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The CI- transport mechanism responsible for the stimulation of 3f'Cl- efflux after exposure to hypotonic medium (210 
mosmol/kg) was investigated in human keratinocytes. The involvement of the anion exchanger and of the CI-/cation 
cotransporters was ruled out by the finding that replacement of extraceUular CI- by the poorly permeant anion gluconate, and 
the addition of bumetanidc and furosemide, inhibitors of the Na+ /K~/CI -  and K+/CI - cotransporters, respectively, failed to 
significantly reduce the activation of CI- efflux by hypotonic medium. 'Whole cell' configuration of the patch clamp technique 
directly revealed the presence of a macroscopic CI- current, which was evoked by incubation with hypotonic medium and was 
reversed by elevation of the extracellular osmolality. Volume-sensitive current showed outward rectification of the current-volt- 
age relationship and time-dependent inactivation at depolarizing voltages. This current was Ci- selective, because the 
zero-current reversal potential approached the Ci- equilibrium potential, when extracellular CI- was replaced by gluconate. 0.1 
mM 1,9-dideoxyforskolin significantly reduced either 36CI- efflux and the CI- current, suggesting that the CI- efflux and the 
macroscopic current activated after exposure to hypotonic medium are mediated by the same pathway. Electronic cell sizing 
showed that in keratinocytes hypotonic swelling was not followed by a significant regulatory volume decrease response. 

Introduction 

Keratinocytes are the main components of epider- 
mis. Under proper culture conditions, these cells form 
colonies that rapidly proliferate in the presence of 
epidermal growth factor and cholera toxin. Colonies 
eventually fuse to form a stratified epithelium, which 
can also be used for grafting on burned patients [1,2]. 

By the use of isotopic fluxes, we have recently shown 
that CI- transport occurs in human keratinocytes by 
means of two mechanisms, an anion exchanger and a 
conductive pathway [3]. The anion exchanger accounts 
for 40% of total Ci-  efflux and exhibits a saturation 
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acetic acid; ddFSK, 1,9-di~cn~fnrskolin. 

behaviour over the range 10-135 mM external CI-, 
Ci- being the most efficient among the transported 
anions [3). The presence of a CI- conductive pathway 
has been revealed either by inhibition of Ci-  efflux by 
the CI- channel blocker 5-nitro-2-(3-phenylpropyl- 
amino)benzoic acid (NPPB) and by the sensitivity to 
manipulation of the plasma membrane potential [3]. 
Patch clamp experiments provided the biophysical 
characterization of a Ci-  selective channel, which 
showed an outward rectifying current-voltage relation- 
ship [4,5]. 

Here we describe a CI- pathway which is activated 
in keratinocytes as a response to cell swelling, appar- 
ently as a component of the so-called regulatory vol- 
ume decrease (RVD). This general process occurs when 
cells from a variety of tissues are exposed to hypotonic 
solutions: they initially swell like more or less perfect 
osmometers, but then return to almost their original 
volume due to KCI loss from the cytosol, associated 
with osmotic water efflux (for a review see Ref. 6). 

The CI- transport mechanism activated in human 
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keratinocytes by ceil swelling has been investigated by 
following 36C1- efflux ~a the presence of various in- 
hibitors of anion transport. Furthermore, direct evi- 
dence for activation of a CI- current was obtained with 
the 'whole-cell' configuration of the patch clamp tech- 
nique. 

Mater ia l s  and  M e t h o d s  

Materials. Na3~'C! was obtained from Amersham; 
bumetanide was a gift from Prodotti Roche, Milano; 
furosemide and 1,9-dideoxyforskolin w,~,'re from Sigma. 

Cell cuhure. Human epidermal keratinocytes were 
cultured as described in Ref, 2. For isotopic experi- 
ments, cells were seeded in 6-well dishes (2.105 
cells/well) on feeder layer of lethally irradiated 3T3-J2 
fibroblasts, Experiments were performed using mono- 
layers of keratinocytes immediately after confluence 
was reached. Contamination of culture by dermal fi- 
broblasts was virtually absent. 

For electrophysiological studies, cells were plated in 
35 mm petri dishes (10 "~ cells/dish) without feeder 
layer. The cells were used untill they were in a subcon- 
fluent condition, starting from 24 h after plating. 

Chloride efflw¢. Cells were washed twice with 10 ml 
of 150 mM NaC! and 10 mM Na-Hepes (pH 7.4) and 
incubated for 911 rain in a water bath at 37°C and 
ambient CO, with I ml of the standard incubation 
medium (300 mosmol/kg with mannitol) containing 
135 mM NaCI, 3 mM KCI, i.3 mM CaCl.,, 1.5 mM 
MgCI,, 10 mM =)-glucose, 20 mM Na-Hepes fpH 7.4) 
and 1 p.Ci/ml of Na3f'Cl. The cfflux of CI- was deter- 
mined as described in Ref. 3. The Cl°-frec mcdium 
contained 135 mM Na-gluconatc, 10 mM o-glucose, 1.3 
mM Ca{OH), and 20 mM Na-Hepes (pH 7.4). The 
hypotonic solutions {200-210 mosmol/kg) were pre- 
pared by dilution of isotonic solutions. Osmolality of 
solutions was measured with a Osmotic Pressure Auto 
Start OM 6010 Menarini. 

Whole.cell recordings. The 'whole-cell" configuration 
of the patch clamp technique [7] was used to record 
membrane currents of cultured keratinocytes. The in- 
tracellular {pipette) so|ution contained 140 mM KCI 
{or NaCI), 0.18 mM CaCl.,, 2 mM EGTA, 1 mM 
MgCl,, i mM ATP, 10 mM Na-Hepes {pH 7.3; calcu- 
lated free Ca :+ 10 -s M, assuming an apparent Ca- 
EGTA association constant of 10- ~ M). The osmolality 
was adjusted to 3(1{I mosmol/kg with mannitol. The 
hypotonic medium contained 90 mM NaC! (or Na-glu- 
conate), 3 mM KCI, 2 mM CaCl2, 2 mM MgCl,, 10 
mM o-glucose and 10 mM Na-Hepes (pH 7.3). Data 
acquisition and analysis have been described elsewhere 
[5]. Membrane potentials were indicated taking the 
extracellular cell side as ground. Positive currents rep- 
resented anions flowing into the cell. Membrane con- 
ductance values were corrected for the series re- 

sistence. The voltage stimulation protocol consisted in 
500 ms steps applied every 5 s to -100  mV from a 
holding potential of 0 mV. This allowed the simultane- 
ous tracking of K + (at 0 mV) and Cl- currents (at 
- 100 mV). Occasionally, this protocol was interrupted 
to apply 300 ms long voltage steps to membrane poten- 
tials in the range i'rom - 8 0  to +80 mV. The experi- 
ments were carried out at room temperature (20-24°C). 

Cell colume measuremazts. Cell volume distribution 
curves were obtained by electronic sizing using a Coul- 
ter Multisizer II. The tube orifice was 140/.tm. For the 
measurements, cells were trypsinized, centrifuged and 
resuspended in the standard incubation medium; 
aliquots of the cell suspension were diluted 200-fo ld  
with the same medium to give a final cell density of 
about 3.104 cells/ml. The mean cell volume was cal- 
culated as the median of volume distribution curves. 
Calibration was carried out with polystyrene latex beads 
(13.3 #m diameter,. 

Statistical erah~ations. All values are expressed as 
means + S.E., with the number of experiments in 
brackets. 

Resul t s  

Actication of ~(,'1 ~ eJ'flta" by hypotonic medium and 
effect of  some anion transport bzhibitors 

A typical experiment of 3¢'CI- efflux from human 
keratinocytes exposed to isotonic and hypotonic 
medium is shown in Fig. 1. Under isotonic conditions, 
the efflux curve closely conformed the theoretical 
equation for a single-exponential decay, as previously 
discussed in Ref. 3. in the experiment shown in Fig. 1, 
the rate constant of C! eftlux (k) was increased from 
0.166 min-= to 0.354 min -~ in isotonic and hypotonic 

100', 

50, 

"~ 10- 
C 

i 

L 

o n l c  

~ , ~ o t o n = c  

"o 8 
TIME (min) 

Fig. !. Effect of reduced extracellular osmolality on ~"CI efflux 
from human keratinocytes under steady-state conditions. Cells were 
loaded as described in Methods and 3t'CI- efflux in isotonic (300 
mosmo!/kg) and hypotonic (210 mosmol/kg) media was determined. 
Total CI- content (100%) was 382+21 nmol/mg protein (n= 2). 

The curves are representative of five different experiments. 



T A B L E  ! 

CI - efflttr front human keratiqoo'tes incubated in isotonic mzd hypo- 
tot~.c media: effect o f  CY - suhsi'itution by ghwonate 

Cells were loaded with 3t'CI- and efflux was de termined in the 

indicated media. The increase of  the mean value of  k of  efflux in 
hypotonic medit, m is expressed as q; over the mean value of  the k in 
isotonic medium, considered as 1007,;. 

Rate  constant of  CI - efflux (rain - ; ) 

isotonic hypotonic ~- increase  
medium medium over control 

NaCI medium (L ! 75 ± (I.IIII9 0.306 _+ 0.025 74.8 
(n = 5) ( n  = 5) 

Na-gluconate medium 0.126 ±0.(Ill5 11.215 ±0.007 70.fl 
(n = 18) (n = 151 

medium, respectively; the mean values of the k ob- 
tained in five experiments are reported in Table i. 
Table ! also shows that omission of CI- in the efflux 
medium and rcplaccment by the poorly pcrmcant an. 
ion gluconate inhibited (40%) the k of Ci- efflux in 
isotonic medium, whereas only slightly reduced the 
percent of activation of the k of CI- efflux by hypo- 
tonic medium. From this result it can be concluded 
that the anion exchanger, which is responsible for a 
remarkable portion of CI- efflux under isotonic condi- 
tion [3], is not involved in the response of human 
keratinocytes to hypotonic shock. 

The experiment reported in Fig. 2 shows that after 
1(} and 2(1 min exposure to hypotonic medium, C !  
efflux was still enhanced, the k of efflux being (}.214 +_ 
0.002, 11.212 +_ 0.003 and 0.204 _+ 0.0113 rain- ~ (n = 3), 
at t = O, t = 10 rain and t = 20 rain, respectively. When 
cells were incubated 20 rain in h~potonic medium and 
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Fi~. 2. Time-course of hypotonic-shock stimulated CI efflux in 
human keratinocytes. Experimental conditkms as in Fig. I. (A) at 
time t = 0, CI-  efflux in isotonic (o)  and hypotonic (e) Na-gluconate 
medium was determined. (B) Cells were kept for 10 min or (C) 20 
min in hypotonic medium containing Na~*CI before efflux. Total CI 
content (100%)was 345+ 18 nmol/mg protein (n = 6). The figure is 

representat ive of  three different experiments.  
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T A B L E  il 

l=ffect o f  some inhibitors o f  Ci tramport on the rate constant of  ('/ 
tf.lTtt~" .fron~ hunum keratinocytes incubated in ghwonate medium 

The increase of the mean value of  the k of efflux in hypotonic 
medium is expressed as q: over the mean value of  the k in isotonic 
medium, considered as 100¢i. 

Addit ions Rate  constant  of  CI - efflux (rain t ) 

isotonic hypotonic ~ increase 
medium medium over control 

None  I).!21 _+11.11118 11.2114_+11.1112 68.6 * 
(n = 7) (n = 5) 

Burner. 10 #M 0.1119+11.0119 0.191 +_0.0114 75.2 
(n = 3) (n = 4) 

Furos. 11.5 mM 0,090 _+ 0.008 0.153 + 0.008 711.11 

tn = 3) (n = 5) 
ddFSK 0.! mM 11,1198 ~ 11.11115 11.132 _+0,1|1|3 34.7 * 

(n = 3) (n = 3) 

* P < {|.ill, 

then transferred to isotonic medium, the k of cfflux 
decreased to 0.113 _+ (I.IIII2 rain- t (n = 4), a value even 
lower than that estimated in cells maintained in iso- 
tonic medium (0.128 + 0.005 min-t ,  n = 4). it is there- 
fore concluded that the activation of CI- efflux persists 
for several minutes and can be completely reversed by 
restoration of isotonic osmolality. 

To identify the mechanism responsible fi~r the acti- 
vation of Ci- efflux under hypotonic conditions, the 
effect of some inhibitors of CI- transport was investi- 
gated, it is well known that the RVD response is 
mainl~ due to KC! loss from the cells. Table il shows 
that the addition of 111-5 M bumetanide, an inhibitor 
ol" the Na+/K+/CI  ..... cotransport [8], slightly inhibited 
(10%) the k of efi'iux in isotonic medium, whereas the 
percent of activation of the k of efflux by hypotonic 
medium was even increased. A similar effect was ob- 
served by the addition of a high concentration (5.10 -4 
M) of furosemide, an inhibitor of the K+/CI-  cotrans- 
port [9]. The percent of stimulation of CI- efflux by 
hypotonic medium was unimpaired by furosemide, 
which conversely 25% inhibited the k of efflux under 
isotonic conditions. The results obtained with 
bumetanide and furosemide rule out a major role for 
CI-/cat ion cotransporters on cell swelling-activated 
CI- efflux. 

Recently, 1,9-dideoxyforskolin has been reported to 
be a very effective inhibitor of volume-regulated CI 
currents [i0] in our experiments, 0.1 mM dideoxy- 
forskolin !nduced 50% inhibition of the activation of 
the k of efflux by hypotonic medium (Table II). This 
result suggests that a conductive CI- transport path- 
way is activated by osmotic cell sweilint~. 

Whole-cell CI- currents 
Whr:e cell recordings on cultured keratinocytes re- 

~,ea!;.:~ the presence of a CI- current, which was sensi- 
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Fig, 3, Membrane currents activa',cd by hypotonic shock. Data repre- 
sent the time-course of the current elicited at () and - 10(I inV. The 
horizontal bars indicate the duration of application of the i~ypotonic 
medium (210 m,~)smol/kg) and of (l.I mM 1,9-dideo~fi~rskolin, The 

pipette was filled with 141) mM KCI (see Methods), 

tire to changes of extraccllular osmolality. In fitct, cell 
pcrfusion with the hypotonic medium caused the acti- 
vation of a large membrane e,,rrcnt which was reversed 
by termination of hypo~,,,~nic shock (Fig. 3A), When 
cells wcrc kept for IS-20 rain in hypotonic medium, 
the membrane conductance remained high. In pine 
experiments pert'ormed with K'-rich pipette solution, 
the membrane current recorded at - IIX) mV i,crcascd 
in 8-15 rain from resting values of 20-1()1 pA to 
7(X)-43()) pA, under hypotonic conditions. Normalizing 
for the membrane capacitance, this corresponded to a 
change of membrane conductance from 0.()!8 + 0,006 

n S / p F  to 0,719 + 0,087 n S / p F  (n - 9 ) .  It is notewor- 
thy that there was no increase of the current at 0 mV 
during hypotonic shock, indicating that, at least in our 
experimental conditions, K + currents were not acti- 
vated. Fig. 3B shows that the application of ~.1 mM 
1,9-dideoxyforskolin reduced the currents at - 100 mV. 
In six experiments, this forskolin analogue inhibited 
the cell swelling-stimulated currents by 62.6 + 7%. The 
recovery of the Current from the block induced by 
1,9-dideoxyforskofin was complete (Fig. 3B) in 4 /6  
experiments. 

The characteristics of the current activated by the 
hypotonic shock were assessed with the Na+-rich 
pipette solution, to exclude any contribution by the K ~ 
currents. As shown in Fig. 4A, volume-sensitive cur- 
rents were characterized by a peculiar time-dependent 
inactivation, which occurred at membrane potentials as 
large as + 8() mV (Fig. 4A). Recovery from inactivation 
was achieved by returning ~hc membrane potential at 
negative values. 

The Cl- selectivity :ff hypotonically stimulated cur- 
rents was assr, ssed by partially replacing extracellular 
CI- with gluconate. Since CI- channels are poorly 
permeable to this inorganic anion, this intervention 
produced a shift of the zero-current reversal potential 
(Em~ v) towards positive values, as reported in Fig. 4B. 
in five experiments, membrane currents in hypotonic 
medium (1{)() mM CI-) reverted at +6.3 + 1.4 mV. 
After replacement of 9() mM Cl- with gluconate, ERE v 
shifted to 48.6 + 3.6 mV. The Nernst po:entials under 
these ionic conditions arc +8 and +63 mV, respec- 
tively. 

Keratint~:ytes t'olume 
In tile experiment reported in Fig. 5A, the changes 

in cell volume of kcratinocytes after exposure to hypo- 
tonic medium are shown. The mean cell volume of 
keratinocytes incubated in isotonic medium was 2541 

i 
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I m (nA) 

t i.i / °  / o  

Fig. 4. (A} Representative currents activated by hypotonic shock. The graphic shows superimposed membrane currents elicited by 3{}()-ms long 
~i tage  steps to the potentials indicated for each trace. The holding potential was -8() inV. (B) Current-voltage relationship from the same 
experiment. Current values were taken 10ms after the beginning of the pulse. Pipette solution contained 140 mM NaCI (see Methods). The 

extracellular hypotonic medium contained 90 mM CI- (o)  or !{} mM CI - plus 90 mM Na-gluconate (e). 



_+30 fl (n----4).  Following exposure to hypotonic 
medium, keratinocyte volume increased of approx. 13 
_+ 2% (n = 3), achieving the maximal value within l - l .5  
min. As shown in Fig. 5A, keratinocytes were unable to 
return to their normal (isotonic) volume within 27 rain. 
This behaviour is different from that of human fibro- 
blasts, which was determined for comparison and is 
illustrated in Fig. 5B. The mean cell volume of fibro- 
blasts under isotonic condition was 4406 _+ 12() fl (n = 4) 
and after hypotonic dilution increased of 12 _+ 3% (n = 
3) over the isotonic value. Thereafter, fibroblasts shrank 
gradually and after 6-8 min an almost complete vol- 
ume recovery was achieved. 

Discussion 

We used both ~"CI- efllux measurements and 'whole 
cell' patch-clamp recordings to identify and charac- 
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Fig. 5. Change.,, tff the cch volumu of human keratin~cytcs (A) and 
fibroblasts (B) exposed to hypotonic medium. Cell volume is ex- 
pressed in femtoliters (Ill t5 liter). Ceils were kept in isotonic 
medium. At zero time, a sample of the cell suspension was 201)-fl)ld 
diluted in hypolonic medium (200 mosnlol/kg) and the cell volume 
was followed with time, as described in Methods. The i,fitial (zero 
time) cell volume under isotonic conditions (mean value of four 
determinations) was measured by dilution of a parallel sample of the 
cell suspension in standard incubation medium (300 mosmol/kg). 
The curves are representative of three determinations with keratino- 

cytes and three with fibroblasts. 
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terize a C! .... transport in human keratinocytes that 
becomes activated by cell swelling. 

The finding that replacement of extracellular CI- by 
gluconate and the addition of bumetanide and 
furosemide had no effect on the hypotonic medium- 
stimulated 3f'Ci- efflux ruled out the possible involve- 
ment of the electroneutral Na÷/K÷/CI  - and of the 
K+/CI-  cotransporters [11-14] and of the functionally 
coupled exchanges of K+/H ÷ and C I - / H C O  3 [15], 
which have been shown to be activated in other cellular 
systems (for a review, see Ref. 6). 

The macroscopic currents measured during 'whole 
cell' recordings showed inactivation at positive mem- 
brane potentials and outward rectifi,ration of the cur- 
rent-voltage relationship (shown in Figs. 4A, B). Vol- 
ume-sensitive whole cell currents with similar proper- 
ties have bee,  reported to develop across the plasma 
membrane of colonic tumor cell line "!'~4 [16] and of 
airway epithelial cells [! 7 18]. 

The similar inhibitory effect caused by 1,9-dide- 
oxyforskolin provides evidence that 3c'CI efflux (Fable 
11) and CI- current (Fig. 3B) are mediated by the same 
pathway. Furthermore, both isotopic and electrophysi- 
ological measurements indicate that the volume-sensi- 
tive CI- transport remains activated in keratinocytes as 
long as the hypotonic shock is applied. A persistent (up 
to 2(1 mini activation of CI- eftlux has also been 
observed by us in human fibroblasts incubated in hypo- 
tonic medium [19]. However, fibroblasts almost com- 
pletely recovered their volume within 6-8 rain, even if 
they are maintained in hypotonic medium (Fig. 5B and 
also Mastrocola et ai., submitted). Conversely, kera- 
tinocytes remained swollen and regulatory volume de- 
crease did not take place (Fig. 5A). It is likely that the 
lack of any K + current activation, accompanying the 
increase of CI- conductance, could explain this be- 
haviour. In this respect, it is noteworthy that a signifi- 
cant increase of both K + and CI- effluxes was deter- 
mined in fibroblasts exposed to hypotonic medium [19]. 

Failure to undergo RVD has also been reported to 
occur in lymphocytes ~,btained from human tonsil, 
whereas peripheral blo,,d iymphocytes exhibited a nor- 
mal RVD response [20]. The difference in RVD capac- 
ity was shown to be due to the very low K + permeabil- 
ity in tonsil lymphocytes after hypotonic shock, whereas 
the CI- permeability was similar to that observed in 
peripheral blood lymphocytes [20]. 

in a previous single-channel study, we have identi- 
fied in human keratinocytes an outwardly rectifying 
CI- channel, characterized by an inactivation process 
at large positive membrane potentials [5]. Such proper- 
ties suggest that this type of CI- channel accounts lot' 
the volume-sensitive cur,ents described here by the use 
of whole-cell recordings. Similar conclusions have been 
reported also for other epithelial cells [16,18]. 

Up to recent years, it was believed that ubiquitous 
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rectifying Cl- channels had a role in cAMP- and 
Ca2+-activated CI- secretion in epithelial cells [21]. It 
is now clear that at least three distinct Cl- conduc- 
tances exist, each with different conductive and kinetic 
properties, and each of which responds to cAMP, Ca 2 + 
and cell volume, respectively [22]. Under isotonic con- 
ditions, elevation of cytosolic cAMP and Ca 2 + failed to 
induce any stimulation of Cl- efflux in human kera- 
tinocytes [3]. It can therefore be concluded that these 
cells, at least under our culture conditions, express only 
volume.sensitive CI- channels. 

It is well established that keratinocyte is a cell type 
whose stage of terminal differentiation is closely re- 
lated to its size [23]. The keratinocyte enlarges progres- 
sively moving from the basal to the granular layer. 
Enlargement of keratinocytc may be important for ~ts 
differentiation function and may even be a source of 
signals controlling the differentation program [23]. in 
this respect, it might be of interest to verify in a future 
study whether the lack of RVD described in this paper 
is related to the need of keratinocytes to attain a large 
size during terminal differentiation. 
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