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Summary. Hair-papilla derived cells were grown in 
monolayer culture and revealed the typical morphology 
and growth pattern which was similar but not identical 
to control fibroblasts. Hair-papilla ceils were found to 
produce considerable amounts of collagen type I and 
type III and fibronectin. Type IV collagen production 
could not be detected. The ratio of collagen type III and 
type I clearly differed from the pattern observed in 
normal fibroblasts, being much higher in hair-papilla 
cells, where type IH accounted for more than 20% of 
total collagen synthesis. These data show that hair- 
papilla derived cells have biosynthetic capacities similar 
to those of human skin fibroblasts as well as character- 
istic differences, indicating that they represent a 
specialized fibroblast subpopulation. 
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Dermal hair-bulb papilla is thought to play an 
important role in the induction and maintenance of 
hair growth [2, 6, 17, 24 -28 ,  34]. Recently it has 
become possible to isolate cells from the dermal pa- 
pilla and to grow them in culture [11, 14, 22] where 
they retain the ability to induce hair growth in vivo 
[13]. Both human and rat papilla cells reveal a 
fibroblast-like morphology in culture and tend to form 
aggregates [12, 15, 23]. Distinct morphological fea- 
tures and differences in growth rate and pattern have 
been reported in papilla-cell cultures which indicates 
the existence of a distinct specialized fibroblast-like 
cell type [12, 15, 23]. 

The major biosynthetic product of dermal fibro- 
blasts is collagen. It is present in more than ten 
genetically different types found in different tissues 
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and synthesized by specialized connective tissue cells 
[21]. Tendon fibroblasts have been shown to produce 
type I collagen exclusively [9], whereas dermal fibro- 
blasts synthesize mostly type I and type III, and in 
addition small amounts of types V and VI collagen 
[7]. Although culture conditions may induce a switch 
of collagen-type synthesis [9, 20, 31], analysis of 
collagen types represents a valuable tool in character- 
izing different cell types. Collagen types I and I l l  are 
not uniformly distributed in the dermal connective 
tissues showing an accumulation of  type III collagen 
in the papillary dermis, whereas the reticular dermis 
contains 9 0 % -  95% type I collagen [30]. 

Recently Westgate et al. [32] noted the presence of 
two basement membrane components - laminin and 
type IV collagen - in dermal papillae. Subsequently, 
it was shown using the indirect immunofluorescence 
technique that papilla cells isolated from adult rat 
vibrissae and cultured in vitro retained the potential 
to synthesize those components during their first few 
days in primary culture [4]. In the present paper we 
report on the biochemical characterization of collagen 
synthesis in human-hair papilla cells in vitro and pro- 
vide evidence that these cells constitute a specialized 
subpopulation of fibroblasts. 

Materials and methods 

Scalp biopsy specimens from five volunteers (20-50 years of 
age) were obtained and hair papillae were prepared as described 
earlier [15]. Cell cultures were initiated by outgrowth from 
tissue specimen and subcultured using 0.25% trypsin and 0.02% 
EDTA. All cultures were used for biochemical studies in the 3rd 
to 5th passage. 

For estabilishing growth curves cells were seeded in a density 
of 3 x 104 cells/35 mm Petri dish in DMEM containing penicillin 
(100 U/ml), streptomycin (100 gg/ml), L-glutamine (0.584 mg/ 
ml), and 10% inactivated fetal calf serum (FCS) in humidified 
5% CO2 at 37~ atmosphere. Cell counts were obtained every 
2nd day and morphology was judged by phase contrast 
microscopy. 
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Fig. 1 A,B. Characteristic mor- 
phology of control fibroblasts (A) 
and hair-papilla derived cells (B) in 
monolayer culture (phase-contrast 
x 120) 

Control fibroblasts were obtained by outgrowth from tissue 
specimen of the papillary dermis adjacent to the hair papilla and 
used in exactly the same procedure as hair papilla cells. For 
biochemical studies cells were preincubated in DMEM contain- 
ing penicillin (100 U/l), ascorbic acid (50 ~tg/ml), L-glutamine 
(0.584 mg/ml), and 10% FCS for 24 h and then incubated for 
24 h in DMEM containing penicillin (100 U/ml), fl-amino- 
propionitrile (50 I~g/ml), and aseorbic acid (50 gg/ml) in the 
presence of L-(2,33H) proline (3.7 x 104 Bq/ml). Newly 
synthesized material was then collected from cell layer and me- 
dium and used for analysis of collagen and protein synthesis as 
discussed below. 

Examination of protein and collagen synthesis 

Newly synthesized material was extracted from the cell layer by 
0.2 M NaC1, 0.05 M Tris-HCl pH 7.4, and collected from the 
medium. The combined fractions were dialyzed against I M 
CaC12, 0.05 M Tris pH 7.4 and then extensively dialyzed against 
0.5% acetic acid. The material was lyophilized, then hydrolyzed 
(6N HC1 plus mercaptoethanol 110~ 24 h N D and analyzed 
by an amino acid autoanalyzer equipped with a fraction collector 
as described earlier. The ratio of collagenous and non- 
collagenous protein synthesis was calculated according to 
Wiestner et al. [33]. 

Analysis of newly synthesized protein by slab gel electrophoresis 

Proteins collected from cell layer and medium were combined 
and precipitated by 40% ammonium sulfate, resuspended after 
centrifugation (4 ~ C 1 h, 30,000 x g), dialyzed against 0.5% acetic 
acid, and analyzed on slab gels according to Laemmli [18]. The 
bands were visualized by fluorography [1, 19]. 

Characterization of collagen types 

Newly synthesized proteins from cell layer and medium were 
subjected to pepsin treatment (0.1 mg/ml in 0.5% acetic acid 
pH 1.8, 6 h, 18 ~ C) and then precipitated by 2.7 M NaC1, 0.05 M 
Tris-HC1 pH 7.4. The material was then chromatographed under 
denaturing conditions on agarose A5m equilibrated with 1 M 

CaC12, 0.05 M Tris-t-IC1 pH 7.4. Radioactively labelled proteins 
eluting as 7-components were collected and rechromatographed 
on agarose A5m after reduction with /~-mercaptoethanol. In 
addition aliquots from the material eluting as e-component and 
y-component were collected, and further prepared for amino 
acid analysis as described above. 

Indirect immunoJTuorescence studies 

Confluent monolayers of papilla cells were washed with PBS, 
fixed for 5 rain on ice with 90% ethanol, and labelled with 
monoclonal anti-type IV collagen antibodies, kindly provided 
by R. Burgeson, Portland, USA, using FITC-labelled anti-IgG 
antibodies as described previously [31]. 

Results 

The m o r p h o l o g y  o f  cells isolated f rom hair  bulb 
papillae clearly differed to control  f ibroblasts re- 
vealing multiple short  cytoplasmic processes, Papilla 
cells were larger than  control  f ibroblasts and  tended 
to fo rm aggregates (Fig. 1). The prol iferat ion was con-  
siderably slower compared  to fibroblasts g rown f rom 
the vicinity o f  the hair papilla (Fig. 2). Analysis  o f  
total  protein synthesis in bo th  cell types revealed com-  
parable amoun t s  for  hair-papilla derived cells and con-  
trol f ibroblasts (Table 1). 

Similar results were obta ined for the p roduc t ion  
o f  col lagenous proteins,  which was est imated by 
determining the content  o f  hydroxypro l ine  in the pro-  
teins. The relative p r o p o r t i o n  o f  collagen synthesis 
compared  to total prote in  synthesis was 11%, which 
was also found  in h u m a n  skin fibroblasts. In  addi t ion 
hydroxyla t ion  o f  isolated collagen e-chains was simi- 
lar in bo th  cells and no difference was noted in the 
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Fig. 2. Growth curve of hair-papilla derived cells (PC) and con- 
trol fibroblasts (DF) in subcultures; 3 x 10 4 cells of both types 
were seeded into Petri dishes and counted every 2nd day. The 
values represent mean values from three independent esti- 
mat,  ions  

Table 1. Synthesis of noncollagenous and collagenous proteins 
by hair papilla-derived cells and control fibroblasts 

Hydroxy- Proline Collagen 
proline (cpm/cell) from 
(cpm/cell) total protein 

synthesis 
(%) 

Control fibro- 
blasts 
(n = 2) 

Hair-papilla 
derived cells 
(n = 2) 

65.67 286.97 10.6 

56.91 240.99 11.0 

Synthesis of collagenous and noncollagenous proteins was esti- 
mated after radioactivity labelling of the cells with aH proline 
(see Materials and methods). The numbers represent mean 
values from estimations obtained with two different cell chains 

secretion of newly synthesized collagens into the me- 
dium. 

For characterizing extracellular matrix proteins, 
hair papilla cells were labelled with 3H proline, and 
newly synthesized proteins accumulating in the me- 

Fig. 3a, b. Electrophoretic separation of radioactivity labelled 
proteins synthesized from hair-papilla derived cells (a) and con- 
trol fibroblasts (b). The newly synthesized protein were collected 
from the medium and processed as described in 'Materials and 
methods'. Fn, fibronectin 

dium and extracted from the cell layer were analyzed 
on slab gels (Fig. 3). No obvious qualitative difference 
could be detected. Indirect immunofluorescent studies 
using specific antibodies against type IV collagen re- 
vealed no reaction in hair-papilla derived cells and 
control fibroblasts (not shown). 

For an exact quantification of collagen types I and 
III, the newly synthesized material was digested with 
pepsin. Pepsin-resistant collagens were precipitated 
and chromatographed on agarose A5m (Fig. 4). 
Whereas control fibroblasts synthesized only slight 
amounts of type III collagen (10% - 12%) migrating 
as 7-component under nonreducing conditions, much 
more radioactivity was found to elute in this region 
when cells derived from hair papilla were used (Fig. 4). 
When the y-components were reduced and re- 
chromatographed on agarose A5m, more than 90% 
of the radioactivity labelled material was found to 
migrate as e-chains. The relative amount of type I and 
type III collagen was then calculated for both cell 
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Fig. 4. Characterization of newly synthesized ma- 
terial on agarose A5m after pepsin treatment 
(see 'Materials and methods'); �9 . . . .  �9 hair-pa- 
pilla derived cells; �9 . . . .  �9 control fibroblast; 
Vo: void volume 

Table 2. Ratio of collagen types I and III synthesized by control 
fibroblasts and hair-papilla derived cells 

Type I collagen Type III collagen 
(%) (%) 

Control fibro- 
blasts 
(n = 6) 

Hair-papilla 
derived cells 
(n = 5) 

88.3• 11.7• 

77.4 -I- 3.4 22.6 • 3.4 

The ratio of both collagen types was calculated from agarose 
chromatograms (Fig. 3), where type I collagen elutes as c~-chains, 
whereas type III collagen is found as y-components 

types. Hair-papilla cells were shown to produce higher 
amounts of type III collagen, which was found to 
account for more than 20% of the newly synthesized 
collagen�9 material (Table 2). 

Discussion 

The dermal papilla has been shown to control hair 
growth and to influence the differentiation of epi- 
thelial cells [2, 6, 17, 24 -28 ,  34]. It is composed of  
mesenchymal cells and loose connective tissue con- 
taining fibronectin [5, 8], type III collagen, and small 
amounts of type I collagen [4]. In addition, type IV 
collagen and laminin have been found in the dermal- 
hair papilla [4, 32]. 

Cells derived from the dermal-hair papilla and cul- 
tured as mort�9 retain the ability to induce hair 

growth in vivo [13] and can clearly be distinguished 
from normal fibroblasts by a distinct morphology and 
the characteristic growth curves even after repeated 
subcultures [12, 15, 23]. However, in the present study 
we have demonstrated that protein and collagen syn- 
thesis of these cells is very similar to skin fibroblasts 
which produce mainly types I and III collagen and 
fibronectin [29]. The lack of  type IV collagen synthesis 
revealed by indirect immunofluorescence studies using 
specific antibodies also argues for a loss of the differ- 
entiated phenotype of the cells due to culture con- 
ditions. This is corroborated by data recently reported 
by Couchman et al. [4] who could demonstrate syn- 
thesis of  type IV collagen and laminin in early primary 
cultures of  dermal papilla ceils. However, no such 
synthesis was found in cultures after 20 days, where 
mainly type I and type III collagen were detected [4]. 

Modulation of the pattern of collagen types 
synthesized according to the culture conditions has 
already been reported in tendon fibroblasts [9], skin 
fibroblasts [31], and chondrocytes [20]. However, a 
detailed analysis of collagen types produced by dermal 
hair-papilla derived cells in subculture still revealed 
characteristic differences compared to skin fibroblasts 
as showing a high ratio of type III to type I collagen. 
Since the total amount of collagen�9 protein 
synthesized is similar in papilla-derived cells and con- 
trol fibroblasts, this represents both an increased pro- 
duction of type III and a reduced synthesis of type I 
collagen. The retention of  a high type III collagen 
synthesis even through several passages in cell culture 
together with the observation that cultured papilla 
cells can still induce hair formation in vivo indicates 
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tha t  on ly  cer ta in  func t ions  (e. g., type  IV co l lagen  syn- 
thesis)  a re  m o d u l a t e d  b y  the cu l tu re  cond i t ion ,  
whereas  o the r s  r e m a i n  s table .  

Based  on  differences  in g r o w t h  pa t t e rn ,  m o r -  
pho logy ,  a n d  b io syn the t i c  capaci t ies ,  a he te rogene i ty  
o f  f ib rob las t s  has  been  es tab l i shed  p rev ious ly  [3, 10, 
16]. The  d a t a  p resen ted  here  are  in ag reemen t  wi th  the  
a s s u m p t i o n  tha t  de rma l  ha i r -pap i l l a  cells represen t  an  
add i t i ona l  special ized f ib rob las t - l ike  cell type,  which  
to some extent  m o d u l a t e s  its d i f fe ren t i a t ion  unde r  
m o n o l a y e r  cu l tu re  cond i t ions .  

References 
1. Bonnet WM, Laskey RA (1974) A film detection method for 

tritium-labelled proteins and nucleic acids in polyacrylamide 
gels. Eur J Biochem 46:83-88 

2. Cohen J (1961) The transplantation of individual rat and 
guinea pig whisker papillae. J Embryol Exp Morphol 
9:117-127 

3. Conrad GW, Hart GW, Chert Y (1977) Differences in vitro 
between fibroblast-like cells from cornea, heart and skin of 
embryonic chicks. J Cell Sci 26:119-137 

4. Couchman JR (1986) Rat hair follicle dermal papilla have 
an extracellular matrix containing basement membrane 
components. J Invest Dermatol 87:762-767 

5. Couchman JR, Gibson WT, Thorn D, Weaver AC, Rees 
DA, Parish WE (1979) Fibronectin distribution in epithelial 
and associated tissues of the rat. Arch Dermatol Res 
266:295-310 

6. Crounse RG, Stengle JM (1959) Influence of the dermal 
papilla on survival of isolated human scalp hair roots in an 
heterologous host. J Invest Dermatol 32: 477-- 479 

7. Gay S, Martin GR, Miiller PK, Timple R, Kfthn K (1976) 
Simultaneous synthesis of type I and tlI  collagen by fibro- 
blasts in culture. Proc Natl Acad Sci USA 73:4037-4040 

8. Gibson WT, Couchman JR, Weaver AG (1983) Fibronectin 
distribution during the development of fetal rat skin. J Invest 
Dermatol 81:480--485 

9. Hermann A, Dessau W, Fessler LI, vd Mark K (1980) Syn- 
thesis of types I, III and AB collagen by chick tendon fibro- 
blasts in vitro. Eur J Biochem 105:63-  74 

10. Herper RA, Grove G (1979) Human skin fibroblasts derived 
from papillary and reticular dermis: Differences in growth 
potential. Science 204: 526-  527 

11. Jahoda CAB, Oliver RF (1981) The growth ofvibrissa der- 
mal papilla cells in vitro. Br J Dermatol 105:623- 627 

12. Jahoda CAB, Oliver RF (1984) Vibrissa dermal papilla cells 
aggregative behaviour in vivo and in vitro. J Embryol Exp 
Morphol 79: 211 -- 224 

13. Jahoda CAB, Home KA, Oliver RF (1984) Induction of 
hair growth by implantation of dermal papilla cells. Nature 
311:560- 562 

14. Katsuoka K, Hornstein OP, Schell H, Deinlein E (1985) 
Proliferative kinetics in cultured dermal papilla cells from 
human hair follicles. Br J Dermatol 113:629 (Correspon- 
dence) 

15. Katsuoka K, Schell H, Hornstein OP, Deinlein E, Wessel 
B (1986) Comparative morphological and growth kinetics 

studies of human hair bulb papilla cells and root sheath 
fibroblasts in vitro. Arch Dermatol Res 279:20-25 

16. Ko SD, Page RC, Narayanan AS (1977) Fibroblast hetero- 
geneity and prostaglandin regulation of subpopulations. 
Proc Natl Acad Sci USA 74: 3429 - 3432 

17. Koller EJ (1970) The induction of hair follicles by embryonic 
dermal papillae. J Invest Dermatol 55: 374-378 

18. Laemmli UK (1970) Cleavage of structural proteins during 
the assembly of the head of bacteriophage T4. Nature 
227: 680 - 685 

19. Laskey RA, Mills AD (1975) Quantitative film detection of 
3H and 14C in polyacrylamide gels by fluorography. Eur J 
Biochem 56: 335-  341 

20. Mark K, Gauss V, vd Mark H, Miiller P (1977) Relationship 
between cell shape and type of collagen synthesized as 
chondrocytes lose their cartilage phenotype in culture. 
Nature 267 : 531 - 532 

21. Martin GR, Timple R, Miilter PK, Kfihn K (1985) The 
genetically distinct collagens. Trend Biochem Sci 10:258- 
287 

22. Messenger AG (1984) The culture of dermal papilla cells 
from human hair follicle. Br J Dermatol 110:685-689 

23. Messenger AG (1986) The in vitro properties of dermal 
papilla cell lines established from human hair follicles. Br J 
Dermatol 114:425-430 

24. Oliver RF (1966) Whisker growth after removal of the der- 
mal papilla and length of the follicle in the hooded rat. J 
Embryol Exp Morphol 15 : 331 -- 347 

25. Oliver RF (1966) Histological studies of whisker regener- 
ation in the hooded rat. J Embryol Exp Morphol 16:231 - 
244 

26. Oliver RF (1967) The experimental induction of whisker 
growth in the hooded rat by implantation of dermal papillae. 
J Embryol Exp Morphol 18 : 43 - 51 

27. 0liver RF (1969) The vibrissa dermal papilla and its influ- 
ence on epidermal tissues. Br J Dermatol [Suppl 3] 81 :55-  
64 

28. Oliver RF (1970) The induction of follicle formation in the 
adult hooded rat by vibrissa dermal papillae. J Embryol Exp 
Morphol 23:219-236 

29. Ruoslathi E, Pierschbacher M, Hayman EG, Engvall E 
(1982) Fibronectin: A molecule with remarkable structural 
and functional diversity. Trends Biochem Sci 7:188-190 

30. Weber L, Kirsch E, Mfiller PK, Krieg T (1984) Collagen type 
distribution and macromolecular organization of connective 
tissue in different layers of human skin. J Invest Dermatol 
82:156--160 

31. Weber L, Mauch C, Kitsch E, Mfiller PK, Krieg T (1986) 
Modulation of collagen type synthesis in organ and cell 
cultures of fibroblasts. J Invest Dermatol 87: 217-  220 

32. Westgate GE, Shaw DA, Harrap GJ, Couchman JR (1984) 
Immunohistochemical localization of basement membrane 
components during hair follicle morphogenesis. J Invest 
Dermatol 82: 259-  264 

33. Wiestner M, Krieg T, H6rlein D, Glanville RW, Fietzek P, 
Mfiller PK (1979) Inhibiting effect of procollagen peptides 
on collagen biosynthesis in fibroblast cultures. J Biol Chem 
254: 7016 - 7023 

34. Yung RD (1980) Morphological and ultrastructural aspects 
of the dermal papilla during the growth cycle of the vibrissal 
follicle in the rat. J Anat I31:355-365 

Received August 7, 1987 


