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The alterations of normal growth of hair follicles following irradiation of rat tails 
with X-rays have been analysed. The changes in follicle length are attributed to a 
series of deleterious events occurring in the hair matrix after irradiation. A dose- 
dependent reduction of length was demonstrated for a given post-irradiation 
interval. An approximate exponential response was obtained for all conditions 
excepting low doses for which a marked reduction of follicle length was observed 
a short time after irradiation and was ascribed to the depletion of highly 
radiosensitive cells. At later post-irradiation times this response was obscured by 
the resumption of follicle growth.

Indexing terms: hair follicles, dose response curve, hair cycle.

1. In trod u ction
H air  follicles of expe r im en ta l  an im als  offer an in vivo  system  of h ighly 

rad ioresponsive appendages  in w hich  rad ia tion  effects can be analysed. T h e  
al terat ions induced  by rad ia tion  in the  ha ir  follicles are no t  influenced significantly 
by m an ipu la t ions  or env ironm en ta l  d is tu rbances  as they  develop in the ir  natura l  
milieu.

Several reports  have dealt w ith  the  s tu d y  of  hair  follicles i r rad ia ted  using  various 
sources. T h e y  all revealed high radiosensit iv ity  of the  ha ir  m a tr ix  dep e n d in g  on  the  
ha ir  cycle phase (G eary  1952), character ized  by a m ark ed  reduc t ion  in up take  of 
labelled D N A  p rec u rso rs  detec ted  app rox im ate ly  3 0 m in  after ir rad ia tion ,  followed 
by a resu m p t io n  of  D N A  synthesis  w ith in  12 h  after ir rad ia t ion  (C attaneo  et al. 
1960). C o n co m itan t  al terat ions in p ro te in  synthesis  im pa ired  cellular functions  and 
ind irectly  the  rep roduc t ion  o f  cells in anagen  hair  (M alk inson  and  G r iem  1968). As a 
result , surface and  arch itec tu ra l  a l terat ions as well as im p o r ta n t  modifications of hair  
follicle size can be observed. C hanges  in follicle length  m ay be a t t r ib u te d  to a series of 
dele te rious events  o ccu rr ing  in the  ha ir  m a tr ix  after ir rad ia t ion  leading to s truc tu ra l  
al terations. T h u s  a c lea r-cu t  connect ion  be tw een  rad ia tion  dam age and  follicular 
length is suggested  (K lein  Szanto  and de Rey 1978).

T h e  aim  of  the  p resen t  w ork was to character ize the  effects of single X -ray  
exposures  on the  g ro w th  of hair  follicles o f  the  rat in o rd e r  to  ob ta in  data th a t  m ay 
p e rm i t  fu tu re  com par ison  of the  effects o f  rad ia tions of  d ifferent qualities.

2. M ater ia ls  and  m eth o d s
2.1. A nim als and  irradiation procedures

F ive-day -o ld  W is ta r  rats were  used. T h e  an im als ’ tails were  ir rad ia ted  after 
adequately  shie ld ing  the  rem ain ing  par ts  o f  the  body. I r rad ia t ions  and  sacrifices



were per fo rm ed  at 10a .m . Single X -ray  doses: 0 5, 1, 2-5, 10, 12, 15, 20 and  60 G y 
were delivered by m eans  of  a Phil ips  X -ray  m ach ine  used  for conventional 
rad io therapy  at 250 kV, 13 m A , 22 m m  C u  and  1 m m  Al filters, g iving a dose-ra te  of 
5 G y /m in .  A nim áis  were killed by  cervical dislocation  serially each day from  24 h to 
12 days af te r  irrad ia tion  ( the 17th day of  age). Som e evaluations were  also p erfo rm ed  
at sh o r te r  pos t- ir rad ia tion  times.

2.2. R em oval o f hair fo llic le  samples
T h e  skin on the  tails from  ir rad ia ted ,  n on - ir ra d ia te d  and  sh a m -irrad ia te d  anim als 

was cu t  open  longitud inally  and  the  skin and the  u nder ly ing  tissues separa ted  from  
the  central cartilage axis by  gen tle  m an ipu la tion .  T h e  skin was incuba ted  in a 2 n 
N aBr solution for lO m in  at 37°C to de tach  the  ep iderm is  from  the  derm is .  After 
b r ie f  fixation in fo rm a ldehyde  solution ,  the  whole ep iderm is  of the  tail was stained 
with  1 per  cen t  to lu id ine  b lue solution . T h e  ep iderm is  was sp read  with  the  s t ra tu m  
co rn e u m  against a glass slide in such a way th a t  the  ha ir  follicles could  clearly be 
observed  with  the  light m icroscope. In  o rd e r  to avoid parallax erro rs  a slight p ressu re  
was exerted  on the  tissue w ith  a coverslip.

2.3. M easurem ents o f hair fo llic le  length
H ytcher (1934) descr ibed  the  g row th  of the  ha ir  o f  the  alb ino rat beyond  the  age of 

5 days. He found  tha t  g row th  was com ple ted  at ab o u t  the  17th day o f  age at the  onset 
o f  the  resting  per iod  w hich  lasts un til  the  31st o r  32nd day of  life. W i th  the  aid of a 
g rad u a ted  eyepiece in the  light m icroscope ,  daily m e asu rem en ts  o f  the  ha ir  follicle 
size of  anim als from  different li t ters  were pe r fo rm ed .  A steady leng then ing  of  the 
follicle, reach ing  a p la teau app rox im ate ly  12 days after b ir th ,  was recorded  at a 
g row th  rate of app rox im ate ly  40 fim  a day. H ow ever ,  follicle size varied significantly 
from  one set o f  li t ter  m ates  to another .  In  o rd e r  to overcom e this  difficulty, animals 
from  each lit ter, w hich  usually  show negligible in te ran im al varia tions, were 
ir rad ia ted  and sequential daily pos t- ir rad ia t ion  evaluations were  pe r fo rm ed .  Aver- 
age valúes from  four anim als w ere used to  evalúate the  response to each irradia tion  
cond it ion  and for each pos t- ir rad ia tion  tim e. Valúes from  five lit ters (16-20  animals 
in total)  w ere averaged to ob ta in  the  final data.

T h e  ratio of irrad ia ted  to non - ir ra d ia te d  follicle length (R ) was taken as an 
expression  of rad ia tion  dam age.

R  = L J L  o

w here  L¡ is the  average length  o f  ir rad ia ted  follicles, and  L  0 is the  average length  of 
contro l follicles (pooled from  n o n - ir ra d ia te d  and  sh a m -irrad ia te d  animals).

A tw o-w ay analysis of  variance was p e r fo rm ed  w ith  the  aid of  a H ew le tt  Packard  
Ca lcu la tor  9810.

2.4. Dose-response curves
As the  p h en o m en o n  descr ibed  here  is character ized  by a dose—response cu rve  in 

which the  shou lder  región presen ts  a negative slope an adequate  general equation  
was used:

L-JL0 =  e x p ( -  a.DF)(D)

W e have tested  several func tions  and  fo rm u la tions  (E lk ind  1960, D ienes  1966, 
G i lb e r t  1975, H e n d ry  1979) in o rd e r  to select the  one  th a t  bes t fits the  experim ental



data and thus  describes the  p h en o m en o n .  H a y n e s ’ m ode l (H aynes  1966, B urch  and 
C hes te r  1981) proved  to he the  m os t  appropr ia te .

L J L 0 =  [exp ( -  (a + /?)£))] [exp (ajb{ 1 -  exp ( -¿>D)))]

T h is  fo rm ula  is com posed  of  two functions  th a t  m ay be rela ted  to  rad ia tion  responses  
in vivo, the  par ts  being:

exp ( — (a + k)D ), related to the  dam age inflicted by radiation.
and

exp {a¡b{\ — exp ( — bD ))), related to repa ir  m echan ism s.

w here  a is the  coefficient related to poten tia lly  repa irab le  dam age, k  is the  coefficient 
related to n o n -repa irab le  dam age and  b is the  coefficient related to repa ir  
m echan ism s.

T h u s  these coefficients character ize  the  response of  th is  system  to radia tion .  T h is  
m ode l was fitted using  G i lb e r t ’s a lgori thm  (G i lb e r t  1969) by m eans  of  a Com puter in 
a Vax 11 from  the  C om isión  Nacional de E nerg ía  Atómica.

3. R esu lts
Q uan ti ta t ive  evaluations of  hair  follicle length  of  non - ir rad ia ted  rats revealed a 

norm al g row th  rate o f  the  anagen hair  follicle in the  first hair  cycle of  the  rat coat of 
approx im ate ly  40 ¡im  per  day. R ad ia t ion - induced  al terat ions in this  g row th  rate 
resu lted  in sho r tened  hair  follicles in a d o se -d e p en d e n t  fashion. I rrad ia t ions  w ith  
single doses of X -rays  (0 5, 1, 2 5, 10, 12, 15, 20 and  60 G y) show ed a do se -d e p en d e n t  
Progressive reduc t ion  of g row th  easily recorded  by averaging the  size of  the 
popu la tion  of hair  follicles go ing th ro u g h  the  first hair  cycle (figure 1).

F igu re  2 shows this  response expressed  as a fraction of  the  length  of the  non-  
i r rad ia ted  follicles m easu red  daily after ir radia tion .  Effects w ere seen at 24 h after 
ir rad ia t ion  and even at sho r te r  pos t- ir rad ia tion  tim es no t show n in the  figure. 
H ow ever,  at th is  t im e th is  effect is no t  clearly d o se -d e p en d e n t  and  the  response  to 
increasing radia tion  doses differ only  slightly. As from  the  th ird  day pos t- ir rad ia t ion ,  
the  curves for 0 5, 1, 2 5 and 5 G y  clearly reveal the  reduc tion  in size of  follicles in a 
d o se -d e p en d e n t  fashion. As this  effect is tem porary ,  the  re -es tab l ishm en t  o f  g row th  
is soon observed  and, for lower doses (0-5 G y),  recovery of  no rm al follicle size is 
dem ons tra ted .

D oses larger th a n  10 G y  p ro m p t ly  halted  ha ir  follicle g row th  with no signs of 
recovery. T h e y  appeared  shor ter ,  no rm al deve lopm en t  becam e im pa ired  and a 
g radual d o se -d e p en d e n t  drastic  sho r ten ing  of  follicles was observed. In the  región 
beyond  20 G y  only small rem n a n ts  of follicular s t ru c tu re s  rem ained  visible. T h e se  
s t ru c tu re s  were cons idered  as non-v iab le  and the ir  length  was assum ed  to later tend  
to zero.

By p lo tt ing  follicle dam age (follicle-length ratio R  between  ir rad ia ted  and  non-  
ir rad ia ted  follicles) versus dose at d ifferent p o s t- i r rad ia t ion  days, dose -response  
curves were ob ta ined  from  the  3rd day onw ards .  F igure  3 shows dose—response 
curves co rresp o n d in g  to  the  m e asu rem en ts  p e r fo rm ed  3, 5 and  7 days after 
irradia tion .  All the  curves display sim ilar pat te rns :  they  show an exponentia l 
response for all condit ions  b u t ,  after low doses ( 1 5  Gy), they  reveal an im p o r ta n t  
length  reduc tion  w hich  confers a par t icu la r  p a t te rn  to the  d o se -response  curve. At



(b)

Figure 1. H air follicles from  a rat tail following detachm ent of derm is from  epiderm is: 
(a) non-irrad ia ted  hair follicles (scale bar: 300 /im); (b) hair follicles exposed to  1S G y X- 
rays (scale bar: 200 /im).



Po t t i r rad ia t ion  doy i

Figure 2. Radiation effect on hair follicle growth analysed during the first hair cycle of the 
albino rat. The ratio of irradiated to non-irradiated hair follicle length was plotted as a 
function of the time elapsed after exposure to varying doses of X-rays. Bars indícate 
standard errors.

Figure 3. Dose response curve on a semilogarithmic scale. Data points are taken directly 
from figure 2. Interpolation of the lines drawn in figure 2 are also used. Data from 
animals sacrificed 3 ( • ) ,  5 (O) and 7 (A) days after irradiation.



longer pos t- ir rad ia t ion  tim es (up to the  12th day, because m e asu rem en ts  at later 
t im es  are m arked ly  influenced by  the  end  o f  the  anagen  po r t ion  of the  hair  cycle) this 
responsiveness  is m odified by the  re su m p tio n  of  follicle g row th  (not show n in 
figure 3).

H a y n e s ’ m ode l p roved  to fit these expe r im en ta l  da ta  adequately .  F ro m  this, 
valúes for the  pa ram ete rs  in the  equa tion  w ere  ob ta ined  and  are show n in the  table. 
A tw o-w ay  analysis o f  variance show ed a significant change in follicular length  due to 
rad ia tion  exposure .  P robab il i ty  ( F ^  11-34) is sm aller  than  OOl. N o  significant 
differences were ob ta ined  as pos t- i r rad ia t ion  tim es  varied.

Survival parameters of f o Hieles.

Post-irradiation time

¿i/í-0 Parameter 5 days 6 days

a 1 52 Gy 23 Gy
[exp ( — (a +  /¡)Z)][exp (ajb( 1 — exp ( — bD)))] b - ' 3 Gy 2Gy

k~ 1 37 Gy 44 Gy

4. D iscu ss io n
W e have p resen ted  a new  assay to  analyse the  response to ionizing radia tion  in 

vivo. T h i s  m odel was chosen  for the  practical advantage it affords of analysing, by 
m eans  of  ra the r  s im ple techn iques ,  a large n u m b e r  of appendages  th a t  are com posed  
of several subp o p u la t io n s  of cells o f  vary ing  radiosensitivity . T h e  w ell-know n 
delete rious effeets induced  by X -rays  on  rat hair  follicles alter the  con t inuous  
rep roduc t ion  of m a tr ix  cells d u r in g  the  anagen  per iod  of the  hair  cycle (G earv  1952, 
C a ttaneo  et al. 1969, D ienes  1966). T h e  m arked  reduc tion  in hair  follicle length 
referred  to in th is  work can be associated w ith  a reduc t ion  in tissue m ass as a 
consequence  of d ifferentia tion  and  m a tu ra t io n  of cells w ith o u t  no rm al  cell replace- 
m e n t  f rom  the  h igh ly  radiosensit ive s tem  cell c o m p a r tm e n t  (Po tten  1981). T h e  
effeets descr ibed  m ay be progressive  and  irreversib le  leading to follicular a t rophy  
w hen  no  recovery  and repopu la tion  is achieved (after doses larger th a n  1 2 G y ) .  As 
P o t ten  (1983) repo r ted ,  the  cells p rogressively  exhausted  the ir  división po ten tia l and 
the  cellular m ass d im in ishes  as is revealed by  the  presence  of a t roph ic  rem n a n ts  of 
hair  follicles receiving doses exceeding 15 G y. H ow ever ,  a steady recovery  of follicle 
function  takes place after doses lower than  10 Gy. I t  is o f  in te rest to no te  th a t  a 
m ark ed  reduc tion  of follicle length  was m easu red  a few ho u rs  after ir radia tion  
w hatever  the  dose received, in ag reem en t w ith  data revealing a drastic  decrease in the 
m ito tic  index of m a tr ix  cells 2 -12  h after ir rad ia t ion  (C at taneo  et al. 1960, and 
u n p u b lish ed  ow n data). N evertheless ,  r ad ia t ion - induced  im p a irm e n t  of hair  bu lb  
n o u r ish m e n t  due to al terations in the  vascular  supp ly  shou ld  also be considered  
b u t  only for doses larger than  10 G y  and m ore  than  tí ve days after ir radia tion  
(Schw int et al. 1984).

An in te res t ing  result yielded by th is  s tudy  was tha t  all follicles in an irradia ted  
area w ere sim ilarly  affected in such  a way tha t  small deviations from  m ean  valúes 
were observed.  T h is  is in con tras t  w ith  resu lts  f rom  o th e r  au th o rs  w ho p lucked  the 
skin as a way to s t im ula te  resting  follicles to  s ta rt  a new  cycle. T h e y  found  tha t 
affected and  non-affected  follicles coexisted in the  expe r im en ta l  area after i r ra d i ­
ation. H ow ever,  the  un ifo rm ity  of  data  recorded  in the  p resen t  investigation  is



relevant and  can be a t t r ib u ted  to the  hom ogeneous  and  sy n ch ronous  popu la t ion  of 
hair  follicles in the  first hair  cycle of  the  rat coat (from b ir th  un til  the  17th day after 
b ir th ;  B u tche r  1934). In  th is  way the  sam e hair  follicle stage was guaran teed  and  as a 
consequence  an equal response  to rad ia tion  was expected . H a ir  follicle g row th  is the 
result  o f  p ro lifera tion  and  differentia tion  of  m a tr ix  cells, so a l tera t ion  in hair  follicle 
g row th  after ir rad ia tion  could  be caused by  im p a irm en t  o f  the  no rm al  co n tr ibu t ion  
of m a tr ix  cells to  the  pool o f  d ifferentia ting  cells.

D ose—response curves exh ib ited  rough ly  an exponentia l shape. H ow ever ,  valúes 
for low doses a l though  som ew hat  d ispersed ,  could  indícate a par t icu la r  response  of 
hair  follicles to low radia tion . T h e  m arked  length  reduc tion  of  ab o u t  30 p e r  cen t for 
som e cond it ions  could  be ascribed to the  dep le tion  of  a highly  radiosensit ive g ro u p  of 
cells th a t  are deeply  affected even by low doses. T h e s e  results  w ou ld  suggest th a t  two 
co m p o n en ts  rep resen t ing  two cell popula tions ,  character ized  by difFerent responses 
to  increasing  doses of  ioniz ing radia tion , m ay exist and  th a t  they  m ay  rep resen t 
follicle clonogenic cells (Po tten  1983). T h e i r  location and  m orphological fea tures 
have no t yet been  established. O th e r  au tho rs  (M alk inson  and  G r ie m  1968) repor ted  
results  in connection  with  these findings, i.e. a reduc tion  of as m u c h  as 50 per  cent in 
the  incorpora t ion  of tr i t ia ted  th y m id in e  in to  D N A  of m atr ix  cells w ith  doses m u c h  
lower (2 G y) th a n  those needed  to  affect the  rem a in ing  50 per  cent,  coupled  w ith  the  
appearance  of  m any  dead cells. A l-B arw ari  and  P o tten  (1979) considered  the  
existence of  two types of  ep iderm al basal cells: a clonogenic s tem  cell class and  a 
m ajo r i ty  class capable of p roliferation  b u t  no c lonogenic ity  and  relatively unafFected 
by X -rays .  F u r th e r  exper im en ta l  w ork is requ ired  to  analyse in detail the  response of 
hair  follicles to very low doses of X -rays .

C o n c ern in g  dose- response curves, H a y n e s ’ fo rm ula  was used to  fit exper im en ta l  
data  and  a, b and  k  coefficients were calculated. T h e  coefficients of k  (Gy) were 
app rox im ate ly  the  sam e at 5 o r  6 days after ir radia tion .  T h i s  result  is in ag reem ent 
with the  expected  findings taking in to  account th a t  k  is related to  non -repa irab le  
dam age. T h e  in te r -re la t ionsh ip  be tw een  a and  b ca lculated for 6 days after 
ir rad ia t ion  is a lm ost half  th a t  calculated for 5 days after irradia tion .  T h is  could  be 
in te rp re ted  as a p ro trac ted  action of  repa ir  m echan ism s.  R egard ing  the  b coefficient 
related to repa ir  m echan ism s,  the  ex trem ely  low valúes ca lculated for the  reciprocal 
would  indícate  the  high radiosensit iv ity  of  the  repa ir  m echan ism .
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