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Abstract. Human dermal fibroblast and human epider- 
mal keratinocyte survival was examined under various 
conditions in organ culture. Using cell recovery from 
organ-cultured tissue as the criterion, it was observed 
that no keratinocytes and few fibroblasts survived incu- 
bation for 10-12 days in serum-free basal medium con- 
taining a low level (0.15 mM) of extracellular Ca 2§ In- 
creasing the extracellular Ca 2§ concentration to 1.4 mM 
or treating the tissue with 3 gM retinoic acid (RA) 
under low Ca 2+ conditions resulted in increased kera- 
tinocyte and fibroblast survival; the two treatments to- 
gether were more effective than either treatment alone. 
The same treatments preserved fibroblast survival when 
pieces of isolated dermal tissue were incubated in organ 
culture and also supported fibroblast survival in mono-  
layer culture. These findings indicate that recovery of 
keratinocytes and fibroblasts from skin after mainte- 
nance in organ culture provides a simple but definitive 
measure of the viability of the major cellular elements 
present in the tissue. These findings suggest that RA 
treatment enhances survival of both fibroblasts and 
keratinocytes and that these effects of RA can be seen at 
physiological Ca 2§ concentrations as well as at subopti- 
mal levels of extracellular Ca 2+. Finally, these results in- 
dicate that the dermis is a direct target of RA. 
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Introduction 

Topical  appl ica t ion  o f  all-trans-retinoic acid  (RA) alters 
the h is to logica l  appearance  of  skin, and this is associa ted  
with changes  in both the ep idermis  and dermis  [15-17,  
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36]. A majo r  feature of  the ep idermis  is an overal l  thick- 
ening,  due in part  to increased  kera t inocyte  prol i fera t ion  
and in part  to increased  synthesis  of  g lycosaminog lycans  
[17, 36]. In the dermis  there is ev idence  o f  f ibroblas t  acti-  
va t ion and new matr ix  synthesis  [12, 15, 16]. We have re- 
cent ly  demons t ra ted  s imi lar  f indings  using an organ cul- 
ture model  [33, 34]. Both the topical  treatment data (in vivo 
studies) and our  own data  in the organ cul ture mode l  sug- 
gest  that R A  inf luences the behav ior  of  each of  the two 
major  cellular  elements of  skin. However,  this is difficult to 
"prove"  on the basis  o f  h i s to logy  alone. The present  s tudy 
was carried out, therefore, to demonstrate  that RA does in- 
deed preserve the viabil i ty of  both epidermal  kerat inocytes 
and dermal  f ibroblas ts  in organ-cul tured  human skin. 

Materials and methods 

Retinoic acid 

RA was obtained from the R.W. Johnson Pharmaceutical Research 
Institute (Raritan, N.J.) and prepared as a 20 mg/ml solution in di- 
methyl sulfoxide (DMSO). The stock solution was stored at -20 ~ 
C in the dark until use. At the time of use, it was diluted directly in 
Keratinocyte Basal Medium (KBM) (Clonetics, San Diego, Calif.) 
and added to the cultures. In the cultures treated with 3 BM RA 
(highest concentration tested), the final concentration of DMSO in 
the culture medium was 0.005%. This amount of DMSO had no 
detectable effect by itself. 

Organ cultures 

Organ cultures were established from healthy adult volunteers. 
Briefly, 2 • 2 mm full-thickness punch biopsies were obtained 
from the hips (normally eight biopsies per person) and immedi- 
ately placed into the wells of a 24-well dish containing 0.5 ml 
KBM. KBM is a serum-free basal medium consisting of modified 
MCDB-153 medium. The Ca ~+ concentration of the KBM was 
0.15 mM. We routinely included duplicate biopsies per well. One 
group was left without further treatment while RA (3 gM) was 
added to the KBM in other wells. In additional wells, calcium 
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chloride was added to bring the final Ca 2+ concentration to 1.4 
mM, and 3 btM RA was included in some of these wells. The organ 
cultures were then incubated at 37 ~ C in an atmosphere containing 
5% CO2 in the dark with fresh culture medium and treatments pro- 
vided at 2-day intervals. 

Additional biopsies were obtained in the normal manner and 
then immediately placed in a solution of 0.25% trypsin/0.05% 
EDTA. After 1 h of incubation, the dermis and epidermis were 
gently separated using forceps. The trypsin was neutralized by in- 
cubation for an additional 15 min in a solution of soybean trypsin 
inhibitor (100 lag/ml) in KBM. After two washes in KBM, the iso- 
lated dermal tissue pieces were incubated in KBM, treated with 
Ca 2+ and/or RA and incubated for up to 12 days as described 
above. No attempt was made to incubate the isolated epidermal tis- 
sue pieces since histological studies indicated that they underwent 
rapid and complete necrosis when kept in organ culture after sepa- 
ration from the dermis. 

Isolation of keratinocytes and fibroblasts 
from organ-cultured tissue 

At the end of the incubation period, tissue specimens that had been 
incubated in either KBM alone or in KBM supplemented with ex- 
tracellular Ca z+ and/or RA were harvested, minced using scissors 
and forceps and plated on tissue culture plastic in Minimal Essen- 
tial Medium of Eagle with Earle 's  salts, non-essential amino acids 
and 10% fetal bovine serum (MEM-FBS).  Since the total amount 
of tissue available from each biopsy was so small, the duplicate 
pieces from each wetl were chopped, minced and incubated to- 
gether. Cultures were provided fresh medium as needed and exam- 
ined daily for fibroblast and keratinocyte outgrowth. The same 
MEM-FBS was used for cell outgrowth from all tissues so as not 
to bias the chances of recovering cells from different tissues. Fur- 
ther, this medium has proven satisfactory in the past for isolation 
of both fibroblasts and keratinocytes [19, 31]. After 20 days, all 
tissue specimens were discarded if no keratinocytes or fibroblasts 
were recovered. If  keratinocytes and/or fibroblasts were recovered. 
They were harvested with trypsin and subcultured. By first pas- 
sage, fibroblasts made up virtually 100% of the remaining cells. 
These cells were then used to assess growth in monolayer culture. 
The failure to maintain keratinocytes beyond primary culture prob- 
ably reflected the fact that these cells undergo differentiation in 
serum-containing medium and that differentiated cells fail to reat- 
tach to the substratum after exposure to proteases [19, 29]. 

Fibroblast growth in monolayer cluture. 

Fibroblasts were harvested from culture at passage 1-3 and plated 
at 5 x 104 cells per well in 24-well culture dishes. MEM-FBS was 
used as culture medium. After the cells had had a chance to attach, 
duplicate wells were harvested and counted to obtain zero-time 
counts. The remaining cells were washed twice in KBM and 
treated for 2 days in KBM alone (0.15 mM Ca 2+) or in KBM sup- 
plemented with extracellular Ca 2+ (1.4 raM, final concentration) 
and/or RA (3 gM). At  the end of the incubation period, cells were 
harvested and counted. An electronic particle counter was used to 
assess cell numbers after first verifying that the cells were in sin- 
gle-cell suspension. 

Resul t s  

Recovery of fibroblasts from whole-skin organ culture 
and from isolated dermis 

In  the  f i r s t  s e r i e s  o f  e x p e r i m e n t s ,  f i b r o b l a s t  v i a b i l i t y  w a s  
a s s e s s e d  a f t e r  i n c u b a t i o n  in  o r g a n  cu l tu re .  T h e  r e s u l t s  o f  
t h e s e  e x p e r i m e n t s  a re  s h o w n  in T a b l e  1. F i b r o b l a s t s  w e r e  

Tab le  1. Fibroblast isolation after incubation in organ culture 

Total Number of 
number  specimens 
of speci- from which 
mens fibroblasts 

recovered 

% 

Zero-Time control a 9 6 67 

10-12 day organ culture 
KBM 21 5 24 
KBM + Ca 2+ 23 8 35 
KBM + RA 20 8 40 
KBM + Ca 2+ + RA 17 13 76 *+ 

10-12 day dermal organ culture 
KBM 8 2 25 
KBM + Ca 2+ 7 3 43 
KBM + RA 8 7 88 # 
KBM + Ca z+ + RA 7 7 100 *+ 

a Fibroblasts isolated immediately after biopsy (i.e. no time in or- 
gan culture) 
* P < 0.05, Ca 2+ + R A v s  KBM alone; + P < 0.05, Ca z§ + RA vs 
Ca 2+ alone; # P < 0.05, R A v s  KBM alone; significance of differ- 
ences determined by the Scheffe method [37] 

Tab le  2. Keratinocyte isolation after incubation in organ culture 

Total Number of 
number  specimens 
of speci- from which 
mens keratinocytes 

recovered 

% 

Zero-Time control s 9 6 78 

10-12 day organ culture 
KBM 13 0 0 
KBM + Ca z+ 13 8 62 ! 
KBM + RA 12 4 33 # 
KBM + Ca 2+ + RA 11 10 91 *+ 

a Keratinocytes isolated immediately after biopsy (i.e. no time in 
organ culture) 

P < 0.05, Ca 2+ vs KBM alone, # P < 0.05, R A v s  KBM alone; 
* P < 0.05, Ca 2+ + R A v s  KBM alone; + P < 0.05, Ca 2+ + R A v s  
Ca 2+ alone; significance of differences determined by the Scheffe 
method [37] 

r e c o v e r e d  f r o m  o n l y  5 o f  21 s p e c i m e n s  ( 2 4 % )  a f t e r  i ncu -  
b a t i o n  o f  t he  t i s s u e  fo r  12 d a y s  in ( l o w - C a  z+) K B M  a lone .  

T h i s  c o m p a r e s  w i t h  8 o f  23  ( 3 5 % )  f r o m  the  g r o u p  i n c u -  
b a t e d  in K B M  s u p p l e m e n t e d  w i t h  1.4 m M  C a  2+, 8 o f  20  

( 4 0 % )  f r o m  the  g r o u p  i n c u b a t e d  in  K B M  s u p p l e m e n t e d  

w i t h  3 g M  R A  a n d  13 o f  17 ( 7 6 % )  f r o m  the  g r o u p  i n c u -  
b a t e d  in K B M  s u p p l e m e n t e d  w i t h  b o t h  1.4 m M  C a  z+ a n d  

3 btM R A .  B y  c o m p a r i s o n ,  f i b r o b l a s t s  w e r e  r e c o v e r e d  

f r o m  6 o f  9 c o n t r o l  t i s s u e  p i e c e s  o f  the  s a m e  s ize  ( 6 7 % )  
e s t a b l i s h e d  i m m e d i a t e l y  a f t e r  b iopsy .  

In  a s e c o n d  e x p e r i m e n t ,  i s o l a t e d  d e r m a l  t i s s u e  w a s  ob -  
t a i n e d  f r o m  e i g h t  a d d i t i o n a l  v o l u n t e e r s  a n d  i n c u b a t e d  fo r  
12 d a y s  in K B M  a l o n e  o r  in  K B M  s u p p l e m e n t e d  w i t h  1.4 
m M  C a  2+ a n d / o r  3 btM R A .  F o l l o w i n g  i n c u b a t i o n  in  o r g a n  
cu l t u r e ,  f i b r o b l a s t  r e c o v e r y  w a s  a s s e s s e d  as  w i t h  i n t a c t  
t i ssue .  It c a n  b e  s e e n  tha t ,  j u s t  as w i t h  i n t a c t  t i ssue ,  f i -  
b r o b l a s t  r e c o v e r y  w a s  h i g h e r  in  t he  p r e s e n c e  o f  R A  t h a n  
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in its absence (Table 1). The percentage of RA-treated cul- 
tures from which fibroblasts were recovered was higher 
when isolated dermis was used in place of  intact tissue (7 
of 7 and 7 of  8 vs 8 of 20 and 13 of 17). 

Recover), of keratinocytes from organ-cultured tissue 

Table 2 presents the results of efforts to isolate ker- 
atinocytes from the same organ-cultured tissue pieces. In 
the absence of organ culture supplementation with either 
Ca 2+ or RA, there was no keratinocyte recovery (zero iso- 
lates from a total of 13 different tissue). In contrast, sup- 
plementation of the organ-cultured tissue with either Ca 2+ 
or RA improved keratinocyte recovery rates (Ca 2+ being 
the more effective of the two) and supplementation with 
both Ca 2+ and RA resulted in the highest recovery (10 of 
11; 91%). By comparison, keratinocytes were recovered 
from 7 of 9 control specimens (78%) established immedi- 
ately after biopsy. 

Survival of fibroblasts in monolayer culture 
after isolation from organ-cultured tissue 

Fibroblasts recovered from organ-cultured skin (28 sepa- 
rate isolates) were examined for their ability to survive for 
2 days in monolayer culture under the same four condi- 
tions used with organ culture. When the data from all of 
28 isolates were analyzed together, only 36% of the cells 
plated on day 0 were recovered after incubation for 2 days 
in KBM alone (Table 3). Supplementation of KBM with 
either 1.4 mM C a  2+ o r  3 g M  RA resulted in significantly 
increased cell recovery (Table 3). Combined treatment 
with 1.4 mM Ca 2+ and RA preserved a greater percentage 
of the cells than either 1.4 mM Ca 2+ or 3 gM RA alone 
(Table 3). 

Although supplementation with extracellular Ca 2+ or 
treatment with RA appeared to act in concert when data 
from all 28 of the adult fibroblast isolates were examined 
together (Table 3), these data do not indicate the degree of 
heterogeneity among the isolates. For example, 22 or the 
28 isolates responded to supplementation with 1.4 mM 

T a b l e  3. Fibroblast survival and growth under serum-free condi- 
tions; effects of Ca 2+ and/or RA 

Fibroblast 48-h cell Proportion of 
treatment a counts b responsive 

(no. of isolates ~ 
cells x 104) 

KBM 1.8 _+ 0.6 - 

KBM + Ca 2+ 2.8 + 1.2" 22/28 
KBM + RA 2.4 _+ 0.9* 15/28 
KBM + Ca 2+ + RA 3.2 _+ 1.4"* 28/28 

a Treatment under which the fibroblast isolates were incubated for 
2 days in monolayer culture 
b Number of cells per well in the culture dish after incubation. Val- 
ues shown are means _+ standard deviations 
c Number of isolates (out of a total of 28) that responded better to 
supplementation with 1.4 mM Ca 2+, RA or the combination of Ca 2+ 
and RA than to low-Ca 2+ KBM alone 
* P < 0.05; ** P < 0.01 vs KBM alone; significance of differences 
determined by ANOVA 

Ca 2+ (i.e. a significantly higher percentage of cells sur- 
vived in this medium than in KBM alone), 15 of the 28 
isolates responded to treatment with 3 gM RA in low-Ca 2+ 
culture medium and 28 of the 28 isolates responded to the 
combination of Ca 2+ supplementation and RA treatment 
(Table 3). Finally, when we compared the responses of the 
isolates to Ca 2+ alone and to the combination of Ca 2+ and 
RA, we found that 17 of the 28 isolates responded better 
to the combined treatment. Interestingly, however, only 
one of these 17 isolates was from a tissue that had been 
maintained in organ culture in KBM supplemented with 
Ca 2+ alone (1/7, 14%). The other 16 isolates were from 
tissues that had been maintained in organ culture in KBM 
alone, in KBM treated with RA or in KBM treated with 
Ca 2+ and RA (16/21, 76%) (P < 0.01 by Chi-squared test). 

D i s c u s s i o n  

Topical treatment of human skin with RA induces a num- 
ber of  histological changes that can be seen in both the 
epidermis and the dermis [15-17, 36]. The cellular and 
molecular events underlying the histological alterations 
have not been fully elucidated, and this is due, in part at 
least, to the difficulty in carrying out the types of  inter- 
ventional studies in humans that would elucidate mecha- 
nisms of action. To obviate this problem, we have recently 
utilized an organ culture model of human skin to evaluate 
the effects of RA. Using this model we found that RA pre- 
serves the histological architecture of both the epidermis 
and the dermis over a 12-day period in serum-free, growth 
factor-free basal medium under conditions of both low 
and high extracellular Ca 2+ [33]. A variety of other factors 
that are known to support fibroblast and/or keratinocyte 
proliferation in monolayer culture [7, 8, 10, 11, 18, 20, 
23] were incapable of  duplicating this effect [33, 34]. The 
similarity between the histological features seen in RA- 
treated skin in organ culture and those observed in vivo 
suggest that the organ culture model provides a good ap- 
proximation of intact skin and will be a useful tool for elu- 
cidating mechanisms of RA action that are applicable to 
in vivo use. 

How retinoids work at the cellular level is not fully un- 
derstood. The present study demonstrated that RA treat- 
ment of organ-cultured human skin preserved viability for 
both the fibroblast and the epithelial cell populations. Us- 
ing cell recovery from tissue pieces after incubation in or- 
gan culture as the criterion, our data showed that there 
was enhanced recovery of both cellular components from 
RA-treated skin as compared with matched controls from 
the same volunteers. The previously noted improvement 
in histological features of organ-cultured skin following 
treatment with RA [33, 34] was thus correlated with 
preservation of cell viability in both the epidermis and the 
dermis. Past studies have suggested that retinoids act by 
reversing specific events associated with excess exposure 
to sunlight. These include stimulating collagen production 
[1, 12, 28] and inhibiting enzymes involved in collagen 
degradation [2, 6, 30]. While the present data do not con- 
tradict previous results, they suggest that RA also, has 
more basic effects as, i.e. preserving cell viability. 



446 

Although RA has growth-promoting activity for both 
keratinocytes and fibroblasts in monolayer  culture [30, 
31], it is unclear f rom in vivo studies as to whether the di- 
rect target of  retinoid action in skin is the epidermis, the 
dermis or both. Induction o f  epithelial glands in rodent 
skin by retinoids is thought  to results f rom a retinoid ef- 
fect on the mesenchymal  components  [9, 13, 22, 35]. In 
contrast, results f rom human skin-equivalent cultures sug- 
gest that keratinocytes are the target cells and the fibrob- 
lasts act in some manner  to downregulate  keratinocyte re- 
sponses [27]. Al though the present studies do not rule out 
the epidermis as a direct target, our results show that the 
dermis clearly is. In the presence of  RA, fibroblast viabil- 
ity in both whole-skin organ culture and isolated dermis 
was preserved. Indeed, RA was more  effective at main- 
taining fibroblast viability in the isolated dermis than in 
the intact tissue. This may  reflect epidermal metabolism 
of  RA with a resultant decrease in the effective concentra- 
tion o f  the retinoid reaching the dermis. 

Whether  the epidermis is also a direct target of  RA 
could not be assessed as the epidermal tissue quickly de- 
generated after separation from the dermis. Since RA is 
known to promote keratinocyte growth in monolayer  cul- 
ture [30], it would not be unreasonable to suggest that the 
ability of  R A  to preserve epidermal structure in organ cul- 
ture is a reflection o f  this. This may not be the case, how- 
ever, since a number  of  different factors that stimulate 
keratinocyte proliferation in monolayer  [7, 8, 10, 11, 18, 
20, 23] are completely unable to preserve epidermal struc- 
ture in organ culture [33, 34]. Furthermore, keratinocytes 
proliferate actively in monolayer  culture at low extracel- 
lular Ca 2+ (0.05-0.15 mYl) levels. Raising the Ca 2+ con- 
centration to 1.4 m M  slows growth and induces differenti- 
ation [3, 14, 19, 21]. The opposite is true in organ culture. 
Thus, observations made with isolated keratinocytes in 
monolayer  culture are o f  limited value, at best, in under- 
standing how epidermal structure is maintained in organ 
culture. In contrast, the histological structure of  the epi- 
dermis [33, 34] and keratinocyte recovery f rom organ-cul- 
tured tissue (this report) are both dramatically improved 
under two conditions (i.e. h igh-Ca 2+ K B M  or low-Ca 2+ 
K B M  supplemented with RA) that clearly act in a positive 
fashion on the dermal fibroblasts [4, 5, 31, 32]. Our inter- 
pretation o f  these data is that, regardless o f  whether or not 
RA acts on the epidermis directly, maintenance of  struc- 
ture and function in the epidermis in RA-treated organ- 
cultured skin is primarily a reflection o f  a direct retinoid 
effect on the dermis. 

Al though the data presented here clearly show that fi- 
broblasts are a target of  retinoid action in both organ cul- 
ture and monolayer  culture, how R A  acts to preserve the 
viability of  these cells under conditions in which they 
would otherwise die is not fully understood. Enhanced fi- 
broblast viability was observed in high-Ca 2+ culture me- 
dium as well as low-Ca 2+ culture medium. Previous stud- 
ies with neonatal (foreskin) fibroblasts showed similar ef- 
fects with R A  under low-Ca 2+ conditions, but in high-Ca 2+ 
culture medium, neonatal fibroblasts survived without RA 
and the addition o f  RA produced no benefit [32]. It seems 
reasonable to suggest that RA functions in some manner  
to overcome the limitation imposed by insufficient Ca 2+ 

on fibroblast function. While it is difficult to extrapolate 
f rom monolayer  and organ culture data to what might oc- 
cur in intact skin, one could postulate that a progressive 
decrease in responsiveness to extracellular Ca 2+ in dermal 
fibroblasts as a function of  ag ing  (noted in previous stud- 
ies by others [4, 5, 24-26])  provides a target of  opportu- 
nity for retinoid action. 
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