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Abstract

Topical solvent treatment removes lipids from the stratum cor-
neum leading to a marked increase in transepidermal water loss
(TEWL). This disturbance stimulates a variety of metabolic
changes in the epidermis leading to rapid repair of the barrier
defect. Using an immersion system we explored the nature of
the signal leading to barrier repair in intact mice. Initial experi-
ments using hypotonic to hypertonic solutions showed that
water transit per se was not the crucial signal. However, addi-
tion of calcium at concentrations as low as 0.01 mM inhibited
barrier repair. Moreover, both verapamil and nifedipine, which
block calcium transport into cells, prevented the calcium-in-
duced inhibition of TEWL recovery. Additionally, trifluropera-
zine or N-6-aminohexyl-5-chloro-1-naphthalenesulfonamide,
which inhibit calmodulin, prevented the calcium-induced inhibi-
tion of TEWL recovery. Although these results suggest an im-

portant role for calcium in barrier homeostasis, calcium alone

was only modestly effective in inhibiting TEWL recovery. Po-
tassium alone (10 mM) and phosphate alone (5 mM) also pro-
duced a modest inhibition of barrier repair. Together, however,
calcium and potassium produced a synergistic inhibition of
barrier repair (control 50% recovery vs. calcium + potassium
0-11% recovery in 2.5 h). Furthermore, in addition to inhibiting
TEWL recovery, calcium and potassium also prevented the
characteristic increase in 3-hydroxy-3-glutaryl CoA reductase
activity that occurs after barrier disruption. Finally, the return
of lipids to the stratum corneum was also blocked by calcium
and potassium. These results demonstrate that the repair of the
epidermal permeability barrier after solvent disruption can be
prevented by calcium, potassium, and phosphate. The repair
process may be signalled by a decrease in the concentrations of
these ions in the upper epidermis resulting from increased
water flux leading to passive loss of these ions. (J. Clin. Invest.
1992. 89:530-538.) Key words: epidermis ¢ stratum corneum ¢
- calcium channels ¢ lipid synthesis ¢ transepidermal water loss

Introduction

The major function of the epidermis is to form a protective
layer, the stratum corneum, which prevents the excessive loss
of bodily fluids, a requirement for terrestrial life. Although lip-
ids account for only a small percentage of total stratum cor-
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neum weight, they are crucial for the provision of the perme-
ability barrier (1, 2). Topical solvent treatment results in the
removal of stratum corneum lipids, which leads to a marked
disruption in barrier function (3-5). Homeostatic repair mecha-
nisms lead very rapidly to the return of stratum corneum lipids
and the recovery of barrier function (4). An increase in epider-
mal cholesterol and fatty acid synthesis occurs in association
with this recovery of barrier structure and function (3-5). The
stimulation in cholesterol synthesis is accounted for by an in-
crease in both the total activity and activation state of 3-hy-
droxy-3-glutaryl (HMG) CoA reductase' (6), the rate-limiting
enzyme of cholesterol synthesis (7). Moreover, inhibition of
cutaneous cholesterol synthesis with topical lovastatin, a com-
petitive inhibitor of HMG CoA reductase, impairs barrier re-
covery due to impaired formation and secretion of epidermal
lamellar bodies, as well as delayed return of cholesterol to the
stratum corneum (8).

While these results indicate that barrier requirements regu-
late epidermal lipid synthesis, recent studies suggest that the
signal for the repair of the barrier following solvent disruption
involves transepidermal water loss (4). If after disrupting the
barrier, animals are covered with a water vapor-impermeable
membrane that artificially restores barrier function, the usual
increase in epidermal lipid synthesis is prevented and the re-
turn of lipids to the intercellular spaces of the stratum corneum
is inhibited. Moreover, the abnormality in barrier function re-
mains equal to or greater than that observed immediately after
solvent treatment. In contrast, if after disrupting the barrier,
animals are covered with a water vapor-permeable membrane,
the usual increase in epidermal lipid synthesis is observed, stra-
tum corneum lipid content returns towards normal, and, most
importantly, barrier function recovers normally (4). These re-
sults suggests that water flux plays a role in mediating the repair
response.

The aim of this study was to explore in further detail the
nature of the signal that leads to the rapid repair of barrier
structure and function following solvent induced disruption of
the barrier. To address the issue of extracellular regulation, we
developed an experimental model that combines many of the
characteristics of an in vitro system with the advantages of
studies in the intact animal. After barrier perturbation, the ani-
mal is suspended so that the treated side is immersed in experi-
mental solutions. This results in the incubation of the viable
epidermis of the intact animal in specific solutions, allowing a
degree of uniformity and control that is comparable to that
achieved in in vitro systems.

1. Abbreviations used in this paper: HMG CoA reductase, 3-hydroxy-3-
glutaryl CoA reductase; TEWL, transepidermal water loss; TMB-8,
3,4,5-trimethoxybenzoic acid 8-[diethy amino] octyl ester; W7, N-6-
aminohexyl-5-chloro-1-napthalenesulfon-amide.
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Methods

Materials. Hairless male mice (hr/hr) 8-10 wk old were purchased
from Jackson Laboratory, Bar Harbor, ME. They were fed mouse diet
(Simonsen Laboratories, Inc., Gilroy, CA) and water ad lib. The ages
ranged between 10 and 12 wk at the time of study. Acetone was pur-
chased from Fisher Scientific Co., Pittsburgh, PA. Nile red was pur-
chased from PolySciences, Inc., Warrington, PA. *C-HMG CoA (54.2
mCi/mM) and tritiated mevalonic acid were purchased from New En-
gland Nuclear, Boston, MA. Anion exchange silica gels (AG1-X8, for-
mate form, 200-400 mesh) were purchased from Bio-Rad Laborato-
ries, Richmond, CA. EGTA, TMB-8 (3,4,5-trimethoxybenzoic acid
8-[diethy amino]octyl ester), trifluoperazine, verapamil, W7 (N-6-
aminohexyl-5-chloro-1 naphthalenesulfonamide), and nifedipine were
obtained from Sigma Chemical Co., St. Louis, MO. PBS contained 138
mM NaCl, 8.1 mM Na,HPO,, 2.7 mM KCl, and 1.1 mM KH,PO,
(pH 7.4).

Experimental procedures. To acutely perturb barrier function the
flanks of hairless mice, which were anesthetized with i.p. chloral hy-
drate and/or ether inhalation anesthesia, were gently treated with ace-
tone-soaked cotton balls as described in previous publications (3-5).
Acetone treatment does not result in visible or microscopic damage to
the stratum corneum. Immediately after acetone treatment the skin
was warmed to ~ 35°C and transepidermal water loss (TEWL) was
measured using an electrolytic water analyzer (Meeco Inc., Warring-
ton, PA) as described previously (3-5). Animals with TEWL rates be-
tween 5 and 9 mg/cm? per h were included in the study.

After disruption of the barrier with acetone, animals were immedi-
ately immersed with one flank submerged in various solutions for 2.5
h. The animals were suspended on wire netting to avoid contact with
the petri dish container. The solution temperature was initially at 4°C
for the first 15 min to allow for equilibration. Studies have demon-
strated that cold temperature inhibits barrier recovery (Feingold, K. R.,
and P. M. Elias, unpublished observations). The temperature of these
solutions was then constantly maintained at ~ 35°C. In addition,
some animals were left exposed to air while other animals were covered
with a tightly fitted water-impermeable membrane (one finger of a
latex glove) immediately after topical acetone treatment. Before remea-
suring transepidermal water loss, the skin surface was dried and
warmed for 5 min with a heating lamp. In some experiments the ani-
mals were killed and skin samples obtained.

Histochemical staining. Nile red, a fluorescent probe for lipids, was
used to demonstrate the distribution and content of lipids in the stra-
tum corneum as described previously (4).

HMG CoA reductase activity. The epidermis was separated from
the dermis by immersion in 10 mM EDTA and Dulbecco’s PBS at
37°C for 40 min as described previously (6). The epidermis was homog-
enized in 0.3 M sucrose, 10 mM mercaptoethanol, 10 mM EDTA, and

air-exposed

iso-osmolar sucrose(280mOsm/Kg)

isotonic NaCl(154mM)

latex-occluded

50 mM sodium chloride (pH 7.4), microsomes were isolated, and
HMG CoA reductase activity in the microsomes determined, as de-
scribed previously (6). HMG CoA reductase activity was expressed as
nanomoles of mevalonate synthesized per milligram protein per min-
ute. Protein was determined using the Bio-Rad Laboratories protein
assay dye reagent.

Statistical significance was determined using a two-tailed Student’s
1 test.

Results

Role of water transit in barrier recovery. As illustrated in Fig. 1,
if animals are left exposed to air after acetone disruption of the
barrier, barrier function as measured by transepidermal water
loss recovers by ~ 50% in 2.5 h. However, if the animals are
covered with a water vapor impermeable latex membrane,
which artificially restores barrier function, recovery does not
occur. These results are similar to those previously reported by
this laboratory (3-5).

Since our prior studies suggested that water transit is the
signal for barrier recovery, our initial experiments were de-
signed to determine whether an increase in water transit modu-
lates the rate of barrier recovery after acute barrier disruption.
Acetone-treated flanks were immersed in either isoosmolar su-
crose or isotonic sodium chloride, solutions that should result
in little or no net transit of water through the disrupted barrier.
As shown in Fig. 1, the recovery of barrier function under these
conditions is similar to that observed in air exposed animals.

We next assessed whether varying the osmolarity from hy-
potonic to hypertonic would influence the rate of barrier recov-
ery. After the barrier is disrupted, immersion in solutions with
a low osmolarity should lead to net transit of water into the
epidermis, while solutions with a high osmolarity should in-
duce a net transit of water out of the epidermis. As shown in
Fig. 2, upper panel, there is no effect of varying the concentra-
tion of sodium chloride from zero (distilled water) to mildly
hypertonic (190 mM) on barrier recovery. More hypertonic
saline solutions (> 200 mM) resulted in toxicity, and therefore
could not be tested. Likewise, as shown in Fig. 2, lower panel,
varying the osmolarity with sucrose over a wide range also did
not affect barrier recovery. These results suggest that water
transit across the stratum corneum alone is not the crucial sig-
nal that regulates barrier recovery.

Role of ions in barrier recovery. Since modulations of water
transit did not influence barrier recovery, we next explored the
effect of various ions on barrier recovery. As shown in Fig. 3, if

1 2

Figure 1. Barrier recovery after acetone disruption.
After acetone disruption of the barrier, hairless
mice were left exposed to air, covered with a
water-impermeable latex membrane, or immersed
in an isoosmolar sucrose or isotonic NaCl solution
for 2.5 h. TEWL was determined after the skin
surface was dried and warmed. The results are ex-
pressed as the percentage recovery of barrier func-
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mean+SEM. N = 4-7 in each group.
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Figure 2. (A) The effect of sodium chloride concentration on barrier
recovery. After acetone disruption of the barrier, hairless mice were
immersed in varying concentrations of NaCl (0-190 mM) for 2.5 h
followed by determination of TEWL. The results are expressed and
presented as in Fig. 1. N = 4-7 in each group. (B) The effect of os-
molarity on barrier recovery. After acetone disruption of the barrier,
hairless mice were immersed in varying concentrations of sucrose
(140 mOSm/kg-560 mOSm/kg) for 2.5 h followed by determination
of TEWL. Data are presented and expressed as in Fig. 1. N = 4-7 for
each group.
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one adds calcium chloride alone to either isoosmolar sucrose or
isotonic sodium chloride there is a modest decrease in barrier
recovery. The maximum calcium effect is seen at 0.1 mM, and
the half-maximal effect is seen with ~ 0.01 mM. Likewise, if
one adds 40 mM KCl alone to isoosmolar sucrose, a decrease in
the recovery of barrier function occurs, which is similar in mag-
nitude to that observed with calcium alone (Fig. 3). Most im-
portantly, a combination of potassium (40 mM) and calcium
results in a synergistic inhibition of barrier recovery, which was
maximal at 0.1 mM calcium (Fig. 3).

Since the concentration of potassium (40 mM) used in
these experiments is supraphysiologic, we next studied barrier
recovery in calcium- and magnesium-free PBS, a solution repre-
sentative of extracellular fluid. PBS, which contains potassium
but no calcium, by itself diminished barrier recovery to an
extent similar to that observed with potassium alone (Fig. 3).
Moreover, the addition of calcium to calcium- and magne-
sium-free PBS greatly inhibited barrier recovery, with a maxi-
mal effect observed at 0.1 mM and a half-maximal effect at
0.01 mM. These results suggest that certain cations, in particu-
lar calcium, potassium, and phosphate, perhaps play a role in
modulating barrier recovery.

To further characterize the specificity of the calcium effect
we next assessed the effect of another divalent cation, magne-
sium, on barrier recovery. Whereas the addition of magnesium
chloride to isoosmolar sucrose produced a slight decrease in
barrier recovery, which did not achieve statistical significance,
the addition of magnesium to calcium- and magnesium-free
PBS resulted in a significant decrease in barrier recovery (Fig.
4). However, the effect of magnesium was much less than that
observed with similar concentrations of calcium.

Fig. 5 shows the effect of various concentrations of potas-
siumzcalcium on barrier recovery. As described above, the ad-
dition of potassium alone to isoosmolar sucrose had a modest
effect on barrier recovery, while the addition of potassium to
isoosmolar sucrose containing 1.0 mM calcium caused a dra-
matic inhibition of barrier repair (Fig. 5). In both circum-
stances, maximal inhibition of barrier recovery occurred at a
concentration of 10 mM potassium, and higher concentrations
did not cause a greater effect.

The effect of phosphate alone on barrier recovery is shown
in Fig. 6. Increasing concentrations of phosphate result in an
inhibition in barrier recovery with maximum effects observed

Figure 3. The effect of calcium on barrier recov-
ery. After acetone disruption of the barrier, mice
were immersed in isoosmolar sucrose, 190 mM
NaCl, isoosmolar sucrose containing 40 mM
KCL, or calcium-, magnesium-free PBS. The con-
centration of CaCl, was varied from 0-1.8 mM
and after 2.5 h TEWL was determined. Data are
presented and expressed as in earlier figures. N

= 4-7 for each group. m, isoosmolar sucrose; m,
NaCl (190 mM); @, KCl (40 mM); &, PBS (Ca,
Mg free).
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at 5 mM. The combination of phosphate (9.5 mM) and potas-
sium (40 mM) did not result in a synergistic or additive inhibi-
tion of barrier recovery (recovery remained between 30 and
35%). The combination of phosphate (9.5 mM) and calcium
(1.0 mM) resulted in a modest increase in the inhibition of
barrier recovery (23+2.9%, n = 5) but not to the levels seen
with PBS + calcium.

To demonstrate that the inhibition of barrier recovery by
calcium- and potassium-containing solutions is not secondary
to toxic effects, animals were exposed to air after immersion in
PBS plus calcium for 2.5 h as in the studies described above. As
shown in Fig. 7, the recovery of barrier function in animals
exposed to air immediately after immersion (solid line and
squares) is similar to animals exposed to air immediately after
barrier disruption (dotted line and open squares). These results
indicate that the inhibition of barrier recovery by calcium and/
or potassium cannot be attributed to nonspecific toxic effects.

Because of the apparent importance of calcium in mediat-
ing barrier repair after acetone disruption, we next compared
barrier recovery in animals immersed in isoosmolar sucrose
with and without 20 mM EGTA, a compound that binds cal-
cium with a high affinity. The recovery of barrier function is
similar in both solutions (isoosmolar sucrose:50.8+3.7% vs.
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Figure 4. The effect of calcium or magnesium on
barrier recovery. After acetone disruption of the
barrier, mice were immersed in isoosmolar sucrose
or calcium-, magnesium-free PBS containing
varying concentrations of MgCl, or CaCl,. After
2.5 h TEWL was determined. Data are presented
and expressed as in earlier figures. N = 4-7 for
each group. s, Mg** in isoosmolar sucrose; 8, Ca**
in isoosmolar sucrose; @, Mg** in PBS; @, Ca**

in PBS.

isoosmolar sucrose + 20 mM EGTA 49.0+2.3% recovery of
transepidermal water loss at 2.5 h; NS), indicating that binding
of calcium does not accelerate the rate of recovery.

Effect of calcium channel and calmodulin inhibitors on
barrier recovery. To determine the role of calcium influx into
cells on barrier recovery we next employed inhibitors of cal-
cium uptake. As shown in Fig. 8, verapamil, a calcium channel
inhibitor (9), reversed the inhibition of barrier recovery that is
caused by incubation in solutions containing calcium with or
without potassium. Verapamil is effective at concentrations as
low as 0.05 uM with a maximal effect at 1 uM. Moreover, the
modest effect of calcium alone on barrier recovery also is pre-
vented by verapamil. Furthermore, nifedipine, which belongs
to another class of calcium channel inhibitors (9), also prevents
the inhibition of barrier recovery that is characteristically
caused by calcium and potassium (Fig. 8). These results indi-
cate that the cellular uptake of calcium plays a crucial role in
regulating barrier homeostasis.

To determine the importance of cytosolic calcium we next
determined the effect of TMB-8, a compound that inhibits the
translocation of calcium from membrane storage sites to the
cytosol (10). As shown in Fig. 9, TMB-8 allows barrier recovery
to occur in the presence of calcium and potassium. These re-

Figure 5. Effect of potassium on barrier recovery.
After acetone disruption of the barrier, mice were
immersed in isoosmolar sucrose or isoosmolar su-
crose containing 1.0 mM CaCl,. The KCL con-
centration was varied from 0 to 80 mM and after
2.5 h TEWL was determined. Data are presented
80 and expressed as in earlier figures. N = 4-7 for
each group. m, isoosmolar sucrose; @, 1.0 mM Ca**
in isoosmolar sucrose.
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Figure 6. Effect of phosphate on barrier recovery. After acetone
disruption of the barrier, mice were immersed in isoosmolar sucrose
or isoosmolar sucrose containing various concentrations of sodium
phosphate. After 2.5 h TEWL was determined. Data are presented
and expressed as in earlier figures. N = 4-7 for each group.

sults suggest that the localization of intracellular calcium plays
a role in the inhibitory effects of calcium and potassium.

To assess one possible mechanism of the intracellular cal-
cium induced inhibition, we next determined the effect of the
calmodulin inhibitors, trifluroperazine and W7 (11, 12), on
barrier recovery. The addition of either trifluroperazine or W7
prevents the inhibition of barrier recovery characteristically
caused by calcium and potassium (Fig. 10). Both trifluropera-
zine and W7 prevent the inhibition at concentrations as low as
0.001 uM with maximal effects at 1 uM. These results suggest
that calmodulin plays a role in the calcium effect on barrier
recovery.
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HMG CoA reductase activity. Previous studies have shown
that barrier recovery is dependent upon rapid increases in the
de novo synthesis of cholesterol (3-5, 8). Therefore, to deter-
mine whether the effects of calcium and/or potassium on
barrier recovery are linked to changes in lipid synthesis, we
next determined the activity of HMG CoA reductase, the rate-
limiting enzyme of cholesterol synthesis (7), after disruption of
the barrier. As seen in Table I, the activity of HMG CoA reduc-
tase increases 65% in animals exposed to air. Whereas previous
studies have demonstrated that this increase in HMG CoA re-
ductase activity is prevented by latex occlusion (6), immersion
in an isotonic sodium chloride solution does not influence the
characteristic increase in HMG CoA reductase activity that
follows barrier disruption (Table I). Immersion in calcium- and
magnesium-free PBS solution results in a very slight decrease
in enzyme activity, but this does not achieve statistical signifi-
cance. In contrast, immersion in a PBS solution containing
calcium completely inhibits the expected increase in HMG
CoA reductase activity that occurs after barrier disruption.
These results show that the differences in barrier recovery that
occur in the various solutions is associated with parallel modu-
lations in cholesterol synthesis.

Morphological studies. In previous studies we have demon-
strated that acetone treatment removes stainable neutral lipids
from the stratum corneum (4). Over time these neutral lipids
return to the stratum corneum in parallel with barrier recovery
(4). As shown in Fig. 11 4, in the air-exposed animals, bright
yellow fluorescence reappears, indicative of neutral lipid reple-
tion of the stratum corneum. In animals treated with acetone
and then occluded with a latex wrap, no return of stainable
lipids occurs (Fig. 11 B), results similar to those previously
reported (4). In animals immersed in calcium- and magne-
sium-free PBS, partial return of lipid staining is apparent at 2.5
h (Fig. 11 C). In contrast, in animals immersed in PBS supple-
mented with 1.0 mM calcium, the return of lipids to the stra-
tum corneum is inhibited (Fig. 11 D).

Discussion

Previous studies have shown that topical solvent treatment re-
sults in the removal of lipids from the stratum corneum which

Figure 7. Barrier recovery following immersion.
After acetone disruption of the barrier, mice were
immersed in calcium-, magnesium-free PBS con-
taining 1.8 mM CaCl, for 2.5 h. After immersion
the animals were then exposed to air for 2.5 h.
Another set of animals was exposed to air imme-

-3 -2 -1 0 1

Hour

diately after barrier disruption. Data are presented
and expressed as in earlier figures. N = 5 for each
group. -----0-----, air exposed; —=—, immer-
sion-air exposed.
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leads to a marked disruption in barrier function (4). This per-
turbation stimulates a variety of metabolic changes in the epi-
dermis, including accelerated formation and secretion of epi-
dermal lamellar bodies, as well as increased cholesterol and
fatty acid synthesis (2-6, 8). These changes in turn lead to the
restoration of the lipid content of the stratum corneum and
normalization of barrier function. The signal that initiates this
repair process is unknown, but previous studies have suggested
that transepidermal water loss might be an important factor
(4). For example, if after disruption of the barrier, animals are
covered with a water impermeable membrane, this prevents
the expected increase in transepidermal water loss, the return
of stratum corneum lipids, and barrier recovery does not occur
(4). In contrast, if comparably treated animals are covered with
a vapor-permeable membrane, which allows for an elevated
transepidermal water loss, the stratum corneum lipid content
and barrier function recover normally (4).

We initially determined whether preventing or altering
water loss across the stratum corneum would influence barrier
recovery. Neither an isoosmolar sucrose solution nor an iso-
tonic sodium chloride solution, both of which decrease net
water loss, alter barrier repair. Similarly, varying the osmolar-
ity of the immersion solution from hypotonic (distilled water)
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Figure 8. Effect of calcium channel blockers on
barrier recovery. After acetone disruption of the
barrier, mice were immersed in isoosmolar sucrose
containing 1.8 mM CaCl, alone or 1.8 mM CaCl,
+ 40 mM KCL. Various concentrations of vera-
pamil or nifedipine were added as indicated and
TEWL was determined at 2.5 h. Data are pre-
sented and expressed as in earlier figures. N = 3-6
for each group. m, verapamil + 1.8 mM Ca**; m,
verapamil + 40 mM K* + 1.8 mM Ca**; @, ni-
fedipine + 40 mM K* + 1.8 mM Ca**.

to hypertonic (540 mOSm/kg sucrose), both of which should
effect the rate and/or direction of net water flux, also did not
alter barrier repair. These observations indicate that water
transit per se is unlikely to be the crucial signal that stimulates
barrier recovery following acute disruption of the barrier with
solvents.

In contrast, our studies have demonstrated that specific
ions (calcium, potassium, and phosphate) may be crucial in
regulating barrier homeostasis. Addition of calcium at concen-
trations as low as 0.01 mM-0.1 mM to the immersion solution
inhibited barrier repair. In contrast, magnesium, another diva-
lent anion, also inhibited barrier recovery, but not as effectively
as calcium. This effect is analogous to that of divalent cations
on the parathyroid gland where both calcium and magnesium
inhibit parathyroid hormone secretion but calcium is much
more potent (13). Moreover, these studies are consistant with
recent studies that demonstrate that calcium plays an impor-
tant role in mediating keratinocyte function (14-18). In tissue
culture the addition of calcium to the medium (concentrations
as low as 0.1 mM in mouse keratinocytes) results in inhibition
of proliferation and terminal differentiation of both murine
and human keratinocytes (14-19). Moreover, previous studies
have demonstrated a calcium gradient in the epidermis in vivo,
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Figure 9. Effect of TMB-8 on barrier recovery. After ace-
tone disruption of the barrier, mice were immersed in
isoosmolar sucrose containing 1.8 mM CaCl, and 40 mM
KCl. Various concentrations of TMB-8 were added as
indicated and TEWL was determined at 2.5 h. Data are
presented and expressed as in earlier figures. N = 4-7 for
each group.
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Figure 10. Effect of calmodulin antagonists on barrier recovery. After
acetone disruption of the barrier, mice were immersed in isoosmolar
sucrose containing 1.8 mM CaCl, and 40 mM KCl. Various concen-
trations of trifluoperazine or W7 were added as indicated and TEWL
was determined at 2.5 h. Data are presented and expressed as in ear-
lier figures. N = 4-7 for each group. 0, trifluoperazine; @, W7.

with low calcium concentrations in the basal, proliferating
layers, and progressively higher concentrations as one proceeds
to the outer differentiated layers (20, 21). Whereas the low con-
centrations in the basal layers would be conducive to prolifera-
tion, the higher concentrations in the stratum spinosum and
granular layers would favor differentiation. In very recent stud-
ies, we have demonstrated the depletion of calcium from the
upper epidermis following acute disruption of the barrier
(Menon, G. K., S. H. Lee, P. M. Elias, and K. R. Feingold,
manuscript submitted for publication). Based on these obser-
vations, it is likely that a decrease in the calcium concentration
in the upper epidermis is involved in initiating the repair pro-
cess.
We suspect that the calcium gradient is disrupted after sol-
vent treatment because of accelerated water transit leading to
the increased passive loss of calcium. Disruption of the barrier
is associated with increased ion flux across the skin (22). More-
over, artificial restoration of the barrier with a water vapor-im-
permeable membrane would prevent such water transit and
loss of calcium. It should be recognized that while an imperme-
able membrane would inhibit the calcium loss by completely
blocking water flux, immersion in isotonic or isoosmolar solu-
tions, which prevents the net transport of water, would not
inhibit either transcutaneous water fluxes or calcium loss.
Thus, water loss, while not the direct signal for barrier repair,
may be a necessary component to induce these changes in epi-
dermal calcium concentration that in turn stimulate barrier
repair.

Additional evidence of the importance of calcium is shown
by the effect of inhibition of calcium transport on barrier recov-
ery. Both verapamil and nifedipine, which are chemically unre-
lated and inhibit calcium transport into cells via the L channel
(9), prevent the calcium induced inhibition of barrier repair.
This finding not only confirms a regulatory role for calcium in
barrier repair, but also demonstrates that changes in intracellu-
lar calcium levels are important in mediating this inhibition of
repair.

That cytosolic calcium is important is further shown by our
experiments demonstrating that the inhibition of the transport
of calcium from membrane storage pools to the cytosol by
TMB-8 (10) prevents the inhibition of barrier recovery induced
by calcium and potassium. Moreover, both trifluoperazine and
W7, two structurally different calmodulin inhibitors (11, 12),
also prevent the inhibition of barrier recovery. Taken together
these results suggest a possible mechanism for the calcium ef-
fects; calcium enters the cell via L channels, binds to calmodu-
lin in the cytosol, and then by mechanisms yet to be elucidated
inhibits lamellar body secretion and the repair response. Cal-
cium calmodulin complexes have been shown to affect a large
number of key cellular processes such as protein kinases, pro-
tein phosphatase-specific enzymes, ionic channels, etc.
(11, 12). .

Prior studies have shown that the lipids in the stratum cor-
neum are primarily derived from the secretion of lamellar bod-
ies by the cells of the stratum granulosum, and that lamellar
body secretion is markedly increased following barrier disrup-
tion (1, 2, 8). This rapid secretion of preformed lamellar bodies
is followed by the synthesis of new lamellar bodies and further
secretion (8). In most secretory systems, increases in intracellu-
lar calcium concentration stimulate secretion (23, 24). How-
ever, in keratinocytes it appears that increased intracellular cal-
cium inhibits, while decreased intracellular calcium stimulates
lamellar body secretion, analogous to the situation in the para-
thyroid gland where increased calcium concentrations decrease
parathyroid hormone secretion while decreased calcium con-
centrations increase parathyroid hormone secretion (13). How-
ever, just as in the parathyroid gland, at this time the mecha-
nism(s) by which the regulatory ions modulate lamellar body
formation and secretion remain speculative.

Calcium alone, however, is only modestly effective in in-
hibiting barrier repair. Potassium alone and phosphate alone
also produce a comparable modest inhibition of barrier repair.
As occurs with calcium, it is likely that increased transepider-
mal water loss alters the epidermal potassium and phosphate
concentration after barrier disruption due to increased passive
loss. Studies by others have demonstrated increased potassium
flux following disruption of the barrier (22). Calcium and potas-
sium produce a synergistic inhibition of barrier recovery. These

Table I. HMG CoA Redirctase Activity After Acetone Treatment

Treatment Enzyme Activity Percent change
nmol/min per mg protein %
Saline control (n = 4) 0.629+0.020 —
Acetone — Air exposed (n = 3) 1.038+0.072* +65
Acetone — PBS — Catt,
Mg** free (n = 7) 0.905+0.029% +44
Acetone — PBS + Ca** (n = 4) 0.607+0.065 -3

After acetone disruption of the barrier, mice were left exposed to air
or immersed in a calcium-, magnesium-free PBS or PBS + 1.8 mM
CaCl, solution for 2.5 h. A saline treated group of animals in which
the barrier was not disturbed served as a control group. HMG CoA
reductase activity in the epidermis was determined as described in
Methods. The results are presented as mean+SEM. N, number of
animals.

* P < 0.01 compared to control; ¥ P < 0.001 compared to control.
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Figure 11. Lipid histochemistry after exposure to various solutions. 2.5 h after acetone treatment, followed by air exposure, there is a return of
prominent green-gold fluorescence in the stratum corneum (arrows) with nile red staining (4). When animals are occluded with a latex-wrap
immediately after acetone treatment, no stainable lipid is evident (B, arrow). 2.5 h after immersion in PBS, partial return of green-gold fluores-
cence is apparent (C). In contrast, in PBS plus calcium (1.0 mM), little return of lipid staining is apparent (D). In comparison note bright
green-gold fluorescence of pilosebaccous lipids (asterisks) in dermis in B-D. Surface staining in C is a result of secreted pilosebaceous lipids and
does not contribute to the recovery of barrier function.

results are consistent with work in cultured keratinocytes,
which have shown that intracellular potassium concentrations
increase when calcium is added to the media (25, 26). More-
over, calcium-induced differentiation of keratinocytes in cul-
ture requires this increase in intracellular potassium (25, 26). If
potassium levels in the media are decreased, the addition of
calcium is unable to induce keratinocyte differentiation (25,
26). Similarly, the use of drugs, such as harmaline or TMB-8,
that inhibit calcium-induced increases in intracellular potas-
sium, also prevents calcium-induced differentiation (25, 26).
The precise mechanism by which calcium leads to increased
intracellular levels of potassium in keratinocytes is unknown,
but it could be related to a variety of calcium-activated potas-
sium channels (27). Further studies are required to define the
complex interactions by which calcium, potassium, and phos-
phate regulate barrier repair.

In addition to blocking the normalization of barrier func-
tion, immersion in calcium and potassium solutions also in-
hibit the characteristic increase in HMG CoA reductase activ-
ity that occurs after barrier disruption, as well as the return of
lipids to the stratum corneum. These results indicate that cal-
cium and potassium ions may regulate a wide spectrum of
metabolic events involved in barrier homeostasis. How these
metabolic changes are linked and coordinated is unknown. It is
clear, however, that the inhibition in barrier response mediated
by calcium and potassium can not be attributed to nonspecific

toxic effects. After removal from the calcium- and potassium-
containing solutions, the barrier recovers rapidly and the rate
of recovery is similar to that observed in animals exposed to air
immediately following barrier disruption.

In summary, this study demonstrates that the repair of the
epidermal barrier after solvent disruption can be prevented by
immersion in solutions containing calcium and potassium.
This suggests that the repair process induced by barrier disrup-
tion may be signalled by a decrease in the concentrations of
these ions in the epidermis secondary to increased water flux
and the passive loss of these ions.
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