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Sum m ary

Cytochrome oxidase activity was evaluated histochemically as an index of  mitochondrial damage 
after local irradiation with X-ravs. It was determined by microphotometry on the tail skin of newlv 
born Wistar rats four davs after irradiation with doses ranging from 2 to 16 krad.

The enzvme activity of the whole epidermis increased after irradiation, the increases being 
related to the increase in thickness of the epithelium which was observed as a response to 
irradiation injury. Within the dose range tested, the enzym e concentration (expressed per unit 
volume of tissue) decreased in relation to the dose applied.

At the electrón microscopv level, the cytochemical demonstration of  cytochrome oxidase 
revealed an irregular reaction over the cristae, intramitochondrial vacuolization and partial 
homogenization of the matrix. Positive m em brane fragments were seen around lipid droplets. 
This reaction confirms the mitochondrial origin of these previouslv observed radiation-induced 
vacuoles.

In trod u ction

T he p ath o lo g ical ch an g es w h ich  occu r in the skin  a fter irrad iation  h av e b ee n  w id ely  
stu d ied , b ecau se  th is tissu e is freq u en tly  in volved  in accid en tal or th erap eu tic  exp o su re 
to irrad iation . T h e  a im s o f th ese  stu d ies in clu d ed  a search  for p aram eters for q u an tify in g  
rad iation  d am ag e. It has b ee n  sh o w n  that ion iz in g  rad iation  p ro d u ces m etab o lic  
ch an g e s o f e p ith elia l ce lls  w h ich  b eco m e ev id en t by  v aria tio n s in the activ ities o f certain  
en zv m es. A  sh ift o f activ ities from  the K re b s eyele to w ard s the p en to se  sh u n t has b een  
sh o w n  to take p lace and  the co rresp o n d in g  en zy m e activ ity  a ltera tio n s have been  
q u an tified  m icrop h oto m etrica lly  and  related  to the d o ses applied  and  elap sed  
p o st-irrad ia tio n  tim es (C ab rin i et a l . ,  1 9 7 0 ; K le in -S z a n to  & C ab rin i, 1 9 7 0 , 1 9 7 2 ; Itoiz 
& F rasch , 1 9 7 7 ). It h a s  also  b een  p o ssib le  to correlate  m etab o lic  ch an g e s w ith  
m o rp h olog ica l variation s at the u ltrastru ctu ral level (R ey & C ab rin i, 1 9 7 3 a ,b ; R ey  et a l. ,  
1 9 7 9 ).

To fu rth er o u r k n o w led g e  o f th e  co rrela tio n s b e tw ee n  the b io ch em ica l and
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u ltrastru ctu ral ch an g es  occu rrin g  in the skin  ep id erm is, w e have carried  ou t a stud y on 
the irrad iation  d am age o f m itoch o n d ria  u sin g  the h isto ch em ica l activ ity  o f cy to ch rom e 
oxid ase as an evalu ation  index.

M aterials and m eth od s

The distal halves of the tails of five-dav-old Wistar rats were irradiated with X-ravs at 2 ,4 ,8 ,1 2  
and 16 krad, with a Phillips 250  radiotherapv machine operated at 250  kV, 13 mA, employing 
250  mm  copper and 1 mm  aluminium filters at a dose rate of 250  rad/min. The proximal portion 
of the tail, which was used as control, and the rest of the body were shielded with lead.

Each dose was delivered to 8 - 1 0  animals and all groups were killed three days after irradiation. 
This post-irradiation time was selected because the major enzvm e and structural alterations were 
found to have taken place bv this time in previous studies (Cabrini et a l., 1970; Rev & Cabrini, 
1 9 7 3 a ,b ;  Rey et a l. ,  1979).  After three days, irreversible processes of cell death began to appear 
w hen the highest dose (16 krad) was delivered.

A specimen containing the irradiated and control areas of each tail was used for the 
histochemical demonstration of cytochrome oxidase at the optical microscope level. O ther  control 
and irradiated portions of each tail skin were processed for the demonstration of the enzvm e at the 
electrón microscopv level.

L igh t m icroscope h istoch em istn /
Unfixed specimens were sectioned in a thermoelectricallv cooled cryostat. Each tail specimen 
contained both control and irradiated areas. The sections were mounted on cover-slips and 
allowed to drv for 5 min. Cytochrome oxidase was then demonstrated according to the technique 
of Seligman et a l. (1968) .  A diaminobenzidine concentration of 5 mM was used and an incubation 
time of 30 min was selected for all runs after having tested the linearity of the microphotometric 
readings in an incubation cham ber described previouslv (Frasch et a l. ,  1978).  After incubation, the 
sections were dehvdrated and m ounted in Cañada balsam. Thev were not post-osmicated.

M icrophotom etric  evaluation
Relative variations of reaction intensitv were measured in a Cvtoscan Zeiss microphotometer 
provided w'ith an automatic scanning stage, following the conditions established previouslv 
(Frasch et a l. ,  1978).  Six scans from the basal to the corneal laver were performed with a 2 .5  n m 
diameter light spot on the irradiated and the non-irradiated area of each section. O ne  section from 
each animal was measured. Blank measurem ents were taken through the slide, coverslip and 
mounting médium in an area adjacent to the section. The num ber of scans (six) for one section 
from each animal was determined by calculating progressive averages in a pilot set of 
m easurem ents of 10 adjacent scans in five serial sections (Volco et a l.,  1978).  These sections were 
obtained from the irradiated tail o f a rat exposed to 8 krad because it was found to exhibit the 
greatest variation of cvtochrome oxidase activity on visual examination.

The optical density valúes (absorbances) obtained during the scanning were integrated, thus 
obtaining information about the total enzvm e activity (TEA) registered through the whole 
epithelial thickness. The mean enzyme activity (MEA), w hich is the activity per unit of tissue, was 
obtained bv dividing TEA bv the length of the epithelial scans. The ratio (7/C) of the irradiated and 
control valúes was determined for each section in order to average the valúes from different 
animals. Using this ratio, the errors that mav arise from variations in the thickness of the sections 
and in technical factors are eliminated. (In our experience, the variations in thickness between 
sections of different specimens, using the same cryostat settings, are within the order of 10%. This 
variation increases for specimens sectioned with different knives or on different days.)



A statistical programme was used to assess the significance of the differences betw een control 
and experimental valúes within each irradiation dose group and to obtain correlations betw een 
variations of the irradiated/control ratios and the applied doses.

Electron m icroscope cy tochem istry
Fresh 1 mm x  3 mm skin specimens wore fixed in 3% glutaraldehyde phosphate buffer, pH 7.4, 
at 4° C for 30 min and rinsed for 1 h in phosphate buffer.  Non-frozen sections, about 5 0 - 8 0  //m 
thick, were cut under a stereoscopic microscope in order to keep the orientation of epithelial 
layers. The sections were then incubated for cytochrome oxidase in the m édium of Se ligm aneí al. 
for 2 h, and afterwards treated with 2% osmium tetroxide in phosphate buffer for 1 h and em bed- 
ded in Epon 812. Ultrathin sections were examined without contrast staining in a Phillips 300 
electrón microscope.

Inhibition  control
In all experiments,  control sections were incubated with 1 mM K C N  in the substrate médium for 
the inhibition of cytochrome oxidase activitv.

R esults

T h e d istrib u tio n  o f en zy m e activ ity  w ith in  the ep ith eliu m , as o b serv ed  in light 
m icrosco p e p rep ara tio n s, sh o w ed  a d ecrease  in activ ity  from  the basal to the su b co rn ea l 
layers. All irrad iated  ep ith elia  w ere th icker than  the resp ectiv e  C o n t r o l s .  T h is w as d ue to 
the w e ll-k n o w n  acan th o tic  resp o n se  to irrad iation  (R ey & K le in -S z a n to , 1 9 7 2 ; 
K le in -S z a n to  et a l . ,  1 9 7 7 ; L an fran ch i et a l . ,  1 9 7 9 ). T h e  en zy m e reaction  p ro d u ct in the 
irradiateci zo n es w as less h o m o g en eo u sly  d istrib u ted  th an  in con tro l zo n es. In the 
form er, sm all areas o f in ten se  reactiv itv  and  m ore ex ten siv e  areas o f verv  low  reactivity  
w ere o b serv ed . T h is  resu lted  g en erally  in lo w er activ itv  in the irrad iated  areas overall 
(F ig . 1).

T h e  m icro p h o to m etric  m e asu re m e n ts  in d icated  an in crease  in to tal en zy m e activity  
(T E A ) in the irrad iated  ep id erm is. T he in crem en ts  w ere p rop ortion al to the in crease  in  
ep ith elia l th ick n ess . B oth  the en zy m e co n ten t and  the a can th o sis  w ere re lated  to the 
irrad iation  d ose . T h e  m ean en zy m e activ ities (M EA ) (the activ ities p er u n it vo lu m e o f 
tissu e reg ard less o f the in crem en t in ep ith elia l th ick n ess) ind icated  a lo w er en zym e 
activity  in the irrad iated  ep id erm is (F ig . 2). T he actual valú es w ere  closely  related  to the 
d ose d elivered  (r =  0 .7 2 , P  =  0 .0 0 1 ) .

A t the e lectró n  m icrosco p e  level, the cy to ch em ica l reaction  clearly  m arked  the 
m itoch o n d ria l stru ctu res. T he ep id erm is o f an im als irrad iated  w ith  the h ig h est d ose (16  
krad ) sh o w ed  an in crease  in m itoch o n d ria l size freq u en tlv  associa ted  w ith  sw ellin g  or 
v acu olization , w ith  an irregular en zy m e reaction  o v er the cristae  (F ig . 3). In som e 
m ito ch o n d ria , a reas o f m atrix  w ere partiallv rep laced  by a h o m o g en eo u s and 
e le c tro n -d en se  m aterial (Fig . 4). T h e se  areas seem ed  to be tran sition al stag es to w ard s 
o th er  ad v an ced  les io n s in w h ich  d en se  vacu oles su rrou n d ed  by m em b ran e  rem n an ts 
w ith  a p ositive  cy to ch rom e oxid ase  reactiv ity  w ere o b serv ed  (F ig . 5). T h e se  reactive 
m e m b ran e  frag m en ts, like o th er  m itoch o n d ria l m e m b ran e s, w ere n egativ e  in the 
en zy m e in h ib itio n  Controls.



Fig. 1. Cytochrome oxidase reaction in tail epidermis. (A) An unirradiated control area. (B) 
Irradiated (16 krad) area of the same section showing a marked increase in epithelial thickness. 
The staining is less hom ogeneous than in the control area. Small zones of intense reactivity and 
unreactive larger zones are evident. Arrows indicate the direction of the microphotometric 
scannings. x 160.

D iscu ssion

T h e to p og rap h ica l d istr ib u tio n  o f reaction  p ro d u ct in th e  d ifferen t e p ith elia l strata w as 
co n sis te n t w ith  a m ito ch o n d ria l d istr ib u tio n  an d  m ito ch o n d ria l en z y m e s p a ttern s  (Ito iz 
et a l . ,  1 9 7 7 ; R ey  et a l . ,  1 9 7 9 ). T h is n o rm al d istr ib u tio n  p attern  w as n o t a ltered  in 
irrad iated  ep ith elia  a lth o u g h  th ere  w as, h o w ev er, som e irregu lar arran g em e n t in  the 
latter. A t the u ltrastru ctu ra l lev el, th is  p atch y  a rran g em en t o f the reactio n  p rod u ct w as 
found  to be d ue to the p resen ce  o f gro u p ed  e n larg ed  m itoch o n d ria . T he cy to ch em ical 
tech n iq u e  for cy to ch ro m e oxid ase w as th u s found  to be  esp ecia lly  u sefu l as a m ito ch o n -
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Fig. 2. Variation of total and mean enzyme activity and epithelial thickness after irradiation. 
Ordinate shows the ratio between experimental and control valúes plotted against irradiation 
dose. Each point represents the mean ±  S.D. of 8 -1 0  samples (animals).
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Fig. 3. (A) Cytochrome oxidase reaction in a normal keratinocyte showing perinuclear 
mitochondria with a distinctive reaction in the membranes. (B) Basal keratinocyte after 16 krad of 
irradiation. Intense swelling and mitochondrial vacuolization are evident. x 14 000.



Fig. 4. (A) Mitochondria in a control cell. Cytochrome oxidase reaction product is localized in the 
space between the inner and outer mitochondrial membranes. (B) Mitochondria of an irradiated 
cell showing an irregular enzyme reaction over the cristae and the deposition of homogeneous 
dense material in the matrix. x 20 000.

drial m ark er, and  a llow ed  m ito ch o n d ria l d am age in  ou r m aterial to be d etected  easily . 
S w e llin g , v acu olization  and  d isarrayed  cristae  have b een  d escrib ed  p rev iou sly  in 
e p id erm is an d  o th er  an im al tissu es  in ju red  by  rad iatio n  (G artn er, 1 9 7 3 ; R ey  & C ab rin i, 
1 9 7 3 a ,b ) . T h e  p resen ce  o f d en se  m e m b ra n e -co a te d  v acu oles h as also  b een  rep orted  and 
it h as b een  su g g ested  th at th ey  had  a lipid  co n ten t and  w ere o f m itoch o n d ria l origin . 
O u r o b serv a tio n  o f su ch  v acu oles co n ta in in g  stru ctu ral e le m e n ts  w ith  a positive 
cy to ch rom e oxid ase reactiv ity  con firm s th is  h y p o th esis .

O u r m icro p h o to m etric  d ata for th e  activ ity  o f the en zy m e can  be an aly sed  in relation  
to p rev iou s d ata on  ,the am o u n t and  v o lu m e o f m ito ch o n d ria  d eterm in ed  by  ap p ly in g  
stereo lo g ical m e th o d s to the sam e m o d el o f rat tail sk in  irrad iated  w ith  16  krad  (R ey et 
a l . ,  1 9 7 9 ). T h e  re lativ e  m ito ch o n d ria l v o lu m e in the b asal an d  sp in ou s layers o f norm al 
con tro l skin  w as 3 2  m m 3 p er cm 3 o f e p ith eliu m . T h is valué d ecreased  to 23  m m 3/c m 3 
th ree  d ays a fter irrad iation  (J/C =  0 .7 2 ) . T h e  m ean  co n cen tra tio n  o f cy to ch ro m e oxid ase 
sh o w ed  an  I /C  ratio  o f 0 .5 1  u n d er the sam e exp erim en ta l co n d itio n s , and  a sim ilar ratio 
w as also fo u n d  w h en  a n o th er m ito ch o n d ria l en zy m e , su ccin ate  d eh y d ro g en ase , w as 
assayed  m icro p h o to m etrica lly  (K le in -S z a n to  & C ab rin i, 1 9 7 0 ; Itoiz et a l . ,  1 9 7 7 ). The 
d ifferen ce in the ratios w o u ld  in d ica te  th at a s ig n ifican t m ito ch o n d ria l vo lu m e w ith  
d im in ish ed  or no activity  rem ain s after irrad iation . T h is  n o n -fu n ctio n a l vo lu m e becam e 
ev id en t in the e lectró n  m icrog rap h s o f irrad iated  tissu e  su b je c te d  to the cy to ch rom e



Fig. 5. Irradiated keratinocyte show ing irregular distribution of mitochondria. A rrow s indícate 
dense vacuoles in which m em brane rem nants with a positive cytochrome oxidase reaction is 
evident. x 7500 ;  inset, x  16 000.

oxid ase  tech n iq u e  in w h ich  large m itoch o n d ria l sp aces w ith o u t reaction  p ro d u ct w ere 
seen .

O th e r  a ltera tio n s in m ito ch o n d ria l m etab o lism  pro d u ced  by irrad iation  have been  
rep orted  by B en jam ín  & Y o st (1 9 6 0 ) , Y o st et a l.  (1 9 6 7 ) and T ru m p  ct a l.  (1 9 7 4 ) w ho 
fo u n d , u sin g  b io ch em ica l m o d els, th at im p ortan t ch a n g e s  occu rred  in resp ira tory  chain  
p h o sp h o ry la tio n .

T h e  stu d y  o f variation s in m ito ch o n d ria l m etab o lism  a fter irrad iation  is at p resen t 
fu n d am en ta l ra th er th an  ap p lied . H o w ev er, the co rrela tio n  b e tw ee n  ratio v a lú es o f



m ean cy to ch ro m e ox id ase  activity  an d  d oses b e tw ee n  2 and 1 6  krad p o in t to a practical 
use  o f th e  m icro p h o to m etric  m eth o d  as an easy  and rapid tool for ev a lu atin g  the d egree 
o f  skin  d am age in exp erim en ta l m o d els o f irrad iation .
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