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P o ly u c r y la m id e  m o d e ls  in  w h ic h  an  e x tr a c t  o f  c a t t le  h ea r t m ito c h o n d r ia  w a s  in co r-  
p ora ted , a s  w e ll a s  c r y o s ta t  s e c t io n s  o f  to n g u e  m u sc le  an d  e p ith e liu m , w e r e  u sed  to  se t  

i up  th e  c o n d itio n s  u n d er  w h ic h  th e  h is to c h e m ic a l r e a c t io n  for  th e  d e m o n s tr a tio n  o f
cy to c h r o m e  o x id a se  ca n  be q u a n tita te d . U s in g  d ia m in o b e n z id in e  in  a c o n c e n tr a t io n  o f  
5.5 m M , c y to c h r o m e  C in  a ñ x e d  c o n c e n tr a t io n  o f  76 ¡xM an d  k e e p in g  th e  in c u b a tio n  
m éd iu m  a w a y  from  d ir e c t  lig h t  a c t io n , e n z y m e  a c t iv ity  ca n  b e  e v a lu a te d  b y  m e a n s  o f  
d ir e c t  m ic r o p h o to m e tr y  o n  t is su e  se c t io n s . E ach  b io lo g ic  m o d e l r e q u ir e s  p r e v io u s  in d i­
v id u a l d e te r m in a tio n  o f  th e  m e a su r e m e n t lim its . T h e se  lim its  c a n  b e r e a d ily  e s ta b lish e d  
by u s in g  a sm a ll ch a m b e r  fo r  th e  in c u b a tio n  m éd iu m , w h ic h  ca n  be p la ced  in  th e  
m ic r o p h o to m e te r , a l lo w in g  th e  r e a c t io n  r a te  to  be fo llo w e d  u s in g  a s in g le  se c tio n .

The recently developed methods that make 
possible quantitative determinations in enzyme 
histochemistry are generally too complex to be 
used by most laboratories (13). However, one of 
the feasible procedures is direct microphotom­
etry, which when carried out on tissue sections, 
vields relative results that allow numerical com- 
parisions between adjacent tissue areas on the 
same section or between different tissue sections 
mounted and processed together on the same 
slide.

This method has proved of great valué in the 
quantitation of formazan reactions (4, 5, 9), of 
Gomori type reactions with final lead precipítate 
(2, 8) and of the azo-dye method for unspecific 
esterases (3).

In this report we delineate the conditions for 
the quantitation of the histochemical reaction 
for the demonstration of cytochrome oxidase 
activity based upon the oxidative polymerization 
of diaminobenzidine (DAB) (15).

Several authors have discussed the accuracy 
of this reaction and described conditions that 
modify it, such as the DAB oxidation by UV 
light (7) or the the nonenzymatic binding of 
auto-oxidazed DAB to cytochrome C (7, 10, 11). 
An increase of the DAB concentration used in 
the original technique is also reported to en- 
hance the final staining (6, 10). However, since 
it has been proved that the reaction shows the 
mitochondrial cytochrome oxidase activity (11, 
12, 16), the conditions under which the enzy-

matic reaction can be quantitated using direct 
microphotometry were studied.

M A T ER IA L S A ND M E T H O D S

P rep a r in g  th e  m o d e ls:  Blair’s technique (1) was 
used to prepare cow heart mitochondria. Sonication  
was then applied in order to break the mitochondrial 
membrane. T he crude extract served as a source of 
cytochrom e oxidase (EC1.9.3.1). It was not our pur- 
pose to achieve absolute quantitation and, therefore, 
we did not evalúate biochem ically the activity of the 
extract.

Different dilutions o f the extract in 0.1 Ai phosphate  
buffer, pH 7, were mixed with equal parts o f a 20% 
acrylamide solution, prepared according to the m ethod  
of Van Duijn et al. (17). Final concentrations were of
0.025, 0.062, 0.081 and 0.1 mi of extract per m illiliter of 
acrylamide. W ith the addition of tetram ethyl-acethy- 
lene diamine and am monium  persulphate, the prepa- 
rations were polymerized between two glass plates 
with spacers o f 240 + 10 ¡i, for 30 min at 40°C.

M odels containing the sam e am ount of enzym e 
(0.081 mi of mitochondria extract per m illiliter of 
acrylamide) were used to study the kinetics o f the  
reaction. T hey were incubated in darkness at 37°C, in 
a médium containing 0.13, 0.24, 0.73, 5.0 and 13.0 m M  
DAB tetra-HCl (Sigma Chemical Company, St. Louis, 
Mo.); 2 /ig /m l catalase; 76 ¡xM cytochrom e C and 0.22 
M  sucrose in 0.05 M  phosphate buffer, pH 7.4. After
1, 2, 4, 8, 15 and 30 min incubation periods, m odels 
were rinsed in 0.1 M  phosphate buffer and m ounted  
in glycerol-gelatin.

M icrophotometric readings were performed within  
the following 30 min in a Zeiss Cytoscan. T he wave-



length oí 480 inji was set after carrying out an absorp- 
tion spectrum on one of the m odels (Fig. 1). T he total 
magníficat ion of th e  system  was of approximately X50. 
T he hom ogeneity o í  the reaction on the film s allowed  
areas of 300 /i2 to be measured w íthout apprecíable 
distiibutional error.

R e a c tio n s  on  t is s u e  se c t io n s :  LJnfixed tongue of 
Wístar rat was cut in transverse sections of 10-12 \i 
thickness in a therm oelectrically-cooled cryostat. S ec ­
tions were mounted on coverslips and im m ediately  
frozen. In order to perform m icrospectrophotom etric 
m easurem ents during the reaction, the coverslips were 
placed with the section facing downward covering 
partially a hole o f 2 cm díameter drilled in a lucite 
píate of 2-mm thickness, which was previously affixed 
to a slide. T he systein  was placed in the stage o f the 
Cytoscan, the lens was focused on the section and 
im m ediately afterward the incubation solution was 
added by pouring it w ith a syringe on the uncovered  
part of the hole in the lucite píate. T he incubation
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F ig  1. Absorption spectrum  from a polyacrylam ide 

m odel containing 0.081 mi o f m itochondrial extract 
per m illiliter of acrylamide, incubated in Seligm an’s 
médium with 5.5 m M  o f  D A B. O.D., optical density.
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médium was prepared in the sam e way as for the 
polyacrylam ide m odels in a D A B concentration of 5.5 
mM.

T he optical densities in a fixed area o f 1 /u diameter 
of tongue muscle tissue were autom atically registered  
during 60 min.

In order to gather data on the reaction kinetics in 
a tissue with different enzym e activities, a sean of the 
tongue’s ventral epithelium  in the basal-horny direc- 
tion was registered starting at 0 min of incubation, 
when the solution was poured iuto the chamber, and 
repeated at 10, 20, 30, 40 and 50 min of the incubation. 
Blank m easurem ents were performed through the in­
cubation m édium in an area o f the coverslip adjacent 
to the sections.

F ig  3. Variation of the reaction product (O.D., op­
tical density) plotted against incubation time. T he  
bars indícate standard deviations o f 10 m easured areas 
of each polyacrylam ide film containing 0.081 mi of 
extract per milliliter. T he incubation m édium  con- 
tained 5.5 m M  o f D A B . T h ese  conditions rendered a 
linear response within 2 to 15 min.
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F ig . 2. A, R eaction rate obtained as ratio between the reaction product (in arbitrary units o f optical density) 
and the incubation period (in m inutes) as function of different D A B  concentrations in the incubation médium. 
T he m icrospectrophotom etric m easurem ents were carried out in areas o f 300 ¡u2 o f  polyacrylam ide films 
containing 0.081 mi of m itochondrial extract per milliliter. T he reaction rate was calculated within 2 to 15 min.
B, Lineweaver-Burk double reciprocal plot o f the data of Figure 2A, from which an apparent Km of 0.71 m M  is 
obtained for the D A B  concentration.



C o n tro l r e a c t io n s  a t  e le c tr ó n  m ic r o sc o p io  
lev e l:  Nonfrozen sections o f the tongue’s epithelium , 
previously ílxed in 3% glutaraldehyde in phosphate  
buffer cluring SO min and rinsed during 1 hr in phos­
phate buffer, were incubated for 2 hr in the aforemen- 
tioned médium, treated with 2% 0s04  in phosphate  
buffer during 1 hr, and em bedded in Epon 812. The  
seotions without contrast staining were observed in an 
elec trón m icroscope Philips EM 300.

In h ib itio n  con tro la : In all expenm ents, the poly- 
acrylamide m odels and the tissue seotions were simul- 
taneously incubated with KCN 0.001 M  for the inhi­
bition of cvtochrom e oxidase,

Al¡ experim ents were repeated three to live times. 
I Mfferent areas o f each film were m easured at least 
five times.

K ESU L TS

The reaction rate, obtained as a ratio between 
the reaction product (in arbitrary units of optical 
density) and the incubation period (in minutes) 
varies as function of the DAB concentraron 
used, (Fig. 2A). When the double reciprocal plot 
of Lineweaver-Burk was made, an apparent Km 
= 0.71 mM  was obtained for the DAB (Fig. 2B). 
This concentration can be easily increased up to 
approxirnately 5 mM. At a higher concentraron, 
it ís difficult to prepare tfre solution at room 
temperature, and at 13 mM  the solution becomes 
cloudy and precipitates. For thiís reason, the 
following experiments were carried out with a 
DAB concentration of 5.5 mM.

Under these conditions, the reaction proved 
to be linear within 2 to 15 min (Fig. 3). The 
reaction rate is faster in the first 2 min. This ffict 
could be due to the action of endogenous cyto- 
chrome C. Figure 4 shows the variation in the 
reaction rate per minute, measured between the 
2nd and 15th min, as function of the concentra­
tion of the extract incorporated into the models. 
This graph also indicated that no variatioi) took 
place when the models were incubated with 
0.001 M  KCN in the médium.

The activity of unfixed frozen sections of 
tongue muscle measured under the same condi­
tions proved to be linear within 4 to 18 min. 
Longer periods cause saturation of the final 
product (Fig. 5A). The lingual epithelium having 
a smaller amount of mitochondria than the mus­
cle, could be measured even 40 min after the 
reaction started (Fig. 5B,C). The scannings 
through the epithelial thickness revealed differ- 
ent reaction rates in zones of diverse enzyme 
content. As has already been subjectively des-
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Fu;. 4. R eaction rate (variation of optical density  
per m inute within 2 to 15 min) as function of the  
amount of extract incorporated in the polyacrylam ide 
films. The bars indícate standard deviations o f 10 
measured areas o f each film. Incubation in 5.5 m M  
D A B mediufn. D otted  line: valúes from portions o f the  
sam e m odels incubated in m édium  cpntaining 0.001 M  
KCN.

ribed, cytochrome oxidase activity decreases 
from the basal layers to the top layers (14).

The control sections observed with the elec­
trón microscope showed that the DAB concen­
tration of 5.5 mM  produced neither diffusion of 
the final product ñor unspecific precipitation, 
and the mitochondrial localization is as accurate 
as described by Seligman et al. (15) in his origi­
nal description (Fig. 6).

>
D ISC U SSIO N

The results show that the microspectropho- 
tometric quantitation of cytochrome oxidase can 
be easily achieved, once conditions for its appli- 
cability have been established. Some of these 
conditions can be generally defined, whereas 
others must be tested separately for each model.

The increase of the DAB concentration up to 
5.5 rfiM does not affect the precisión of the final 
precipitate’s localization, while increasing the 
reaction rate. This allows one to obtain optical 
densities measurable after relatively short incu­
bation periods. Although these periods are 
shorter than those described as necessary to 
produce a nonenzymatic oxidation of DAB (7), 
it is advisable to prepare and maintain the in­
cubation médium in a dark place until use.

Another general condition that calis for spe- 
cial care is the use of a fixed cytochrome C 
concentration, since it has been demonstrated 
that the incorporation of cytochrome C during 
incubation increases the amount of final product 
(7, 10, 11). In our models containing a fixed



Incubation T im e  (m inutes)

Fio. 5. A, Graphic record of enzym e reaction in a fixed 3 u diameter area of tongue m uscle cryostat sections. 
Kecording was started im m ediately after the incubation m édium containing 5.5 m M  D A B  was added, using a 
small cham ber placed under the objective o f the m icrospectrophotom eter. T he reaction rate was greater during 
the first 3 min. T he linearity was m aintained during 18 min. B, A utom atic scanning graphs carried out from the  
basal to the horny layer o f the ventral tongue epithelium , during incubation under similar conditions as 
described for Figure 1A. T he basal layer exhibited the greatest activity, which decreased towards the epithelial 
surface. T he reaction linearity was m aintained for 40 min at each point o f the sean. T hree o f them  are marked 
on the graph. C, M icrophotograph of the scanned epithelium  after 30 min of incubation. T he 1 n diam eter spot 
and its trajectory are indicated. Horny layer was not measured.

a m o u n t o f  c y to c h r o m e  C in  th e  in c u b a tio n  m é ­
d iu m , it  s e e m s  o b v io u s  th a t  d u r in g  th e  p er io d  in  
w h ic h  th e  r e sp o n se  is lin ea r , th e  r e a c t io n  ra te  
d e p e n d s  o n  c y to c h r o m e  o x id a se  a c t iv ity . T h is  
w a s a lso  p ro v ed  b y  th e  in h ib it io n  o b ta in e d  w ith  
K C N , w h ich  in  a c o n c e n tr a t io n  a s  lo w  a s  0 .001  
M  is a  sp e c if ic  in h ib ito r  o f  th is  en z y m e .

T h e  r e la t iv e  m ic r o sp e c tr o p h o to m e tr ic  e v a lu -  
a t io n  o f  a d e te r m in e d  e x p e r im e n ta l p ro b lem  
re q u ir e s  o n e  to  p r e v io u s ly  e s ta b lish  th e  l im it s  o f  
th e  in c u b a tio n  p e r io d  a n d  o f  th e  o p tic a l d e n s ity  
b e tw e e n  w h ic h  th e  r e sp o n se  is  p r o p o r t io n a l to  
th e  a m o u n t o f  e n z y m e . A  sm a ll in c u b a tio n  
ch a m b e r  a s  th e  o n e  d e sc r ib e d  a b o v e  is  v e r y



Fu; ti. Electron micrograph showing mitochondria) reaction in a basal cell o f the ventral tongue epithelium . 
T he tissue was incubated with D A B  5.5 mM. T he reaction product is localized in the space betw een inner and 
outer limíting m itochondnal m embrane and in the intracristate spaces (inset).

useful for this purpo.se since it allows one to 
follow the reaction rate, using a single tissue 
section.
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