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Human dermal fibroblasts failed to proliferate
when cultured in medium containing 0.15 mmol/
1 (millimolar) Ca21 (keratinocyte growth medium
[KGM[) but did when the external Ca2" concentra-
tion was raised to 1.4 mmol/l. All-trans retinoic
acid (retinoic acid) stimulated proliferation in
KGM but did notfurther stimulate growth in Ca2+-
supplemented KGM. The ability of retinoic acid to
stimulate proliferation was inhibited in KGMpre-
pared without Ca2+ orprepared with 0. 03 mmol/l
Ca2+ and in KGM treated with I mmol/l ethylene-
glycol-bis-(p-aminoethyl ether)N,N'-tetra acetic
acid. Using 45Ca2` to measure Ca2+ influx and ef-
flux, it wasfound that retinoic acid minimally in-
creased Ca2+ uptake into fibroblasts. In contrast,
retinoic acid treatment offibroblasts that had been
pre-equilibratedfor I day with 45Ca2+ inhibited re-
lease of intracellular Ca2+ into the extracellular
fluid. Retinoic acid also stimulated 35S-methionine
incorporation into trichloroacetic acid-precipita-
ble material but in contrast to its effect on prolifer-
ation, stimulation of35S- methionine incorporation
occurred in both high-Ca2+ and low-Ca2+ medium.
These data indicate that retinoic acid stimulation
ofproliferation, but notprotein synthesis, is depen-
dent on the concentration of Ca2+ in the extracel-
lular environment. (Am J Pathol 1990, 136:
1275-1281)

Topical administration of all-trans retinoic acid (retinoic
acid) improves several features of photoaged skin, includ-
ing fine and deep wrinkles, texture, and color.1'2 Similar
changes are seen in the skin of hairless mice after topical
retinoic acid treatment.34 Histologic examination of reti-
noic acid-treated skin reveals epidermal thickening with

increased keratinocyte proliferation, thickening of the
granular layer, and increased deposition of alcian blue-
staining (GAG-like) material.1 3 Dermal features include in-
creased numbers of fibroblasts, evidence of fibroblast ac-
tivation, and formation of new extracellular matrix.1'3-5 In
contrast to these effects after topical administration, oral
retinoid (etretinate) treatment in psoriasis acts to inhibit
proliferation.6'7 These seemingly parodoxic effects of reti-
noids are also observed in vitro where retinoids can either
stimulate or inhibit fibroblast and keratinocyte prolifera-
tion, depending on the source of the cells and the condi-
tions of maintenance.614 The cellular basis for these di-
verse effects of retinoids is not fully understood.

In the present study, we demonstrate that the ability of
retinoic acid to stimulate human dermal fibroblast prolifer-
ation is dependent on the concentration of Ca2" in the
extracellular environment. Retinoic acid stimulated the
growth of fibroblasts in culture medium containing 0.15
mmol/l Ca2+. Fibroblasts maintained in this concentration
of Ca2+ did not proliferate in the absence of retinoic acid.
In contrast to its stimulating effect in the presence of sub-
optimal external Ca2+, retinoic acid failed to further stimu-
late proliferation of cells that were maintained in the pres-
ence of a concentration of Ca2+ (1.4 mmol/l) that sup-
ported proliferation without retinoic acid.

Materials and Methods

Cells

Human dermal (neonatal foreskin) fibroblasts were used
in this study. They were obtained as primary cultures and
stored in liquid N2 at passage 2 to 4. The fibroblasts were
grown in monolayer culture using minimal essential me-
dium of Eagle with Earle's salts (MEM) containing nones-
sential amino acids, 100 U/ml of penicillin, 100 ag/ml of
streptomycin, and 10% fetal bovine serum as culture me-
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dium. Cell growth was at 370C and 5% CO2. Cells were
subcultured with 0.25% trypsin/0.02% EDTA as required.
Experiments were conducted on cells through passage
20. In experiments the cells were cultured in keratinocyte
growth medium (KGM) (Clonetics, Inc., San Diego, CA).
Keratinocyte growth medium is a low Ca2' (0.15 mmol/
I), serum-free medium (MCDB 153) containing epidermal
growth factor, insulin, hydrocortisone, ethanolamine,
phosphoethanolamine, and bovine pituitary extract as
growth-promoting supplements. Fibroblast growth in
KGM was compared to growth in KGM supplemented
with 1.4 mmol/l Ca2 . In some experiments KGM pre-
pared without added Ca2+ or prepared with 0.03 mmol/l
Ca2+ (Clonetics, Inc.) or Ca2+-chelated KGM were used.

Reagents

Retinoic acid (type XX) was obtained from Sigma Chemi-
cal Co. (St. Louis, MO). Stock solutions were prepared in
dimethyl sulfoxide (DMSO) (5 mg/ml) and stored frozen
and protected from light. Working solutions were pre-
pared in the appropriate culture medium at the time of
use. When cells were treated with all-trans retinoic acid,
they were protected from light during the incubation pe-
riod. The final concentration of DMSO in the cultures
treated with 1.0 ,ug/ml of retinoic acid (highest concentra-
tion used) was 0.02%. This concentration of DMSO had
no detectable effect by itself on cell growth or on Ca2+
metabolism.

The Ca2+ ionophore A23187 was obtained from Sigma
Chemical Co. It was prepared as a 100 ,mol/l (micromo-
lar) solution in DMSO and diluted in the appropriate culture
medium at the time of use.

Proliferation Assay

Fibroblast proliferation was measured by seeding 35-mm
(diameter) culture dishes with 1 X 1 05 cells per dish in
MEM supplemented with 10% fetal bovine serum. One to
two hours later the cells were washed and incubated in
KGM (containing 0.15 mmol/l Ca2+) or in KGM supple-
mented with 1.4 mmol/l Ca2+. Cells in each group were
left without further treatment or treated as described in
Results. The cultures were then incubated at 370C and
5% CO2 for 24, 48, or 72 hours. After incubation, the cells
were harvested with trypsin and counted using an elec-
tronic particle counter. Before counting, the trypsinized
cells were examined under phase-contrast microscopy to
confirm that they were in single-cell suspension. To evalu-
ate proliferation data statistically, the cell number at time
zero (1 X 105 cells) was subtracted from the values ob-

tained at the end of the incubation period. The remaining
values were then compared using Student's t-test.

35S-methionine Incorporation

35S-methionine incorporation into protein was measured
by seeding 35-mm (diameter) culture dishes with 1 X 105
cells per dish in MEM supplemented with 10% fetal bovine
serum. One to two hours later the cells were washed, in-
cubated in KGM, and treated as described in Results.
One day later each dish was incubated with 1 jzCi of 35S-
methionine for 1 hour. At the end of this incubation period,
the cells were washed twice in phosphate-buffered saline
(PBS) and lysed in a solution of PBS containing 1% Triton
X-1 00, 0.5% deoxycholate and 0.1% sodium dodecylsul-
fate (PBS-TDS). Lysates were precipitated with 10% (final)
trichloroacetic acid (TCA) and washed twice in TCA. A
sample of the washed precipitate was resuspended in
aquous scintillation fluid and counted for total 35S-methio-
nine incorporation.

45Ca2+ Uptake and Release Studies

45CaCl2 was obtained from ICN (Irvine, CA). For 45Ca2+
uptake studies, fibroblasts were plated at 2.5 X 105 cells/
dish in MEM supplemented with 10% fetal bovine serum.
After the cells had a chance to attach and spread, they
were washed three times in KGM and incubated in KGM
with or without 1 jig/ml of retinoic acid. One ,uCi of 45Ca2+
was added to each dish and the cells were then incubated
at 37°C and 5% CO2. At various times later, the culture
fluid was removed and the cells werer rapidly washed
three times with cold KGM. The final wash contained 5
mmol/l EGTA. The cells were lysed in PBS-TDS and the
total amount of 45Ca2+ taken up by the cells determined
by ,B-scintillation counting. In some experiments the cells
were pre-equilibrated with KGM for 1 day and then treated
with 1 ,ug/ml of retinoic acid and 1 ,uCi of 45Ca2+. In other
studies, the cells were pre-equilibrated with both KGM
and 45Ca2+ and then treated with 1 ,ug/ml of retinoic acid.

To measure 45Ca2+ release from prelabeled cells, the
cells were plated at 2.5 X 105 cells/dish exactly as de-
scribed above. They were incubated for 1 day in KGM
containing 1 gCi of 45Ca2+ to load the cells. One ug/ml of
retinoic acid was then added directly to the wells without
first removing nonincorporated 45Ca2+. One hour after ad-
dition of retinoic acid, the cells were washed three times
with cold KGM (with or without retiffoic acid) to remove
nonincorporated 45Ca2+. The cells were then incubated
for various periods of time in KGM with or without retinoic
acid. 45Ca2` released into the culture fluid was determined
by p-scintillation counting.
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Table 1. Effect ofRetinoic Acid on Humant Dermal Fibroblast Proliferation in KGM and in KGM Supplemented
with 1.4 mmol/lCa2

Number of cells X 105

Retinoic acid KGM (P value) KGM + 1.4 mM Ca2+ (P value)

None 1.37 ± 0.04 3.23 ± 0.49
0.5 ,ug/ml 2.24 + 0.52 P < 0.001 2.93 ± 0.76 NS
1.0,g/ml 1.89 + 0.48 P < 0.01 2.40 ± 0.72 P < 0.05

Cells were plated at 1 X 105 cells/dish on day zero as described in Materials and Methods and incubated for 2 days. Values shown represent average
number of cells/dish on day 2 ± standard deviations based on four samples/data point in a single experiment. The experiment was repeated three times
with similar results. Statistical significance levels were determined using the Student's t-test. NS, not significant at the P < 0.05 level.

Results
Effects of Retinoic Acid on Fibroblast
Proliferation in KGM and KGM Supplemented
with 1.4 mmol/l Ca2+
Fibroblasts were incubated for 2 days in KGM (0.15
mmol/l Ca2+) or in KGM supplemented with 1.4 mmol/l
Ca2'. In KGM alone, proliferation was almost completely
inhibited while in KGM supplemented with 1.4 mmol/l
Ca2+, proliferation occurred (Table 1). Retinoic acid (0.5
to 1.0 ,ig/ml) significantly stimulated proliferation in KGM
but did not further stimulate cell growth in KGM supple-
mented with 1.4 mmol/l Ca2+ (Table 1). The data shown
in Table 1 were obtained at a single time point (2 days
after treatment), but in addition, a complete time-re-
sponse study was performed with reLinoic acid. There
were only minimal differences between control and reti-
noic acid-treated cells after 1 day (usually less than 5%).
Differences were observed by day 2 and were even
greater after 3 days. Dose-response studies indicated
that retinoic acid was maximally effective at 0.5 to 1.0 ,ug/
ml (1.7 to 3.4 X 10-6 mol/l [molar]) but was less effective
at higher and lower concentrations. We routinely ob-
served no stimulation at 0.01 ,ig/ml of retinoic acid and
only minimal stimulation at 0.1 ytg/ml. At concentrations
of 2.5 and 5.0 ,ug/ml, proliferation rates were already de-
creased almost to the values obtained in the absence of
retinoic acid. At the highest concentration used (5.0 ,g/
ml) there was an increase in trypan blue-staining cells,
indicative of toxicity. This was not observed at any of the
lower concentrations examined (not shown). In regard to
the lower concentrations, it should be noted that the cells
were exposed to a low concentration of retinoic acid (ap-
proximately 5 X 10-9 mol/l) in the fetal bovine serum-con-
taining medium before the start of the experiment.
Whether chronic exposure to low levels of retinoic acid
influenced the subsequent response of the cells to higher
concentrations was not investigated.

Role of Extracellular Ca2+ in Retinoic
Acid-stimulated Fibroblast Proliferation
The ability of retinoic acid to stimulate fibroblast prolifera-
tion in medium containing 0.15 mmol/l Ca2+ but not in

medium containing 1.4 mmol/l Ca2+ suggested a role for
extracellular Ca2+ in this process. To examine this possi-
bility, we modulated the availability of extracellular Ca2+ to
the cells in a number of ways and examined the ability of
retinoic acid to stimulate proliferation under these condi-
tions. These data are shown in Table 2 and Figure 1. The
data in Table 2 show that the ability of retinoic acid to
stimulate fibroblast proliferation was inhibited in medium
containing 0.03 mmol/l Ca2+ and in medium containing
only traces of Ca2+ (i.e., in KGM prepared without added
Ca2+). Similarly, chelation of exogenous Ca2+ with 1
mmol/l EGTA also inhibited retinoic acid-induced prolifer-
ation (Table 2). In additional studies, the Ca2+ inophore
A23187 was examined for effects on fibroblast prolifera-
tion in KGM and in KGM supplemented with 1.4 mmol/l
Ca2 . In the presence of Ca2+-supplemented KGM,
A23187 inhibited proliferation at all concentrations exam-
ined (0.005 to 1.0 ,umol/l) (Figure 1). However, in KGM,
low concentrations of A23187 stimulated proliferation
(Figure 1).

Effects of Retinoic Acid on 45Ca2+ Uptake
and Release from Fibroblasts

Because retinoic acid stimulation of fibroblast proliferation
in KGM was sensitive to modulation of extracellular Ca2+
levels, we considered the possibility that retinoic acid fa-
cilitated the uptake of Ca2+ from the extracellular environ-
ment. To examine this, we measured uptake of 45Ca2+ by
control and retinoic acid-treated (1.0 ,tg/ml) cells. As can
be seen in Figure 2A, however, 45Ca2+ entry into non-pre-
equilibrated cells was only minimally stimulated by pre-
treatment for 1 day with retinoic acid. In other studies,
45Ca2' entry into fibroblasts was measured immediately
after retinoic acid treatment. Similar results were obtained
to those shown in Figure 2A. Retinoic acid (1.0 ,ug/ml)
treatment only minimally increased the rate of 45Ca2+ up-
take. Finally, the effects of retinoic acid (1.0 ,ug/ml) were
examined on the uptake of 45Ca2+ by cells that had been
pre-equilibrated for 1 day with KGM containing 45Ca2+.
Again, there was only a slight increase in 45Ca2+ uptake
after retinoic acid treatment (not shown).
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Table 2. Inhibition ofRetinoic Acid-induced Proliferation in KGM Prepared with Reduced Ca2+ Levels
and in the Presence ofEGTA

Number of cells
Treatment X 105 (P value)

KGM(0.15mMCa2+) 1.12±0.08 P<0.001
+ 0.5 ug/mi retinoic acid 2.00 ± 0.05

KGM (0.03 mM Ca2+) 1.02 + 0.06 NS
+ 0.5 jg/ml retinoic acid 1.29 ± 0.09

KGM (without Ca2+) 1.16 ± 0.02 NS
+ 0.5 pg/ml retinoic acid 1.26 ± 0.11

KGM (0.15 mM Ca2+ + 1 mM EGTA) 0.89 ± 0.09 NS
+ 0.5 ,ug/ml retinoic acid 0.87 ± 0.16

Cells were plated at 1 x 10Q5 cells/dish on day zero and treated as described in Materials and Methods for 2 days. KGM without Ca2+ was prepared
without exogenous Ca2+ but contains traces of Ca2 . Values shown represent average number of cells/dish on day 2 ± standard deviations based on five
samples/data point in two separate experiments. Statistical significance levels were determined using the Student's t-test. NS, not significant at the P < 0.05
level.

In contrast to the lack of substantial stimulation of
45Ca2` uptake, treatment of prelabeled cells with retinoic
acid (1.0 ,g/ml) inhibited 45Ca2+ release into the extracel-
lular fluid. For this, cells prelabeled with 45Ca2+ were
treated with retinoic acid and the cumulative amount of
45Ca2+ released into the culture medium measured at vari-
ous times later as described in Materials and Methods.
Significant inhibition was observed as early as 1 to 2 hours
after retinoic acid treatment (Figure 2B). Differences be-
tween control and retinoic acid-treated cells were still visi-
ble as late as 6 hours after treatment (not shown). After
six hours, the amount of 45Ca2+ remaining with the cells
was approximately two times higher in the retinoic acid-
treated cells than in control cells (17% versus 8%).

Effects of Retinoic Acid on Fibroblast
Incorporation of 35S-methionine into
TCA-precipitable Material

We next examined the effects of retinoic acid on incorpo-
ration of 35S-methionine into TCA-precipitable material.
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Cells were maintained in KGM or KGM supplemented with
1.4 mmol/l Ca2+ and treated for 1 day with various con-
centrations of retinoic acid. The cells were then incubated
for another hour with 35S-methionine (1 ,Ci/dish) and the
amount of radioactivity incorporated into TCA-precipita-
ble material was determined. Figure 3 indicates that the
same concentrations of retinoic acid that stimulated prolif-
eration in KGM also stimulated protein synthesis. At opti-
mal concentrations, 35S-methionine incorporation into
TCA-precipitable material was increased approximately
four times over the amount incorporated under control
conditions. Virtually identical results were obtained in
KGM supplemented with 1.4 mmol/l Ca2+: retinoic acid
at 0.5 and 1.0 pg/ml stimulated 35S-methionine into TCA-
precipitable material by two to three times of that incorpo-
rated by untreated fibroblasts (Figure 3).

Discussion

Results from the present study indicate that retinoic acid-
stimulation of human dermal fibroblast proliferation re-

2+ Figure 1. Effects of A23187 on fibroblast
U + 1.4mM Ca proliferation in KGM and in KGM supple-

mented with 1.4 mmol/l Ca'. Cells were
plated at 1 X 105 cells/dish on day zero as
described in Materials and Methods and
incubatedfor 2 days. Values shown repre-
sent average number ofcells/dish on day 2
+ standard deviations based on six sam-
ples/data point in three independent ex-
periments.
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Figure 2. A: Efect of retinioic acid onjibro-
blast uiptake of45Ca2 from the ciulture mie-
diuim. The experiment was carried ouit as
described in Materials and Methods. The
values represenit alerage counts per miii-
ute of 45Ca-" takeni uip by I X 105 cells
± standclard deviations based oni triplicate
samples per data poin1t inz a sinigle experi-
tilent. The experiment was repeatel three
times with similar results. B: Efect of reti
nioic acid oni release of45Ca' from prela-
beledftbroblasts. The experimnenlt was car-
ried ouit as described in Materials anid
MAethods. The values represenit cumulatiie
average countits per minultte of 45(a ' re-
leased by 1 X j05 cells inito the ciultlure me-
diulm + stanidard deviations based on trip-
licate samplesper data poinit in a single ex-
perimen t. The experimeynt iwas repeated
three times with similar resuilts.
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Figure 3. Stiniulationi of 35S-inethioninle in-
corporationi inito TCA-precipitable mate-
rial in 0. 15 mmol/l and 1.4 mmolo Caa.
Fibroblasts were cuiltured in KGMI and in
KGM supplemented uwith 1.4 mmnol/l CGa
uwith and without 0.55ig/ml anid 1. 0 lg/nl
retinoic acid. Values represent average
counts per miniute (CPM) of -35S-methio-
niiine inicorporated inito I X j(4 cells during
a 1 -hourpulse + differetnces between imidi-
vidual values and averages based oni du-
plicate samplesldata poinit in a single ex-
perimenit. The experiment was repeated
two times uwith similar resuilts.
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quires availability of extracellular Ca2" but only occurs
when the concentration of extracellular Ca2+ is subopti-
mal for proliferation in the absence of retinoic acid. The
evidence for this includes the findings that retinoic acid-
induced proliferation occurred in KGM containing 0.15
mmol/l Ca2+ but was inhibited in culture medium prepared
without added Ca2+ and in culture medium containing the
Ca2+ chelator EGTA. In addition, retinoic acid also failed
to further stimulate proliferation of cells maintained in the
presence of a concentration of external Ca2+ (1.4 mmol/
I) that supported proliferation without retinoic acid. In past
studies it has been found that stimulation of fibroblast pro-
liferation by platelet-derived growth factor (PDGF) also re-
quired suboptimal Ca2+ concentrations-at least when
the fibroblasts were maintained in low-density, serum-free
culture.16 Under the conditions of our experiments, the
cells were plated at relatively low density (approximately
2 x 104 cells/cm2) and under these conditions, the action
of retinoic acid may be similar to that described for PDGF.
It should be noted, however, that PDGF can also stimulate
mitosis of density-inhibited fibroblasts and this occurs in
the presence of high as well as low external Ca2+ concen-
trations.16 We have not seen similar effects with retinoic
acid (Varani J, unpublished observation).

Several previous studies have focused on the regula-
tion of fibroblast proliferation and on the role of Ca2+ in
this process. It has been shown that fibroblast prolifera-
tion occurs at external Ca2+ concentrations of 0.5 to 1.5
mmol/l but ceases at concentrations less than 0.5 mmol/
1.17-19 In addition, it has been shown that the stimulation
of mitosis in a number of different cell types, including
fibroblasts, is associated with a rise in intracellular free
Ca2+.1620-27 However, this has not been found univer-
sally28 and, in any case, it is difficult to determine if
changes in intracellular free Ca2+ are responsible for the
induction of proliferation or the result. This issue has yet
to be addressed in the case of retinoic acid. Regardless
of its role in proliferation, efforts to understand how Ca2+
metabolism is regulated are warrented. Retinoids have a
number of diverse effects on cells that could influence
Ca2+ metabolism. For example, retinoids are known to act
at the DNA level to affect the expression of at least 40
gene products.29 Retinoids have also been shown to alter
phosphorylation patterns3# and to affect phosphoinositide
metabolism.31 Each of these could affect Ca2+ metabo-
lism and additional work will be required to address each
of these possibilities.

While the data in the present report indicate that the
concentration of Ca2+ in the extracellular fluid is critical to
retinoic acid-induced fibroblast proliferation, the question
that needs to be addressed is whether this is of general
significance. A number of previous studies have de-
scribed growth-promoting and growth-inhibiting effects of
retinoids on fibroblasts in vitro.8`1'13 The source of the

cells, their age in culture, and the conditions of mainte-
nance have all been postulated to affect responsiveness
to retinoids. Retinoic acid has also been suggested to fa-
cilitate fibroblast proliferation in vivo.3,4 Additional studies
are needed to determine if the concentration of extracellu-
lar Ca2" is critical to retinoic acid-induced proliferation un-
der any of these conditions.

Retinoids have also been shown to either stimulate or
inhibit keratinocyte proliferation. In general, rapidly prolif-
erating keratinocytes, such as those found in psoriatic
plaques and those cultured in vitro under conditions that
maintain the undifferentiated state (for example, low-pas-
sage cells grown in KGM), are inhibited by retinoids6,7,14
while keratinocytes that are not rapidly growing, such as
those maintained in culture in the absence of growth fac-
tors, are stimulated.14 It is interesting, in light of the present
data, that optimal proliferation of normal, undifferentiated
human epidermal keratinocytes in vitro occurs when ex-
tracellular Ca2+ levels are low (i.e., 0.05 to 0.15 mmol/1).32
Proliferation of these cells is inhibited at higher Ca2+ levels
(i.e., 1.4 mmol/1).32 If retinoic acid functions primarily by
increasing Ca2+ availability, then growth inhibition of kera-
tinocytes could be the biologic consequence of the same
molecular events that in fibroblasts stimulate growth. It
should be noted that our recent study showed that, while
retinoic acid was able to stimulate proliferation of keratino-
cytes maintained in growth factor-deficient medium, it did
not overcome the inhibition of proliferation occurring in the
presence of elevated extracellular Ca2+.14

Whatever role Ca2+ plays in retinoic acid-induced
changes in proliferation, this is unlikely to fully explain how
retinoic acid influences fibroblastic cells. Retinoic acid-in-
duced protein synthesis occurred in the presence of high
external Ca2+ as well as low external Ca2+. Because pro-
duction of new proteins (extracellular matrix components)
is one of the features of retinoic acid-treated skin,35 this
may occur independently of alterations in proliferation.
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