympe/Pna = 0.25, n = 4). Substitution of glutamate
for Cl™ had no effect on single channel current ampli-
tude or Ey (data not shown), also suggesting that
this channel is not permeable to anions.
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Fig. 1. Characteristics of the 14 pS nonspecific cation channel.
Data from excised inside-out patches. (4) Current-voltage curve
with symmetric NaCl solutions in bath and pipette (14 pS, E; =
2.6 mV, n = 10) (see Table 1 for composition). (B) Current-
voltage curve when 100 mM KCI was substituted for NaCl in the
bath (internal) solution (15 pS, Ex = —5.6 mV, n = 5). The
pipette (external) solution remained the control bath solution.
(C) Current-voltage curve when internal NaCl was replaced with
NMDG-CI (16 pS, Er = 35 mV, n = 4). Pipette solution remains
the control bath solution. In this and following figures, standard
error bars are smaller than the characters for some data points.
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Calcium Activates the Nonspecific Cation Channel

Human keratinocytes cultured in low (0.03-0.07 mm
Ca’") calcium media have intracellular Ca?* concen-
trations in the range of 100-150 nM (Sharpe, Gilles-
pie & Greenwell, 1989; Pillai & Bikle, 1991). Lower
values of intracellular Ca’*, approximately 30 nM,
have been reported for mouse keratinocytes grown
inlow Ca*" medium (Hennings et al., 1989). Intracel-
lular Ca?* levels rise after raising extracellular Ca?*
and, in human keratinocytes, continue to rise in the
range of 500 nm after the cells reach confluence
(Pillai & Bikle, 1991). The nonspecific cation channel
could be affected by changes in intracellular Ca?",
or could act to raise intracellular Ca?* by allowing
Ca’* entry. Our experiments were therefore directed
to exploring the effects of intracellular Ca?* on the
nonspecific cation channel. To investigate whether
the nonspecific cation channel is sensitive to physio-
logical intracellular Ca?* concentrations, channel
open probabilities were calculated from recordings
made with different Ca®* concentrations bathing the
cytoplasmic side of the membrane. The channel
opened more frequently with cytoplasmic Ca?* con-
centrations of 500 nm or 70 M than at 50 nm or 250
nM (Fig. 24). These results suggest that the channel
opens at the low cytoplasmic Ca®* concentrations
seen in keratinocytes grown in low Ca’" medium
and imply that the channel openings are influenced
by the cytoplasmic Ca®* concentration. Open proba-
bility of this channel did not appear to depend on
voltage (data not shown).

Calcium Permeates the Nonspecific Cation
Channel

Since the nonspecific cation channel was active at
physiological Ca?* concentrations, we tested
whether Ca’" ions could pass through it. Permeabil-
ity to Ca’" was tested using excised inside-out
patches (Fig. 2B). The pipette (extracellular) solu-
tion contained 100 mm CaCl,, while the bath (cyto-
plasmic) solution (control solution, see Table 1) con-
tained Na®™ as the major cation. Under these
conditions, Ca®" is the major carrier of inward cur-
rent through this channel. Fitting the inward current
amplitudes with linear regression produced a calcu-
lated reversal potential of 0 mV and a slope conduc-
tance of 10 pS (£0.9 pS, n = 4) demonstrating that
Ca’" ions can pass through this channel. Similar
results were obtained with 100 mm CaCl, in the pi-
pette and 160 mm Na-aspartate as the cytoplasmic
solution, further indicating that these are cation cur-
rents carried by Ca’* (data not shown).
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Fig. 2. Ca’' sensitivity and permeability of the nonspecific cation
channel. (A) Open probability of the nonspecific cation channel
with varying Ca?" concentrations in the solutions bathing the
cytoplasmic side of the membrane. Experiments were done with
excised inside-out patches with cytoplasmic Ca’" concentrations
of 50 nM (n = 4), 250 nM (n = 1), 500 nM (n = 4), or 70 uM (n
= 4) with currents measured over a voltage range of —60 to +60
mV. The pipette contained the control solution with 70 um Ca?*.
Data were analyzed using the ANOVA test. Groups are signifi-
cantly different from 50 nM as noted. (B) Current-voltage curves
with 70 uM Ca?* bathing the cytoplasmic face. The pipette con-
tained (in mM): 100 CaCl,, 28 TMA-TES, TMA-OH to adjust the
pH to 7.4. Slope conductances for inward currents (10 = 0.8 pS)
and outward currents (19 = 2.9 pS) were determined separately,
by linear regression fitting of the amplitudes from current ampli-
tude histograms.
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CHLORIDE CHANNEL

In whole cell studies, the major voltage-sensitive
current activated by depolarization is carried by C1~
(Mauro et al., 1990). In the present experiments we
identified a 35 pS (1.3 pS, n = 11) Cl -selective
channel in inside-out and cell-attached patches (Fig.
3A, C). When glutamate was substituted for Ci~
in the cytoplasmic solution (Fig. 3A), the reversal
potential shifted from —2 mV (*£1.3 mV) to —23
mV (£4.0 mV)(Py,/Pc = 0.4), demonstrating that
outward current through this channel normally is
carried largely by Cl™ ions. The single channel con-
ductance did not change with glutamate substitution
(33 = 2.1 pS, n = 4). Unlike the keratinocyte whole
cell current and the single channel Cl™ current re-
ported by Galietta et al. (1991), this channel did
not rectify. However, the channel open probability
increased with depolarization (Fig. 3B), implying
that the rectification seen in whole cell studies may
be due to increased channel opening at depolarized
potentials. Since this was the only channel seen that
carried CI™ in both the cell-attached and inside-out
configurations, and since these cells were studied
under identical conditions to our previous whole cell
studies, we believe that this channel carries the Cl™
current observed in whole cell studies of keratino-
cytes.

When studied in the cell-attached configuration
(Fig. 3C), the channel conductance was 38 pS (£2.6
pS, n = 3), not significantly different from the con-
ductance of the channel in the excised inside-out
patches (p = 0.3). The reversal potential in the cell-
attached mode measured —15 mV, relative to the
cell’s resting potential.

PotassiuM CHANNEL

A 70 pS (6.1 pS, n = 9) K"-selective channel was
seen in cell-attached and nystatin-permeabilized
patches (Fig. 4A, B). This channel disappeared
within several minutes when the cell-attached patch
was excised from the cell (n = 3). Since the K*
channel was seen only in cell-attached or nystatin-
permeabilized patches, it may require intracellular
organelles or cytoplasmic components which are
lost when the patch is excised. With the standard
solution for nystatin-permeabilized patches (150 mm
KCI and 20 mm K-aspartate) in the pipette and 5
mM KCl in the bath, the reversal potential obtained
by fitting the outward currents was —65 mV (+6.4
mV) (calculated reversal potential for K* = —87
mV). When the bath solution was changed to 100
mM K7, the conductance measured 84 pS (£9.7 pS,
n = 4) and the reversal potential-shifted to ~2 mV
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Fig. 3. Characteristics of the chloride channel. (A and B) Data
from excised inside-out patches. (4) Current-voltage curves
when the cytoplasmic NaCl solution (slope = 35 pS, E; = —
mV, n = 11) was replaced with Na-glutamate (slope = 33 pS,
Er = ~23mV, n = 4) (see Table 1 for composition of solutions).
The pipette contained the control bath solution. (B) Channel open
probability of increases with depolarization. Bath and pipette
solutions were the control solution. Open probabilities were cal-
culated, as described in Materials and Methods. Groups are sig-
nificantly different from —40 mV as noted. (C) Current-voltage
relationship from cell-attached single channel recordings. Mem-
brane potential is measured relative to cell resting potential. The
pipette contained the control bath solution.
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Fig. 4. Characteristics of the 70 pS potassium channel. (A) Cur-
rent-voltage curves from single channel currents recorded from
nystatin-permeabilized outside-out patches. The bath solution
was the control bath solution (see Table 1). The pipette contained
(in mMm): 150 K-aspartate, 20 KCI, 10 TMA-TES and 50 ug/ml
nystatin, pH 7.25, 330 mOsm. The NaCl (@) bath solution
(slope = 70 pS, Ezx = —65 mV, n = 9) is replaced by one (L)
containing 100 mMm K* (slope = 84 pS, Ezx = -2 mV, n = 4).
(B) Current-voltage relationship of cell-attached single channel
recordings (slope = 68 pS, Ex = —41 mV, n = 3). Membrane
potential is measured relative to cell resting potential. The pipette
contained the control bath solution (see Table 1).

(0.6 mV), indicating that this channel is highly but
not perfectly selective for K* (Py,/Px = 0.08). This
channel was also studied in the cell-attached mode
(Fig. 4B). In this configuration, the conductance was
68 pS (=8.8 pS, n = 2), similar to that seen in the
nystatin-permeabilized outside-out configuration.
The channel’s reversal potential was —41 mV, rela-
tive to the cell. Thus the K™ channel’s reversal po-
tential is significantly more negative than the Cl™
channel’s reversal potential or normal resting poten-
tial. Open probability of the K* channel did not vary
with voltage in 0.07 mm extracellular Ca’* (data not
shown).
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Table 2. Involucrin staining of keratinocytes

Channel Type Positive Significance Negative
NSCC 4 NS 9
Cl~ Channel S NS 7
K* Channel 6 P =0.02 0

Individual keratinocytes were examined for involucrin staining
after electrophysiological study. Keratinocytes were stained and
scored, as shown in Materials and Methods. Significance was
calculated by Fisher’s Exact Test.

INVOLUCRIN STAINING

In whole cell studies of keratinocyte currents
(Mauro et al., 1990), marked heterogeneity was
noted not only in resting currents of keratinocytes
but also in whole cell current response to extracellu-
lar Ca*. Since the presence of ion channels, particu-
larly K* channels, is associated with proliferation
and differentiation in other cell types (Lee et al.,
1986; DeCoursey et al., 1987; Teulon et al., 1992),
we attempted to correlate the presence of ion chan-
nels with involucrin, a differentiation marker in kera-
tinocytes. Involucrin staining of identified, patch-
clamped keratinocytes was performed after patch-
clamp study and the results are summarized in Table
2. The nonspecific cation channel and Cl™ channel
were seen in both involucrin-positive and involucrin-
negative cells. In contrast, all cells in which the K*
channels were found were involucrin positive. These
results suggest that the presence of K* channels may
be associated with the capacity to differentiate.

Discussion

This report describes three channels commonly seen
in keratinocytes grown in low calcium medium. The
nonspecific cation channel was permeable to Ca®",
and opened more frequently with increasing Ca?*
concentration of the solution bathing the cyto-
plasmic side of the membrane. It may thus function
as an alternative mechanism for increasing intracel-
lular Ca’?*. The CI~ channel was voltage sensitive,
opening more frequently with depolarization. Since
the whole-cell CI™ current is the major voltage-
sensitive current, this channel may control the mem-
brane potential of the cell, thereby increasing or
decreasing the driving force for Ca*" entry. A volt-
age-insensitive K* channel was seen less frequently.
These channels may be important in cell differentia-
tion, as they were found only in involucrin-positive
keratinocytes which have the potential to differen-
tiate.
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The most common channel seen in our studies
was a small nonspecific cation channel. This channel
was present in both involucrin-positive and involu-
crin-negative cells, did not select between K* and
Na*, and displayed a significant Ca®* permeability.
Such channels may function to allow entry of extra-
cellular Ca** (Matthews, Neher & Penner, 1989;
Nilius & Riemann, 1990; Puro, 1991), either in re-
sponse to growth factors (Puro, 1991), or in concert
with IP; mediated Ca?* current (Matthews et al.,
1989, Hoth & Penner, 1992). Nonspecific cation
channels can be activated by changes in intracellular
Ca’", with widely varying sensitivities reported
(Maruyama & Petersen, 1984; Galietta et al., 1991).
In keratinocytes, a similar nonspecific cation chan-
nel was reported to be sensitive to cytoplasmic Ca?*.
Channel activity was seen at 200 uM-2 mM cyto-
plasmic Ca®*, but not at 1 um (Galietta et al., 1991).
Channel open probabilities at these Ca?* concentra-
tions are not reported in that paper, so it is difficult to
compare directly the Ca** sensitivity of the NSCC’s
described in that paper and this report. Keratino-
cytes used in that study were cultured and patch-
clamped under different experimental conditions
than those in our study, which may explain the dif-
fering Ca’* sensitivity. We have not fully studied
the concentration necessary for activation, but have
seen channel activity at cytoplasmic Ca?* concentra-
tions as low as 50 nm Ca*". This activity increases
as the cytoplasmic Ca?* is raised to 500 nm or 70
uM Ca?". Thus, we believe this channel is active
with Ca?* concentrations in the physiological range.

The current-voltage relationship of the chloride
channel in this report is linear, in contrast to the
outwardly rectifying whole cell current (Mauro et
al., 1990). In this study, we have demonstrated that
the open probability of the chloride channel in-
creases with depolarization. Thus, we believe that
the rectification seen in whole cell studies is the
result of the voltage-dependent increase in channel
opening, rather than intrinsic rectification of the
channel itself. We were concerned that the HEPES
buffer used in our earlier study had induced an arti-
factual current rectification, as this buffer has subse-
quently been shown to block epithelial cell CI™ cur-
rents in a voltage-dependent manner which is
relieved by depolarization (Hanrahan & Tabarchini,
1990). Thus, inward currents would be blocked more
effectively than outward currents, leading to appar-
ent rectification. However, we have repeated our
whole cell studies using the buffer used for our single
channel measurements, TES, and have found the
same outward rectification of the whole cell CI~ cur-
rents seen in earlier experiments (data not shown).
The rectification seen in the whole cell currents is,
therefore, not due to currents blocked by the
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HEPES buffer, but is more likely due to the voltage
sensitivity of the channel itself.

It is unclear whether the single channel! data
reported in this study and by Galietta et al. (1991)
describe the same Cl™ channel. If it is the same
channel described, the difference in current rectifi-
cation is unexplained. A similar discrepancy, as yet
unresolved, exists in studies of the cystic fibrosis
transmembrane conductance regulator (CFTR)
chloride channel, where early studies reported out-
wardly rectifying current-voltage curves, but later
studies demonstrated a linear current-voltage rela-
tionship (Anderson et al., 1991).

When cells were studied using the permeabilized
patch technique, a 70 pS voltage-insensitive K*-
selective channel was seen. This channel disap-
peared when the cell-attached patch was removed
from the membrane, and was not seen in excised
inside-out patches, implying that it requires some
intracellular component, such as a second messen-
ger, for its activity. In contrast to the nonspecific
cation and chloride channel discussed above, the K*
channel was seen only in involucrin-positive cells.
Involucrin staining is seen in more differentiated
keratinocytes in vivo, and cells with the potential to
differentiate in vitro (Watt, 1982). Since K* channels
are associated with involucrin-positive cells, they
may take part in signaling the cell to differentiate.
The area of membrane sampled by a patch pipette
is small, and it is possible that cells staining negative
for involucrin also contained K* channels in their
membranes. However, the fact that all the cells in
which K" channels were found were involucrin posi-
tive argues that K* channels may be important in, or
a marker for, cells with the potential to differentiate.

Of the 10 keratinocytes with K* channels we
attempted to stain for involucrin, 6 remained on the
plates to be studied. It is impossible to know whether
the detached cells were involucrin positive or nega-
tive. However, keratinocytes which stain positively
for involucrin have been shown to have decreased
substrate adhesiveness (Watt & Green, 1982), im-
plying that the cells may have detached because they
were involucrin positive. Indeed, the proportion of
detached cells was higher for keratinocytes with K*
channels (4/10 cells) than those with Cl~ channels
(3/15 cells) or nonspecific cation channels exposed
to the usual 0.07 mMm Ca’* concentration (4/17 cells).

The low Ca** KGM media (70 uM) produces a
heterogeneous population of cells; although re-
ported to be predominantly basaloid, it does allow
for the generation of involucrin-positive cells (Pillai
et al., 1990). Half of the keratinocytes studied
stained positively for involucrin, which is a greater
proportion than expected for keratinocytes grown
in low Ca’* media. The most likely explanation for



208

this finding was our plating technique which pro-
duced isolated single cells. Single keratinocytes are
preferable for electrophysiology, but they tend to be
larger and large cells are more likely to be involucrin
positive (Watt & Green, 1981, Watt, Jordan &
O’Neill, 1988).

There are several mechanisms by which these
membrane channels may be involved in keratinocyte
differentiation. Intracellular Ca?* concentration and
Ca?* flux seem to be key in keratinocyte differentia-
tion, and there are roles that each of the channels
described above might play in influencing Ca?* en-
try. Activation of the Cl1~ or K™ conductances might
stimulate a sustained calcium influx by hyperpolariz-
ing the membrane and increasing the driving force
for Ca’" entry. The nonspecific cation channel may
afford a parallel pathway for Ca* entry, especially
later in differentiation as the intracellular Ca®* levels
rise above 250 nMm.

Other functions not related to Ca?" entry may
also be significant. K* channels are important in the
proliferation of several cell types (Decoursey et al.,
1987; Nilius & Wohlrab, 1992; Pappone & Ortiz-
Miranda, 1992; Teulon et al., 1992), and, given the
dependence of the ‘‘Ca’*"-switch’’ in keratinocytes
on extracellular K* (Hennings et al., 1983), these
channels may play a central role in keratinocyte
differentiation. K* channels regulate cell volume in
kidney epithelial cells (Ubl et al., 1988) and in lens
cells, where cell elongation and differentiation is
dependent on an increase in cell volume (Parmalee
& Beebe, 1988). Such changes in cell shape or size
have been shown to alter differentiation in keratino-
cytes (Watt & Green, 1981; Watt et al., 1988). Func-
tional K* channels are necessary for proliferation
and protein synthesis in T lymphocytes (Sabath et
al., 1986), and progressive increases in intracellular
K* concentration stimulate, then inhibit protein syn-
thesis in oocytes (Horowitz & Lau, 1988). Since
intracellular K™ increases as keratinocytes differen-
tiate (Hennings et al., 1983), it may influence protein
synthesis in a similar fashion in keratinocytes.

In this report we have described three types of
ion channels in cultured keratinocytes grown under
conditions which generate proliferative cells. The
small nonspecific cation channel is activated by
Ca’", the C1™ channel is activated by depolarization,
and the K* channel requires intracellular constit-
uents for activation. The K* channel is seen only
ininvolucrin-positive keratinocytes, i.e., cells which
have committed to differentiate. Each of these chan-
nels may play arole in keratinocyte growth or differ-
entiation.
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