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Histochemical and biochemical techniques have been used to compare the effect of 
dibutyryl cyclic AMP on epiderm al cells and dermal cells in primary tissue culture . 
Rhodamin B staining showed only scattered positive cells in nontreated epidermal cells and a 
few contaminating keratinizing cell foci in both nontreated and treated dermal cell culture. 
In contrast. treated epidermal cell s sta ined strongly and had many keratinizing cell foci . A 
significant increase in histidine, cystine, and arginine incorporation was noted in epidermal 
cells treated with dibut yryl cycl ic AMP as compared to untreated epidermal cells and to 
dermal cell cultures both treated and untreated . Dibutyryl cycl ic AMP had no significant 
effect on leucine and phenylalani ne incorpora t ion, These results seem to suggest that the 
intracellular level of cyclic AMP not only controls the synthesis of DNA by epidermal cells in 
cu lture but also induces the proces of differentiation toward kerat inization . 

Epidermal cells of adult mammal do not 
undergo d ifferentiation (keratinizat ion) in primary 
cell culture [1-5] . Di fferentiation can be induced 
by physical and/or chemical change in the tissue 
culture conditions [6-8]. The addition of N6,02_ 
dibutyryl cyclic AMP to cell cultures has been 
shown to induce specific di fferentia tion such as 
axon formation in neuroblastoma cel ls 19,10], pig­
ment product ion in melanoma cells III J. collage n 
and sulfated acid mucopolysaccharide synthesis in 
transformed fibroblasts 112, 13], and accini forma­
tion in thyroid cells 114]. 

The purpose of this report is to describe the 
effects of dibutyryl cyclic AMP on adult guinea-pig 
epidermal and dermal cells . Rhodamin B sta ining 
was used to monitor keratinizat ion histochemically 
[15]. The measurement of radioactiv ity incorpo­
rated into proteins after incubation with 3H -a mi no 
acid was employed to determine the rate of 
synthesis of specific proteins considered to be 
related to epidermal cell differentiation 116- 25]. 

MATERIALS A:-':D METHODS 

Tissue Culture 

Two separate primary cultures, one consist ing of 
epidermal cells and the ot her mostly of dermal cells. were 
initiated from the ea rs of 129 H artle~' adult guinea pigs 
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according to the method of Regnier et al 14] . A day before 
the cultu re. t he hairs of the ear skin were plucked with 
depila tory wax . The skin was washed 3 times with saline. 
once with 70"< ethanol. dried. and rubbed with Myco­
stat in . On the day of t he cult ure. the anim als were killed: 
t he ears were re~oved. washed 3 times with steri le saline. 
once with 70 0/, ethanol. and dried with s terile gauze. The 
ears. with strips of Steri-Strip (3M Minnesota) attached 
to t heir backs. were placed on a sterile P etri dish and the 
skin was cut wi t h a Castroviejo electrokeratome set at 
level 0.3 mm . The pieces of skin. with Steri-St rip. 
attached, were fl oated on 0.1.') "( t rypsin in Hanks' buffer 
solution (calcium- a nd magnesiu m-free ). pH 7.2. at 37°C 
for 90 min. The skin was rinsed in medium (BME Eagle 
1955 supplemented with 10 c.; calf serum from Flow 
Laboratory) and placed with keratinized layers down on a 
Pet r i dish. After the dermis was lifted with fine forceps. 
t he epiderm al cell. on the Steri-Str ips were removed b~' 
very gentle sc rapi ng with a scalpel and put in a tube 
containing the medium. The dermal tissue was a lso 
placed in the same tube and sha ken fo r 30 sec wi th a 
Vortex mixer a t speed I in order to obtai n basa l ce ll s 
attached to t he dermal su rface . The medium. contai nin g 
epidermal ce lls in suspension and t he derm al t iss ue. was 
filtered on ste ril e gauze placed on the top of a sterile 
beaker. The epidermal cells obtained in t he filtrate were 
seeded in Petri dishes or in flasks (-I >' 10' ce lls/ mI) . 

The pieces of dermis which remained on the gauze 
were immersed in O. l o/r collagenase (Worthington) in a 
glucose- potassium- sod ium solution according to Hinz 
and Syverton 1261 at 37 °C for 90 min. then put in a tube 
contai ning medium and dissociated by s haking fo r 30 sec 
with a Vortex mixer a t speed 1. The dermal ce lls in 
suspension obtai ned after filtration on steril e gauze were 
seeded in Petri dishes a nd in nasks (- 1.5 ~ 10' cells/ m I). 

Fortv-five P et ri dishes (diameter 35 mm. Falcon) and 
48 nasks (75 mm ', Falcon) were establi shed for ep iderm al 
ce lls and 45 Petri dishes a nd fi7 flask s fo r dermal cells. 

Treatment with Dibuty ryl Cyclic AMP 

At 72 hr afte r seeding. one- ha lf of the Pet ri dishes and 
nasks were incuhated with medium containi ng 10 3 M 
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dibutyryl cyclic AMP (;\i'.O'-dibutyryl adenosine :3'.5 ' ­
cyclic monophosphoric acid. Sigma l. The control me­
dium and the medi um with dibutyr~' 1 cyclic AMP were 
changed every day. 

For additional control. 2 flasks each of epidermal and 
dermal cells were incuhated with medium containing 
10 • M sodium but~· rate. 

Microscopy 

Cell cultures were observed ever~' day with a phase 
microscope (Diaverl. Leitz). After 240 hr of treatment. 21 
Petri dishes containing epiderm al cells (10 control and 11 
treated) and the same number of Petri dishes containing 
dermal cells. were washed 3 times wit h H anks'. fixed with 
3"( glutaraldehyde for 30 min. postfixed with 2<:; osmium 
for 1 hr. and embedded in a mixture of Epon and 
Araldite. Thick section were cut. stained with 1 '~ 

toluidine blue and examined with a Leitz microscope. 

Rhodamin B Stainin/i 

At 6. 8. and 10 davs after treatment. 8 Petri dishes 
containing epidermal ~ells (4 controls and 4 treated) and 
8 containing dermal cells were washed with Hanks '. 
fixed with 4 C,; formalin for :2 min. stained with 0.1 c,; 
toluidine blue in aqueou!> solution for :2 min. followed b~' 
0.1"( rhodamin B in aqueous solution for 10 min . The 
cells were observed under a light microscope and the 
staining densit~· was measured with a densitometer 
(Quick Scan Flur \·is. Helena Lab. Corp.). The average 
den. it~· of treated cells was ex pres. ed as a percentage of 
the control. 

incorporation of Tritiated Amino Acids 

On the tenth day after treatment. the flasks were 
incubated for 1 hr ~ith 1 ILC i/ml of tritiated histidine. 
cystine. arginine. leucine. or phen~-!alanine. The cells 
were washed 3 times with 10 ml of saline . dissolved in 2 
mIl;.; :-;aOH, and separatel~' transfe rred to centrifuge 
tubes. Thev were neutralized with 2 ml HCI and precipi­
tated by a'dding 4 ml I :-; perchloric acid (PCA) . After 
centrifugation at 10.000 rpm for 10 min. 0.1 ml of the 
supernatant was used to determine t he amount of radio­
activity in the free amino-acid pools using a scintillation 
cocktail (18 gm PPO. 1 I Triton X -100. :? I toluene 1 in a 
Beckman liquid scintillation counter. The pellets were 
washed 2 times with 0.5 ml 0.5 :-; PCA. suspended in 0.5 
ml D.;', ;.; PC A. and hydrol~'zed at 9;', °C for 10 min. The 
tubes were then placed in ice for 30 min and centrifuged 
at 13.000 rpm for 20 min. One-tenth of a milliliter of the 
supernatant was used fo r determinat ion of radioact i\'it~· 
in PCA-hydrolyzed proteins: :2 other aliquots of 0.1 ml 
were used to measure the amount of D:\A by the 
diphen~'lalanine method of Burton 1271. The pellets were 
hydrolyzed in 2 ml 6 N H Cl a t loooe for 24 hr. An aliquot 
of I ml was counted to determine radioacti\·it~· of the 
PCA-insoluble proteins. The total radioacti"ity was ex­
pressed according to the fo rmul a: 

cp m in 0.5 ml 0 .5;.; PCA ... cpm in:2 m16;.; HCI 
ILg DNA in 0.5 ml 0.5 l' PCA 

The radioactivi ty in the treated ce lls was ca lcul ated as a 
percent of the control. The studies were performed with. 
at least, triplicate samples and repeated twice in the case 
of tritiated histidine. cysti ne. and leucine . Incorpora tion 
of tritiated arginine was examined in duplicate samples. 
twice. and that of tritiated phenylalanine was studied 
once in triplicate sam pIe . 

CYCLIC AMP A;';D EPIDERMAL CELL DIFFERE:-;TtATIO~ 9 

RESULTS 

Microscopy 

By direct observation with a phase microscope. 
the primary cultu res derived from trypsinized 
epidermis were composed of sheets of epithelial 
cells scattered throughout the Petri dishes or the 
flasks (Fig. 1). Very few branched cells. identifia­
ble as melanocytes. were visible and they some­
times formed bridges between adjacent groups of 
growing cells. For the first 5 days. the treated 
epidermal cells looked like the control cells. On the 
sixth day. the treated epidermal cells showed more 
discrete borders and the~' , tarted to form multila~' ­
ered clumps. These changes increa ed during the 
10 day the treatment was continued (Fig. 21. 

Primary cultures. derived from collagenase­
treated dermis, were composed mostly of fibro­
blastic cells (Fig. 3) and a fe w small epithelial 
islands . Morphologic changes were noted as early 
as the third day of treatment: dermal cells became 
more spindle shaped and contained more grains in 
the cytoplasm. These changes increased as long as 
the treatment was continued (Fig. 4). The number 
and size of the epithelial islands did not appear 
altered after the treatment. 

Thick sections of epidermal cells confirmed the 
formation of multilayer clumps in treated cells. 
While control cells were flat. the treated cells were 
round and often increased in yolume. Some kerato­
hyaline granule-like structures were obseryed in 
the cytoplasm. Cells at the surface of the culture 
appeared to be cornified (Figs. 5. 6). 

Thick sections of dermal cells demonstrated that 
most cells were very flat and formed a monolayer. 
Epithelial cell clumps present in the derma! cells 
consisted of round and keratinizing cells in which 
keratohyaline granule-like tructures were seen. 
The epithelial cells in the control and treated 
cultures appeared morphologically identical. 

Rhodamin B Staining 

In nontreated epidermal cells. indi"idual rhoda­
min B-posit i"e cells were found scattered through 
the Petri dish. In both nontreated and treated 
cultu res established from dermis. there were ,-er~' 
small foci rather strongly stained with rhodamin B. 
These keratinizing cells were contaminating epi­
dermal cells. The number of these foci " aried from 
10 to 20 in the control Petri dishes . );0 increase in 
size or number of foci was observed after treat­
ment. In contrast. the treated epidermal cells were 
strongl~' stained. containing a large number of 
kerat inizing cells. At 6 da~'s after treatment. there 
were large. rhodamin B-positi"e foci through the 
Petri dishes. After 8 da~'s of treatment. the foci 
became confluent and almost coyered the su rface 
of the Petri dishes (Fig. 7). 

The stain densities in the Petri dishes. moni­
tored by dens itometer at 6. 8. and 10 days. are 
summarized in Table I. The stain density in­
creased 2-fold in epidermal cells. whereas it was 
about the same as the control for dermal cells after 
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.. ~ .... ~ ~~--.~ . , 
FIG~ . I and 2. Effect of dibutyr~' 1 cvelie AM P on I :l- da~'-o ld epidermal celb as shown hv phase microscnp\' I . 6(0). 

Guinea-pig ea r epidermal cells grew as a "epit helial-like" sheel. After addition of DBcAMP intn the medium for 10 
da.\·s. the cells formed multila~'ered clumps (Fig. 2) as compared to nnntreated cells I Fig . I) . 

FIGS . 3 and -4 . Effect of dibut~Tyl cyelic AMP on I :l -da~' -old dermal ce ll s as shown b.\· phase microscop~' I , 6(0). 
Guinea·pig ear dermal cells appeared ··fibroblast-like.·· After ]0 days of treat ment with DBcAMP. the cells became 
more pindle s haped and exhibited granule ' (Fig. 4) as compared to nuntreated cell s (Fig. :l). 

6 days' treatment. After 8 and 10 days' treatment. 
the sta in density increased to more than 3 times as 
high as the co nt roi fo r epidermal cells. whereas it 
rema ined about the same as the cont rol for dermal 
cells. 

Incorporation of Tritiated Amino Acids 

The results a re summarized in Figure 8. Incorpo­
ration of [3H jhistidine. [3H jcystine. and 1

3H jargi­
nine into P CA-soluble and epiderm al protein (6 :-.; 
H Cl plus hot PCA hydrolysate) increased 2.6. 4.5. 
and 3.6 times. respectively, in epidermal cells afte r 

treatment. wherea. the rate of incorporation of 
these 3H-amino acids into dermal ce lls after the 
treatment was about the same as the nontreated 
controls. In contrast. the incorporation of 13H jleu­
cine a nd [3H Jphenylalanine was about the same as 
the control fo r either epidermal cel ls or dermal 
cells. 

T a ble II shows that the specific rad ioactivit~· of 
the acid-solub le fraction was not affected by treat ­
ment with dibutyryl cyclic AMP . The pool was also 
the same after t reatment wit h sodium hutyrate. 
The sodium butyrate did not increase the incorpo­
ration of [3 H jhistid ine in epide rm al ce lls. 
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5 

6 

FIGs. 5 and 6. Effect of dibutYryl cvclic AMP on 
13-day-old epidermal cells (1- /1 sect ions) -( v 875), :-\on­
treated. control ce lls grow as a monolayer sheet (Fig. 5). 
In some areas. cells form 2 or 3 lavers . After ) 0 days of 
treatment with DBcAMP, the celi clump, cons isted of 
about 10 ce ll lavers and cornificat ion see med 10 occur 
(Fig_ 6). Note keratohyaline-like granules ( .j present in 
the cells. 

FIG . 7. Effect of dibutyryl cyclic AMP on epidermal 
cells as shown by rhodam in B staining . Thirteen-da\-old 
culture, of nontreated epidermal cell, (A 1. 10-da\ 
DBcAMP -treated epidermal ce lls ( H ). nOl1l rea ted derm al 
cells (el. and 10 - da~' DBcAMP-treated dermal cell, Wl. 

DlS C' lISS 10:--1 

Cells prepared from guinea-pig ear epidermis 
grew as a sheet and rhodamin B sta ined on ly a fe w 
scattered cells. As previously reported 11 - 5 J- the 
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TABLE I. Rhadamin B staining 
The data are density averages of 4 Petri dishes of 

nontreated and treated epidermal and dermal cells 
moni tored by densitometer at 6, 8. and 10 day after 
treatment with dibutyryl cyclic AMP. The density ob­
tained with nontreated cells was taken as 100,( . 

~ 
.: 
, . 
c 

Days 

6 
8 

10 

)00 

600 

500 

400 

)00 

200 

100 

,00 

Epidermal cells 

215 'iC 
335 'lc 
348C; 

Epidermal Cel ls 

Control His t. Cy st . Arg. 

HJ' a fl'llnC'l aClds 

Derma l Cells 

Dermal ce ll s 

105'( 
III G, 
109 '( 

• )~O j 
- 100 L......JD---'---LtrJ---1..---':-~--'---'-"r:JlLL--J.-rtJ~Cl"-:--

Control H1H . Cyst. Ar~ . Leuc. f hen yl. 

H'· amino acids 

FI(; . 8. Effects of 10 days ' treatment with dibutYrv! 
cyclic AMP on the incorporation of ' H-amino acids inio 
proteins in 13-day-old epidermal and dermal cell cul­
t ures. The rate of protein s~·nthesis found in the COIlt rol 
cells was taken as 100'( and that in the treated cells was 
expressed as percent increase. 

epidermal ce ll. in the tissue culture cond iti on 
which we used did not keratin ize . Contaminating 
epidermal cells in the dermal cell cult ures grew as 
small epit helial islands surrounded by other der­
mal cells. most likely fibroblasts. These epidermal 
cells. predominantly originated from hair follicles. 
showed clumping and formed cornified cells which 
stained with rhodamin B. indica ting that they 
were keratini zed as has al read\' been described b~' 

Fusenig et al [2 J. These findings coincide with 
those reported b~' Karasek and Charlton 16 J. who 
observed keratini zation of rabbit. mou.e. and 
human epithelial cells. grown on collagen gels 
either a lone or containing skin fibroblasb or in 
media condit ioned by skin fib rob lagts. a nd thus 
suggested the need for dermal fact o r~ in growth 
and differentiation of epithelial cells. 

The addition of dibutyr~' 1 cyclic AMP caused 
considerabl e changes in the morpho l og~' of epider­
mal cells in tissue culture . The~' became multil a ~'­
ered. and showed kerat oh~- aline granule-like struc-
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TABLE II. Effects of sodium butyra te and dibutyryl cyclic 
A MP on amino acid pools and protein synthesis 

The effects of 10 days' treatment of sodium butyrate 
(NaBu) and di butyryl cyclic AMP (DBcAMP) on the 
pool of free ['H Jhistidine and free ['H Jphenylalanine and 
on the amount of these amino acids incorporated into 
protein are recorded. T hirteen-day-old epidermal and 
dermal cell cultures were used. cpm obtained from the 
control cells were taken as 100% and cpm from the 
treated cells were expressed as percent increase . 

Epidermal cells Dermal cells 

NaBu DBcAMP NaBu DBcAMP 

Histidine 
Free amino 1039( 121 'iC 86"'< 94% 

acids 
Incorporated 97'''' 267 '<- 100'1 93 <:( 

amino acids 
Phen~'lalanine 

Free amino 7l g 67"i- 91 "t 108'<-
acid 

Incorporated BI G( 110'( 77 CJ'" 108<;( 
amino acids 

tures as well as cornified cells. These cells were also 
stained intensely with rhodamin B, a s pecific 
histochemical staining for cornified cell s in tissue 
sections [15]. 

Fukuyama et al [19- 22 J demonstrated by auto­
radiography that injected [3H ]histidine, [3H Jargi­
nine. and [3H Jcystine pri marily incorporated into 
proteins of granular cells (differentiated cells) 
whereas [3H ]leucine and [3H ]phenylalanine con­
centrated in basal cells (u ndifferentiated ce lls). 
Furthermore . ultrastructural autoradiography 
showed that the former amino acids were specifi­
cally involved in the formation of keratohyaline 
granules. We, therefore . used the rate of incorpora­
tion of these 3H -amino acids into proteins of 
epidermal cells in tissue cultu re as a radioactive 
marker for the formation of granular or differenti­
ated cells . A great increase in the incorporation of 
[3H Jhistidine. [3H ]cyst ine. and [3H ]arginine was 
found in dibutyryl cyclic AMP-treated epidermal 
cells as compared with that in the control cells. 
The results were considered indicative of an in­
crease in the formation of specific proteins rather 
than an increase in the total protein synthesis, 
since incorporation of [3H Jleucine and [3H [phen­
ylalanine was not stimulated by the same treat­
ment. The cells prepared from the dermis did not 
show changes in the rate of incorporation of any 
amino acids after the addition of dibutyryl cyclic 
AMP. Epidermal cells already in the process of 
differentiation did not seem inOuenced by the 
additional dibutyryl cycl ic AMP. This "iew i, 
apparently supported by bistochemical and mor­
phologic findings that both the s ize and number of 
differenti ating epidermal cell islands observed in 
dermal ce ll culture remained about the same after 
treatment. 
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The precise role played by dibutyryl cyclic AMP 
in t he induction of kerat inization in primary dis­
sociated ep iderm al cells is not known. Constable et 
al [7] observed keratinization of epidermal cells 
when t he medium was not changed during the first 
3 days. These epidermal cells were clumped a nd 
formed a layered system. Bauer and De Grood [8 J 

aggregated subcultured epidermal cells from gui­
nea-pig epidermis by the use of "nucleoproteins. ·' 
It is possible t hat dibutyryl cycl ic AMP may 
change the adhesion of epidermal cells in culture 
as Johnson and Pastan [29] demonstrated in fibro­
blasts. and the kerat.inization observed may be a 
secondary effect. Epidermal cells in the dermal cell 
culture may not have been inOue nced because they 
were al ready in clumps before t he dibutyryl cyclic 
AMP was added . 

The present study, however. does not elim inate 
another possibility t hat dibutyry l cycl ic AMP 
directly st imul ates epide rm a l keratinization. 
There are a number of reports concerning the 
regulation of cellular metabolism by cyclic AMP in 
vivo and in vitro (e .g., stimulating protein synthe­
sis at transcriptional and/or translational level 
[30]). 

The third poss ibility is that epidermal cells 
differentiated as a result of cessat ion of cel l divi­
sion. Fusenig et al [28J and Christophers [31 J 
showed that diffe rentiation of em bryonic mouse 
hair follicle cells and guinea-pig epidermal cells 
was decreased when DNA synthesis was stimu­
lated by vitamin A acid. Delescluse et al [32J 
studied -the effects of cyclic AMP-e1e\'ati ng agents 
in epidermal cell proliferation. They found that 
dibutyryl cyclic AMP inhibits 50 to 90 r;;. of cell 
growth. Differentiation of the epiderm al cells ob­
served in this study may be secondary to the 
inhibition of cell growth. On the other hand, two 
different control mechanisms of growth and differ­
entiation may exist in vivo. Stimulation of cell 
growth was shown to accompa ny an increase in 
differentiation after in vivo epidermal cell injury 
[33J or mitogenic stimulation [25J. 

In primary dissociated epidermal ce ll s, induc­
tion of keratinization by t reatment with dibutyr~'l 
cyclic AMP occu rred repeated ly in all experiments 
of the present study and an increase in the rate of 
specific protein synthesis measu red was quite con­
sistent. The technique used may prov ide an experi­
mental model for studies of regulat ion of gene 
expression involved in keratini zation. 
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