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TWENTY-TWO F I G U R E S  

INTRODUCTIOX 

In  a previous paper (navies and Friedenwald, ’50) we have 
shown that is is possible to differentiate histochemically in 
fresh frozen tissue sections substrate specific enzymes hydro- 
lyzing a number of different phosphate esters. Under the 
conditions of our experiments the presumed non-specific alka- 
line phosphomonoesterase was absent or inactive. Differen- 
tiation of the substrate specific phosphatases was established 
on the basis of one or more of the following criteria: differ- 
ences in anatomical location of activity for different sub- 
strates, differences in response to various activators or 
inhibitors, differences in diffusibility of the enzymes or of 
some cofactor required for the enzymatic hydrolysis of dif- 
ferent substrates. The present study was undertaken to 
determine whether the methods previously developed could 
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be extended to the demonstration of substrate specific enzymes 
for adenylic acid, adenosine-triphosphate, and creatine-phos- 
phate. 

As already pointed out in our previous publication (Davies 
and Friedenwald, '50), numerous workers using paraffin em- 
bedded tissue were unable to distinguish histochemically 
substrate specific enzymes hydrolyzing various phosphate 
esters (Gomori, '41, '49 ; Kabat and Furth, '41 ; Bourne, '43 ; 
Danielli, '46, etc.). More recently Newman, Feigin, Wolf and 
Kabat ( '50) demonstrated the presence of a 5-nucleotidase 
(Reis, '34 ; Gulland and Jackson, '38) in dehydrated, paraffin- 
embedded tissue sections. The localization of ATP-ase was 
attempted by Glick and Fischer ('45a, '45b, '46), but the sub- 
strate specificity of the enzyme demonstrated by these authors 
has been open to doubt (Moog and Steinbach, '46 ; Glick, '46). 

The tissues and substrates used in the present study are 
listed in table I. In  comparing the results of our present 
study with those that we have previously reported, it may 
be stated at the outset, that the pattern of organ and tissue 
distribution of enzyme activity for each of the presently used 
substrates and the response of these activities to various 
activators and inhibitors differ significantly from the vari- 
ous patterns found for the polyglycol phosphates and aryl 
phosphate employed in our previous study. All of these 
patterns differ from those found with nucleic acids as 
substrates (Friedenwald and Crowell, '49 ; Rrugelis, '46). 
I n  the present study we have not employed diffusion experi- 
ments such as were described in our previous report, since 
no striking differences in the diffusibility of the enzyme 
systems were noted in respect to the substrates now being 
considered. On the other hand, significant differences were 
found in response to changes in the pH of the incubating 
solution within the alkaline range. 

At pH 8.9-9.0, which was most satisfactory for the sub- 
strates previously studied, adenosine-triphosphate was only 
feebly and irregularly attacked, whereas at pH 9.9-10.0 
intense, sharply localized and widely disseminated activity 
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for this substrate was found. With this same substrate at 
pH 8.25-8.3 intense activity was found. In  voluntary muscle 
and heart muscle the ATP-ase active a t  this lower pH was 
strongly activated by glutathione and inhibited by sulfhydryl 
binders. This activity at the lower pH in muscle is, therefore, 
attributable to  myosin ATP-ase, while that at the higher pH 
must be due to a different alkaline ATP-ase or  pyrophos- 
pha tas e. 

TABLE 1 

Tissues and substrates studied 

RAT TISSUES STUDIED SUBSTRATES SOURCES 

Bladder (urinary) 
Brain (cortex) 
Colon 
Duodenum 
Heart  
Kidney 
Liver 
Lung 
Ovary and Fallopian tube 
Prostate 
Rectum 
Seminal vesicle and coagu- 

Skin (sole) 
Skin (tail)  
Stomach (pylorus and 

cardia) 
Striated muscle 
Uterus 

latiug gland 

Adenosine triphosphate 
= A T P  (Ba- and Na- 

salts) Armour Laboratories 

Adenosine-5-phosphoric 
aeid = A-5-P Schwarz Laboratories 

Adenosine-3-phosphoric Nutritional Biochemicals 
acid = A-3-P Corporation 

Creatine-phosphate = 
Cr-P (Ca-salt) Bios Laboratories, Inc. 

All substrates were employed at the same molaritg (0.005 M final) a f te r  con- 
version to the sodium or potassium salt. 

Similarly at pH 8.9-9.0 the tissue sections (in the absence 
of added magnesium) showed no activity for creatine-phos- 
phate, but widely disseminated activity was found if  the pH 
was raised to 9.9-10.0, while a t  pH 8.9-9.0 in the presence of 
magnesium a different activity pattern was revealed. 

The inhibitors and activators employed mere chosen accord- 
ing to  observations recorded in the general chemical literature 
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in this field (Banga and Szent-Gyorgyi, '43 ; Laki, '43 ; Bink- 
ley, Ward and Hoagland, '44 ; Potter, '44 ; Barron and Singer, 
'45 ; Engelhardt, '46 ; Szent-Gyorgyi, '47 ; Libet, '47 ; Bailey 
and Perry, '47 ; Banga, '47 ; Gordon, '49 ; Roche, Van Thoai 
and Bernard, '49, etc.). 

The difficulties encountered in using frozen tissue sections 
instead of dehydrated, parafin-embedded material f o r  the 
Gomori ('39)-Takamatsu ( '39) technique have already been 
described (Davies and Friedenwald, '50). All of the improve- 
ments on this technique which were worked out previously 
(Friedenwald and Becker, '48 ; Davies and Friedenwald, '50) , 
i.e., saturation of the incubation mixture with the final product 
and high salt concentration, were again employed in this study. 

METHODS 

White male and female TWistar r a t s ?  from Carworth Farms, 
weighing 140-180 gm were used throughout this study. The animals 
were killed by decapitation, the organs to be examined removed as 
quickly as possible and immediately frozen on dry ice. Tissue pieces 
were frozen to the stage of a freezing microtome with half-saturated 
sodium acetate solution, made u p  with glass distilled water. Sections 
20 to 3 0 p  thick were cut and dropped directly from the knife into 
the incubation mixtures described in table 2. These incubation mix- 
tures were buffered by the presence of 0.025 M glycine and also in  
par t  by the very high concentration of acetate present. Pilot measure- 
ments indicated that the drift  toward lower pH during incubation 
due to liberation of inorganic phosphate amounted to less than 0.2 
p H  units. The high concentration of acetate was introduced into 
the substrate solution in  order to diminish enzyme diffusion and 
autolysis. The utility of this procedure is discussed in  our previous 
paper. 

Since glycine dissolves slowly in  the presence of high salt concrn- 
trations, two stock buffer solutions were made up  as follows: For  
stock buffer no. 1 the glycine and potassium chloride were weighed 
out and dissolved in  as little glass distilled water as possible. Then 
a saturated solution of sodium acetate in  glass distilled water mas 
added; but enough space was left to adjust the pH of the buffer with 
1 N KOH in glass distilled water and t o  leave room for the addition 

The animals were fed on Purina Laboratory Chow supplemented once w x k l y  
with 1 ml of cod liver oil and 1 ml of wheatgerm oil f o r  each animal. 
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of sodium acetate crystals to render the buffer fully saturated when 
made up t o  volume. The pH was brought to 9.35-9.4 with KOH and 
checked again with a glass electrode system when the buffer was 
completed. The same procedure was used for stock buffer no. 2 of 
p H  7.45, but the adjustment of the pH in this case was made with 
1 N HC1 in glass distilled water. Using one or the other of these buffer 
solutions the final pH adjustment was made by adding KOH to the 
incubation mixt,ure (see table 2) .  The final pH f o r  ATP and creatine- 
phosphate adjusted with KOH, using stock buffer no. 1, was found 
to be 9.95-10.00. For muscle- and yeast-adenylic acid as substrates 

TABLE 2 

Incubation mixture 

Glycine buffer; pH 9.35-9.4 in  saturated sodium acetate 
(CH,NH,COOH 0.1 M, KCl 0.4 M) 2.0 ml 

Saturated CH,COOKa 2.0 

KOH (1.0 M)4, s  0.1 
Substrate (0.04 M )  1.0 

CaCl, (0.36 M)’  0.6 

H,O distilled 2.3 
Saturated Na’PO, ‘ 1 drop 
Filtered a f te r  1 hour a t  incubation temperature (37-38°C.). 

All water employed in the A T P  and Cr-P experiments was glass distilled. 
,Fo r  the demonstration of the myosin ATP-ase the buffer was employed a t  a 

p H  of 7.45. 
F o r  myosin ATP-asc the amount of CaC1, (0.36 M)  was increased to  0.8 ml. 
For  the demonstration of a second enzyme attacking creatiiie-phosphate the 

For myosin ATP-ase 0.2 ml of 0.1 M KOH was used. 
For  myosin ATP-ase the amount of glass distilled water added was decreased 

For  myosin ATP-ase 3 drops of saturated Na,PO, were added. 

KOH was replaced by 0.1 ml MgC1, (0.36 M). 

to 2.0 ml. 

with the same buffer the p H  was 9.90-9.95 ; for creatine-phosphate and 
Mg++ it was 8.90-8.95. When ATP was used as substrate with stock 
buffer no. 2 the final pI-1 was established at  8.25-8.30. All measure- 
ments of hydrogen ion concentration were performed with a glass 
electrode at  25°C. At incubation temperat.ures of 37°C. the pI-I 
would be slightly lower. 

The ATP and creatine-phosphate substrate solutions were made 
LIP fresh every third day. They were adjusted t o  a slightly alkaline 
p H  (9.0-9.5), frozen immediately and kept frozen until used. Both 
adenylic acid substrates were made once a week and stored frozen 
at  neutral pII. 
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For  the inhibition experiments the tissue sections were exposed for 
30 minutes to the inhibitor-mixture described in  table 3. They were 
then transferred to the incubation mixture of table 2 which now 
contained the same concentration of inhibitor as employed i n  the 
inhibitor-mixture, replacing the appropriate amount of distilled water 
by inhibitor solution. 

Owing to  the photo-sensitivity of p-chloromercuri benzoate this 
inhibitor was employed i n  the dark. 

In the activator experiments a n  appropriate amount of activator 
dissolved in  glass distilled water was incorporated in  the incubation 
mixture of table 2, replacing a par t  of the distilled water. The gluta- 
thione was neutralized with 1 N KOH in glass distilled water and 
made up  fresh for each experiment. Since no special care was taken 
to  exclude air  from the experiments, we cannot state to what extent 
the glutathione was in  the oxidized state. 

TABLE 3 

Inhibitor-mixture 

Saturated CH,COONa 
Water solution of inhibitor 

Distilled water 
(appropriate concentration) 

4.0 ml 

1.0 
3.0 

Glass distilled water was used fo r  all ingredients of this mixture. 

For each experiment about 20 to 25 tissue sections were used. In all 
types of experiments a t  the termination of the desired incubation pe- 
riod, the sections were washed with 75% ethanol containing 1% calcium 
chloride before being mounted on glass slides filmed with albumen. 
By this procedure the excess sodium acetate was removed without the 
loss of calcium phosphate deposit. The slides were then dried by 
careful heating. The calcium phosphate deposited in  the tissue by 
enzymatic action was replaced by cobalt sulfide t o  make the deposit 
visible, as 'described by Gomori ( '39),  and modified by Davies and 
Friedenwald ( '50). 

All experiments were controlled in  two ways. One control was run  
by using a n  incubation mixture in  which the substrate was omitted, 
and the second control in  which, after heat destruction of the enzyme, 
the tissue sections were exposed t o  the incubation mixture containing 
substrate. The heat destruction was performed by boiling thin, hand- 

* The authors are indebted t o  Dr. L. Hellerman for the supply of these inhibitors. 
Glutathione was the commercial product sold by Nutritional Biochemicals Corp., 

Cleveland, Ohio. 
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cut tissue slices in  distilled water for 30 minutes. Subsequently the 
tissues were sectioned on the freezing microtome and treated as 
previously described. Both types of controls showed hardly any 
deposit, i.e., darkening of the tissue sections even after 140 hours’ 
incubation. 

Dif ferent ia t ion  by ntorphologic pat tern .  Of the 4 substrates studied 
a t  p I I  9.9, two, namely adenosine-triphosphate (ATP)  and muscle- 
adenylic acid (A-5-P), exhibited a very similar pattern in  all tissues. 
However, owing to considerable differences in  incubation time and 
slight differences in  the resulting histological pattern, they will be 
described separately. Since i t  was found that creatine-phosphate 
((3-1’) is split by one enzyme in the presence of 31gC12 (4.5 x 10-3 32 
final concentration) a t  p H  8.9 and by another in the absence of this 
activator, a t  pI1 9.9, the activity patterns in  the presence and absence 
of AIg ion will be described. A T P  was also employed as substrate a t  
pH 8.25 yielding a different activity pattern from that obtained at  
p H  9.9. Yeast-adenylic acid (A-3-P) was used at  pH 9.9, and the 
enzymatic activity for this substrate will also be described. 

Descript ion of e n z y m e  localization in tlte tissues and  organs of t h e  
rat. The histological descriptions which follow show the activity 
patterns which we have found in numerous experiments in  various 
tissues and organs of the rat .  I n  the case of striated muscle, heart 
muscle and kitdney the incubation times for A T P  as substrate a t  p I i  
8.25 are compared in the presence and absence of glutathione. 

B r a i n  ( c o r t e x ) .  After one hour’s incubation with A T P  as sub- 
strate a t  pH 9.9, blood vessels of all sizes appear clearly stained and 
the brain tissue itself shows a diffuse homogeneous darkening. When 
incubating for longer periods the cytoplasm of some neurons appears 
diffusely darkened, and in  some of these, the cell membrane and 
nucleus show distinct blackening. With these longer incubation 
periods glial cells and their nuclei show a heavy deposit. 

With A T P  as substrate a t  pI3 8.25 the nuclei of large neurons and 
glial cells are faintly active after two hours’ incubation. After 22 
hours’ incubation glial cell nuclei show a heavy deposit in the nuclear 
membrane and chromosomal detritus. A clear zone remains unstained 
in  the periphery of the nucleus. The nuclei of protoplasmic astrocytes 
and some of the processes of these cells are very dark, while their 
cytoplasm stains lighter. Blood vessels of all sizes show activity, but 
the activity is less pronounced than a t  pH 9.9. 

The enzyme attacking A-5-P yields the same picture in  6 hours’ 
incubation as that  obtained with ATP as substrate a t  p I I  9.9 in 3 
hours ’ incubation time. 

With A-3-P as substrate the glial cell nuclei show distinct activity 
in  24 hours’ incubation with the cytoplasm being difTusely darkened. 



402 MAEIVGWYX-DAVlES, FRIEDESWALD A N D  WHITE 

Capillaries and larger blood vessels show strong activity. The nuclei 
of protoplasmic astrocytes show strong activity, but their processes 
and cyt.oplasm are less active, being only faintly darkened. Occasional 
nerve axons show some (darkening. I n  30 hours’ incubation the 
neuronal cell membrane is blackened. 

With Cr-P at  p H  9.9 in  48 hours a slight darkening of protoplasmic 
astrocytes and their processes can be observed. Other glial cells also 
appear faintly positive. The medium and small blood vessels are 
active with this substrate. Occasional neurons show diffuse darkening, 
especially their cell membranes. 

With Cr-P a t  p1-I 8.9 in  the presence of Mg”, a distinct capillary 
stain can be observed in  24 hours’ incubation time. The nuclei of 
protoplasmic astrocytes appear darkened with their cytoplasm and 
processes showing faint activity. The nuclei of other glial cells are 
very dark with only a faint darkening of the cytoplasm. The cyto- 
plasm of many neurons is slightly active but their cell membranes 
and nuclei are usually clearly stained. 

Lung.  With A T P  as substrate a t  p I I  9.9 in  5 hours’ incubation, 
the nuclei of the smooth muscle of the bronchi show strong enzymatic 
activity with the muscle fibers diffusely darkened. Elastic fibers of 
the lamina propria and the basement membranes are strongly active. 
The same muscular activity can be observed in  the bronchioles, al- 
though the stain is not as dark in  this location. The columnar epi- 
thelium lining the bronchioles shows intense darkening of the basal 
nuclei with the cytoplasm being only slightly active. I n  large blood 
vessels the muscular media shows strong activity, the nuclei being 
much darker than the fibers. The endothelial cell nuclei also show 
strong activity. Occasional blackened flat nuclei or a blackened 
thickening which may represent the malls of the alveolar sacs can 
be observed. Larger cells, probably phagocytes, in the parenchyma 
of the lung stain with dark granular masses visible in their cytoplasm. 
Numerous nuclei and whole cells in  the interstitial tissue and the 
parenchyma show intense activity. 

The enzyme attacking A T P  at  pH 8.25 is less active than at  p H  9.9. 
After 22 hours’ incubation the distribution is the same as that  a t  
p H  9.9 in 5 hours, except that  the nuclei and cells of the interstitial 
tissue and parenchyma seem more distinct. 

A-5-P after 24 hours’ incubation yields an  almost identical picture 
with A T P  a t  pH 9.9 in shorter incubation periods. The elastic tissue, 
however, shows more pronounced activity with A-5-P. 

The enzyme attacking A-3-P shows nuclear activity throughout 
the parenchyma of the lung after 24 hours’ incubation. Muscular 
nuclei and fibers appear darkened, and the bronchial epithelium 
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shows activity throughout the cell. The capillary endothelium as well 
as the endothelium of larger vessels is strongly active, the nuclei 
showing the most intense stain. 

With Cr-P at  p H  9.9 after 48 hours' incubation, the bronchial 
epithelium shows a heavy deposit with nuclei being occasionally dis- 
cernible. Elastic fibers stain strongly and the smooth muscle of bronchi 
and bronchioles is darkened. Occasional cell nuclei in  the paren- 
chyma show distinct activity although the entire parenchyma appears 
,diffusely darkened. The media of blood vessels is stained. 

With Cr-P and Mg++ at pH 8.9 entire cells and some nuclei stain 
throughout the parenchyma of this organ after 24 hours' incubation. 
If the cuboidal epithelium shows activity i t  is seen in  the basal half 
of the cells, although other lining epithelium of the bronchi and bron- 
chioles appears devoid of enzymatic activity. The basement membrane 
and the smooth muscle appear strongly active with the muscle nuclei 
showing the most intense blackening. The smooth muscle of blood 
vessels is darkened and here again the nuclei more so than the fibers. 
Blood vessel endothelium, especially the nuclei, show distinct activity. 
Throughout the entire lung the elastic fibers are stained. 

Skin (sole). The enzyme attacking A T P  a t  p H  9.9 shows strong 
activity after 4 hours' incubation in the stratum Malpighi, especially 
in  the germinativum. Cell nuclei are  very strongly active, and in  
parts the cytoplasm of the cells of the germinativum is so strongly 
stained that  the nuclei can no longer be distinguished. A number 
of cell nuclei and whole cells, which may be fibroblasts, are blackened 
in  the derma. Blood vessels of all sizes show strong activity with 
capillaries being stained throughout the skin. The sweat glands are 
diffusely darkened. Nerves show intense activity in  the epineurium, 
endoneurium and in Xchwann 's sheath where occasional nuclei can 
be seen. Cartilage cells show more intense activity in  the nucleus. 

With A T P  as substrate at p H  8.25 after 22 hours' incubation the 
stratum Malpighi also shows a heavy deposit and cell nuclei in  the 
derma show darkening. The smooth muscle of larger and medium 
size blood vessels shows activity, especially in  the nuclei. The endo- 
theliiim of larger blood vessels appears darkened, but very little 
capillary activity can be observed. Cartilage cells show strong 
blaclrening of the cell walls and nuclei. Glandular duct cells show 
intense nuclear activity. 

The enzyme attacking A-5-P in 24 hours shows an almost identical 
clistribution with that produced when A T P  is used as substrate a t  
p H  9.9 in shorter incubation periods. The only discernible difference 
in staining is that  the blood vessel activity is less pronounced in  the 
deeper layers of the derma. 
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A-3-P as substrate yields the following picture after 24 hours’ 
incubation : the stratum JIalpighi shows slight activity with the 
germinativum staining the darkest. The cell membranes and nuclei 
i n  the germinativum are darker than the cytoplasm. Some small and 
larger blood vessels as well as capillaries show patchy darkening. 
Sweat glands show strong activity. After 48 hours’ iiicubation duct 
cells show blackening, and there is a more pronounced capillary 
staining which still only appears in parts of a section. Nerves show 
activity i n  the endoneurium and epineurium ; occasional cell nuclei 
in  the derma show activity also. Eere  again the cartilage is stained. 

With Cr-P a t  pII 9.9 after two hours’ incubation a slight darkening 
of the sweat glands and the stratum germinativum can be observed. 
With 4 hours’ incubation glandular ducts also show some enzymatic 
activity. After 48 hours the sweat glands are black with the nuclei 
and cell membranes darker than the cytoplasm. The stratum Mal- 
pighi now shows a slight diffuse darkening. Medium and large 
blood vessels are slightly darkened, and the nerves show slight and 
patchy activity in  the endoneurium, epineurium and Schwann’s 
sheath. 

The enzyme attacking Cr-P i n  the presence of Mg++ at  pII 8.9 
shows the same distribution as ‘described above a t  pH 9.9, the only 
difference being that after 48 hours’ incubation the stratum Malpighi 
shows considerably more activity. F a t  cell membranes are darkened, 
and the endothelium of blood vessels is distinctly active in some parts 
of a section. 

Skin ( t a i l ) .  With A T P  as substrate a t  pII 9.9 after one hour’s 
incubation, a distinct stain of the capillary wall is seen, as well as 
staining of the endothelial cell membranes. The intima of medium 
and large blood vessels is very active. The stratum corneum and the 
cell nuclei of the hair matrix are blackened j the glassy membrane of 
the hair follicles also shows activity. The nuclei of the epithelium 
of sebaceous glands and their duct cells are darkened. After an  incu- 
bation period of three hours the cell nuclei of the stratum Malpighi 
show a n  intense activity as well as nuclei of fa t  cells. In some parts 
of a section the nuclei of smooth muscle show activity. With 5 hours’ 
incubation the stratum Malpighi appears black, the whole cell in this 
case being stained darkly. The media of the blood vessels is now 
darkened together with nuclei of other smooth muscles. The hair 
follicles are  stained darkly, especially the cells of the hair matrix. 
The basement membrane of sebaceous glands is now very active. 
Except for the nerve axons, all other parts of the nerves in  this 
location are now seen to be stained. Occasional connective tissue 
nuclei appear to be blackened. 
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With A T P  as  substrate a t  p I I  8.25 very little activity can be ob- 
served with less incubation time than 6 hours. After 6 hours the 
picture is very similar to A T P  at  p H  9.9. The capillary stain is less 
pronounced and more irregular. Muscle nuclei are clearly stained 
wherever smooth muscle can be found in  the skin or blood vessels. 
Endothelial nuclei show strong activity. After 22 hours nerves appear 
blackened as well as interstitial cell nuclei and fa t  cell membranes. 

With A-5-P as substrate the same enzymatic activity can be observed 
in  24 hours’ incubation as with A T P  a t  p H  9.9 in 5 hours. 

With A-3-P as substrate after 24 hours’ incubation the nuclei of 
the sebaceous gland epithelium show strong activity. Capillaries and 
nerves appear blackened, but only i n  parts of a section. With 48 
hours’ incubation the cell walls of the sebaceous gland epithelium 
now are darkened. F a t  cell membranes, hair papillae, and matrix 
are all active. The stratum Malpighi shows a diffuse blackening and 
in the germinativum the cell nuclei can be seen. 

With Cr-P a t  p H  9.9 after 48 hours a faint darkening of the 
sebaceous glands as well as a faint diffuse darkening of the stratum 
Malpighi can be observed. The stratum corneum and disjunctum are 
blackened with some activity also seen in the hair matrix. 

With Cr-P at  p H  8.9 in  the presence of Mg++ after 48 hours’ 
incubation sebaceous glands show activity, the cell walls and nuclei 
being blackened. I n  72 hours the nuclear membranes of the cells of 
the stratum Malpighi are darkened. 

Heart. With A T P  as substrate a t  p H  9.9 after 4 hours’ incubation 
the following structures show strong activity : central nuclei, endo- 
thelium of blood vessels, myofibrils, and the septa between the muscle 
bundles. 

With A T P  as substrate a t  p H  8.25 after 22 hours’ incubation the 
central nuclei are again stained with the nuclear membrane darkened 
and the chromosomal detritus appearing black with a light zone 
interposed. The endothelium of large and medium blood vessels, as 
well as the media are active with muscle nuclei staining in  the latter. 
illyofibrils are blackened and some spiral shaped fibers, as yet un- 
identified, are strongly active. When glutathione ( 2  X 10.’ M final 
concentration) replaces a part of the water of the incubation! 
mixture, the same enzymatic activity can be achieved in  three hours’ 
incubation time. 

A-5-P as substrate yields in  24 hours’ incubation the same picture 
as A T P  a t  p H  9.9 i n  4 hours’ incubation time. 

With A-3-P as substrate after 24 hours ’ incubation the central 
nuclei show activity as well as the endothelium of blood vessels of 
all sizes. I n  30 hours the septa between muscle bundles are blackened, 
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the muscle of larger blood vessels shows activity, and capillaries 
appear dark. Myofibrils are blackened and cross striation can be 
seen. 

With Cr-P a t  p H  9.9 after 48 hours’ incubation a distinct stain 
of the myo-septa can be observed. Occasional intercalated disks show 
darkening. The intima and media of larger vessels are active, capil- 
laries are blackened, and central nuclei show darkening in  parts of 
a section. In  other parts of the section, the muscle syncytium is 
difksely active. 

With Cr-I’ a t  p I I  8.9 in  the presence of Mg++ a diffuse muscular 
stain can be observed in 24 hours with occasional activity seen in  
the central nuclei. After 48 hours’ incubation the central nuclei 
show distinct activity and the whole muscle appears diffusely black- 
ened. 

Digestive system - stomach (p2/lo?-u.s). With ATP as substrate a t  
p € I  9.9 after one hour’s incubation a strong blood vessel stain can be 
observed, with capillaries blackened in the lamina propria. The 
muscularis mucosae appears diffusely darkened. After two hours 
the lamina propria is considerably darker than the lining epithelium 
which is separated from the former by a clear unstained zone. After 
4.5 hours the nuclei of the smooth muscle are stained dai-kly; the 
submucosa appears free of stain except for a few light staining 
nuclei of interstitial cells. The lining epithelium of the gastric pits 
shows strong enzyme activity especially a t  the bottom of the pits. 
Here cell membranes are ‘distinctly blackened with a fine granular 
stain appearing in the cytoplasm. A light zone midway in the pits 
appears to contain cells devoid of cytoplasmic activity. The capil- 
laries a t  the bottom of the pits are very active. 

With A T P  as substrate a t  pII 8.25 after 4 hours’ incubation a 
slight darkening of the muscularis mucosae can be seen. The epi- 
thelium lining the inner half toward the bottom of the pits shows 
considerable activity in the cytoplasm and cell membranes. The base- 
ment membrane of the gastric glands is blackened. A patchy blood 
vessel stain can be observed. Even after 22 hours’ incubation the 
smooth muscle appears only slightly active with the nuclei showing 
the most activity. The inner two-thirds of the gastric pits show 
intense enzymatic activity of the whole cells of the lining epithelium. 

The enzyme attacking A-5-P in  the pylorus shows a similar dis- 
tribution after 24 hours’ incubation as A T P  at  p H  9.9 in  4.5 hours, 
except that  the muscular and capillary stain is considerably less 
pronounced. 

With A-3-P as substrate after 24 hours’ incubation the lining 
epithelium appears intensely blackened; about midway in  the pits a 
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lighter zone can be observed. After 48 hours the muscularis mucosae 
is stained darkly whereas the niuscularis esterna is much lighter. 
With the same period of incubation the muscular media of blood 
vessels shows intense activity. Capillaries in the interstitial tissue 
and the endothelium of larger size vessels are also active. Occasional 
nuclei can be seen in  the blackened lining epithelium. 

With Cr-P at  p1-f 9.9 after 24 hours’ incubation the inner circular 
and outer longitudinal muscle appear diffusely darkened. The lining 
epithelium shows activity especially in the inner half toward the 
bottom of the gastric pits. Here the cell membranes are found 
blackened. With 48 hours’ incubation large cells giving the appear- 
ance of parietal cells are stained very darkly, especially the cell 
membranes. Other lining cells show less activity of the cell mem- 
brane. Strong activity is found in  the circular muscle layer. The 
same grading of enzymatic activity from the bottom to the top of 
the pits is seen as that  previously described for ATP. 

With Cr-P a t  pH 8.9 in  the presence of I1Ig++ the same pattern 
of enzyme activity can be observed after 48 hours as with Cr-P a t  
p H  9.9. 

Cardia. With A T P  as substrate a t  pH 9.9 after 4 hours the mus- 
cular coats appear diffusely darkened with the capillaries blackened 
in  the muscularis mucosae. The muscularis mucosae appears con- 
siderably more active than the externa. Blood vessels of all sizes 
show activity in the endothelium and muscular media. No epitheliial 
staining can be observed even after 48 hours’ incubation. 

With ATP as substrate a t  p I I  8.25 only a slight darkening of the 
muscularis mucosae can be elicited in 4 hours. After 22 hours’ in- 
cubation, however, this layer appears intensely blackened. Muscle 
nuclei are darkly stained wherever smooth muscle is found in this 
organ, and many cell nuclei in the interstitial tissue are stained. The 
muscular media is active in  the large and medium sized vessels. 

After 24 hours’ incubation with A-5-P as substrate, there is a 
similar enzyme distribution as with ATP a t  p l I  9.9 in  4 hours. How- 
ever, occasional fibers show activity in the lamina propria. 

The enzyme splitting A-3-P shows activity after 24 hours in the 
endothelium and muscle of blood vessels of different sizes. All the 
muscular coats of the cardia are diffusely darkened. After 48 hours 
the muscularis mucosae and externa appear stained, although this 
darkening is not as great in the latter layer. The epithelium is dif- 
fusely darkened and the capillaries show a heavy deposit. 

Cr-P a t  pH 9.9 after 48 hours’ incubation yields enzymatic ac- 
tivity in  the muscle fibers and the lining epithelium. The basement 
membrane fibers are darkened near the cardia-pylorie junction. 
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With Cr-P  a t  pH 8.9 in the presence of Mg++ after 48 hours’ incu- 
bation all the muscular coats appear strongly active, with the mus- 
cularis mucosae being darker than the ext,erna. The blood vessel 
endothelium shows a distinct stain. The epithelium of the cardia 
shows only slight activity. 

Dicodenum. With ATP as substrate a t  p H  9.9 a very dark stain 
of the striated border can be seen with two hours’ incubation. The 
nuclei of the lining epithelium of the crypts show activity, as well as 
the nuclei of smooth muscle and Rrunner’s glands. Some cell nuclei 
in the core of the villi are also stained together with the blood vessels 
located there. 

With ATP as substrate a t  pH 8.25, after two hours’ incubation, 
the same stain that was seen with ATP at  p H  9.9 is found. With 
4 hours’ incubation considerable diffusion into the core of the villi 
can be observed. The central lacteals are blackened. 

With A-5-P as substrate after two hours’ incubation a light stain 
in the nuclei and basal part of the epithelial cell can be observed 
with the striated border staining intensely. The core of the villi 
appears light with the centsal lacteals blackened. Blood vessels 
of all sizes are ,distinctly active. 

With A-3-P as substrat,e after one hour’s incubation the striated 
borders of the epithelial cells are blackened while the cytoplasm is 
only diffusely darkened. A slight diffusion into the core of the villi 
can be seen, and occasional nuclei of this interstitial tissue show 
activity. The smooth muscle appears faintly but diffusely darkened, 
while the capillaries in this region are distinctly active. 

With Cr-P  a t  pH 9.9 after one hour’s incubation the epithelial 
basement membrane of the crypts of Lieberkuhn is blackened. With 
two hours’ incubation a diffuse darkening of the external muscular 
coat is seen. With 4 hours’ incubation the striated border appears 
blackened while the rest of the epithelial cell is only diffusely dark- 
ened. After 22 hours the epithelial lining shows an intense staining 
of the apical portion of the cell next to the lumen. There occurs a 
light zone between this dark apical portion and the inner, less active 
basal portion of the cell. Occasional light staining cells can be seen 
in  the core of the villi. The muscle is still diffusely darkened anod 
Brunner ’s glands show intense activity. 

With Cr-P  a t  pH 8.9 in the presence of MgH the striated border 
of the epit.helia1 cells shows distinct staining after 4 hours ’ incubation, 
while the cytoplasm remains only slightly darkened. After 22 hours 
the muscular coats appear much darker than with Cr-P  a t  higher 
pH,  and the nuclei of this muscle are very active. 
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go lo^. With A T P  as substrate a t  pH 9.9 after 5 hours’ incubation 
the nuclei of the epithelium lining the crypts of Lieberkiihn stain 
intensely, while the striated border appears only slightly darkened. 
The muscularis mucosae stains strongly and the nuclei of the taeniae 
coli are  very active. Blood vessels of all sizes appear darkened in 
their endothelium and muscular media. The capillaries located in  
the muscle as well as in the submucosa are strongly active. 

With A T P  as substrate a t  pH 8.25 the epithelial cells are darkened 
in  the apical one-third with the cell membranes of these epithelial 
cells also showing activity. Staining of the basement membrane of 
the crypts of Lieberkiihn is quite outstanding. The capillary network 
is active in  most parts of the section, including the taeniae coli. With 
22 hours’ incubation all nuclei of the lining epithelium and smooth 
muscle appearing in the section show intense staining. The muscularis 
mucosae shows a diffuse staining of the muscle fibers although the 
taeniae coli appear darker. 

With A-5-P as substrate after 24 hours the same picture of en- 
zymatic activity is achieved as with A T P  at pH 9.9 in  5 hours. In 
addition, the cell membranes of the goblet cells are darkly stained. 

With A-3-P as substrate after 24 hours’ incubation the basement 
membrane appears strongly active, as well as the apical one-third 
of the lining epithelial cell. The striated border is darker than the 
rest of the cell. Blood vessels of all sizes show activity in the endo- 
thelium and muscular coats. T i t h  48 hours ’ incubation occasional 
nuclei in  the connective tissue appear active. The muscle nuclei show 
intense staining ; the nuclear membrane and chromosomal detritus 
show blackening with a clear intermediary zone. Capillaries in  the 
muscular coats show a heavy deposit. 

With Cr-P a t  pH 9.9 after 4.5 hours’ incubation a faint staining 
of the striated border can be observed. I n  96 hours the lining epi- 
thelium is darkened with the apical par t  of the cell considerably 
darker than the basal portion. The muscle appears slightly and 
diffusely darkened. Capillaries show slight activity as well as the 
endothelium of larger vessels. 

With Cr-P a t  pH 8.9 in  the presence of Mg++ after 24 hours’ incu- 
bation the basement membranes as well as the cell walls of the lining 
epithelium appear blackened. There is a faint darkening of the nins- 
cularis mucosae. After 96 hours the nuclei of the muscularis mucosae 
and the taeniae coli appear blackened, and the whole cell of the 
lining epithelium is dark. 

Rectum. With A T P  as substrate a t  pH 9.9 after one hour’s incu- 
bation the blood vessels are stained with the endothelium and mus- 
cular portion appearing dark. The muscularis mucosae is diffusely 
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darkened with the muscularis externa stained to a lesser extent. The 
striated border of the epithelium lining the crypts is strongly stained 
together with the nuclei of these cells toward the bottom of the crypts. 
With two hours’ incubation the nuclei of smooth muscle appear 
darkened. In 5.5 hours all the nuclei of the epithelium lining the 
crypts are stained. The submucosa remains unstained, but some nuclei 
of connective tissue cells show enzyme activity. The muscularis mu- 
cosae appears too black to distinguish cell components, but in  the 
longitudinal muscle, nuclei can still be clearly observed. 

With A T P  as substrate a t  pH 8.25 after 4 hours’ incubation there 
is a darkening of the basement membrane as well as the epithelial 
cell membrane. The muscularis mucosae and externa are diffusely 
blackened. With 22 hours’ incubation the following activity is 
observed : dark staining of muscle nuclei, endothelium and muscular 
par t  of the blood vessels. The lining epithelium is strongly active 
with the cell walls of the goblet cells being clearly outlined and their 
nuclei blackened toward the bottom of the crypts. 

The enzyme attacking A-5-P shows the same distribution after 
48 hours’ incubation as A T P  a t  p H  9.9 shows in 5.5 hours. 

A-3-P as substrate yields the following picture in 24 hours’ incu- 
bation time : the lining epithelium is distinctly active, especially the 
striated border and the goblet cell membrane. The basement mem- 
brane is blackened and both muscular coats show enzyme activity with 
the nuclei of the externa more active than those of the muscularis 
mucosae. The smooth muscle of the blood vessels is also diffusely 
darkened. After 48 hours the cell membrane and occasional nuclei 
appear darker than the cytoplasm of the lining epithelium, although 
they all show activity. Muscle nuclei are active throughout the see- 
tion and some interstitial tissue cells show darkening in  the sub- 
mucosa. The capillaries show activity in  the muscular coats. 

After 24 hours’ incubation the enzyme attacking Cr-P a t  p H  9.9 
shows activity in  the epithelial cell membranes and striated border. 
The muscular fibers appear diffusely darkened. With 48 hours’ 
incubation the epithelial cells show additional staining toward the 
lumen and the base, with the cell walls being stained intensely. 

With Cr-P a t  pH 8.9 in  the presence of Mg* after 96 hours all 
smooth muscle and muscle nuclei show activity. The lining epithe- 
lium is very dark, and the endothelium and muscular media of the 
blood vessels are again actire. 

Liver. With ATP as substrate a t  pH 9.9 after three hours’ incu- 
bation the nuclei of the liver cells show activity. The intima of the 
central vein, the endothelium of the sinusoids, and bile canaliculi 
are blackened with the interlobular connective tissue showing diffuse 
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activity. After 5 hours’ incubation the endothelial nuclei of the cen- 
tral  vein are stained along with the cell walls of the bile duct epithe- 
lium. With 23 hours’ incubation the liver cell nuclei are dark with 
the nucleoli visible as even darker objects. A fine granular black 
deposit is seen scattered throughout the cytoplasm. The muscle fibers 
of large vessels are dift’usely blackened with their nuclei showing the 
greatest activity. 

With A T P  as substrate a t  pH 8.25 after 22 hours’ iiicubation the 
liver cell nuclei, nucleoli, and cell walls a11 show considerable activity, 
with the cytoplasm of these cells also being active but to a lesser de- 
gree. The lining of the sinusoids is darkened especially near the central 
vein, the endothelium of which is also darkened. The smooth muscle, 
especially the nuclei, of the other blood vessels seen in  the liver is 
blackened together with the endothelial nuclei of these vessels. How- 
ever, this activity is often patchy and not t o  be found throughout a 
section. 

A-5-P as substrate after 48 hours’ incubation yields a stain similar 
to A T P  a t  pH 9.9 after 5 hours’ incubation. There are some differ- 
ences in  that the staining of the liver cell membranes and nuclei 
appears darkest near the central vein. The cytoplasm of these hepatic 
cells is filled with small dark granules. The intima, media, and 
adventitia of larger blood vessels show activity ; and the sinusoids 
appear inuch darker and  more diffuse than with ATP. 

The enzyme attacking A-3-P in  the liver shows activity only in the 
sinusoid wall. This occurs even after 106 hours of incubation. The 
other liver tissue is only slightly and diffusely darkened, very similar 
t o  the control slides. 

Cr-P a t  pH 9.9 also yields a nearly negative picture. In 48 hours 
a faint act,ivity of the central vein endothelium and sinusoidal lining 
can be observed. A very slight darkening of the liver cell cords, 
interstitial tissue, intima and media of some vessels is suggested. 

With Cr-P a t  pH 8.9 in  the presence of Mg++ a distinct cytoplasmic 
stain of the liver cells and stronger staining of the Kupffer cells can 
be observed after 48 hours’ incubation. In 72 hours smooth muscle and 
its nuclei are active. With 96 hours’ incubation the lining of the 
central vein shows patchy activity and the liver cell nuclei are 
darkened i n  some parts of a section. 

7Trinnry system - k idney .  With ATP as substrate a t  pH 9.9 after 
one hour’s incubation the afferent and efferent vessel? show activity, 
as well as the capillary network of the glomeruli. The capsule of 
Bowman, glomerular epithelium and some nuclei in the capsular 
epithelium are blackened. A slight diffuse stain is visible in some 
tnbnles of the nephroii and tubular nuclei are active. After 4 hours 



412 MSENGWYN-DAVlES, FRIEDEXWALD A N D  WHITE 

the glomeruli are blackened throughout, with the visceral and parietal 
epithelium being also stained. The basement membrane of the proxi- 
mal tubules shows activity with tubular nuclei being darkly stained 
throughout the cortex, and strongest in the medullary half. The basal 
par t  of the tubular cells appears blackened along with the brush 
border of the proximal tubule. A clear zone lies between these two 
portions. The collecting tubules of the medulla show very slight 
activity. Endothelial nuclei and the media of blood vessels are 
darkened. 

With A T P  as substrate a t  pH 8.25 after 6 hours’ incubation the 
brush border of the proximal tubules shows activity in  the medullary 
one-third of the cortex. The capsule of Bowman and the nuclei of 
the parietal and visceral epithelium appear black with the cyto- 
plasm of these cells stained lightly. The basement membrane of the 
tubules as well as the nuclei are active. The afferent and efferent 
vessels show activity in some parts of a section, and the endothelium 
and media of other vessels are blackened. I n  22 hours the picture is 
very similar to A T P  a t  pR 9.9 i n  4 hours, but the stain is patchy 
and only parts of a section show strong activity. As  opposed to heart 
and voluntary muscle, the addition of glutathione shows no influence 
on the staining of the kidney. 

With A-5-P as substrate after 5 hours ’ incubation the tubular nuclei 
near the capsule of the kidney show activity. The adventitia of large 
and medium size blood vessels is blackened along with the capsule 
of Bowman. The glomernli are only slightly and diffusely stained 
with a few visceral epithelial nuclei being darkened. The brush 
border of the proximal tubule shows activity as m7ell as the tubular 
basement membrane. I n  24 hours the picture is very similar to A T P  
a t  p H  9.9 in  4 hours’ incubation, but the glomerular stain is much 
more patchy and less pronounced, and the tubular stain is mainly 
present in  the nuclei and basement membrane. 

With A-3-P as substrate after one hour’s incubation the brush 
border of the proximal tubule shows intense activity throughout the 
cortex with the tubular nuclei being active in  the capsular one-third 
of the cortex. The adventitia of the blood vessels is seen to be strongly 
stained. After three hours’ incubation the whole tubular cell in the 
medullary thipd of the cortex is blackened, but the tubular nuclei 
are active throughout the cortex. After 22 hours Bowman’s capsule, 
the capillary network of the glomeruli, and the endothelium of blood 
vessels appear strongly active. The tubular basement membrane in  
the cortex is stained. 

With Cr-P a t  p H  9.9 after 4 hours’ incubation the enzymatic 
activity is identical with A-3-P after one hour except that  the tubular 
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nuclei are  more active in  the medullary third of the cortex. After 
22 hours’ incubation the whole tubules stain in the medullary third 
of the cortex but in the capsular two-thirds, whole tubules appear 
active only in  some parts while in  other parts only the nuclei of the 
tubular cells show staining. Blood vessels show intense activity in the 
media and adventitia. The visceral nuclei of the glomeruli, the 
capillary network, and Bowman’s capsule all are  active. I n  the 
medulla a slight diffuse tubular stain of the collecting system can 
be found. 

With Cr-P a t  pH 8.9 in the presence of Xg++ after 5 hours’ incuba- 
tion the tubular nuclei show activity in  the medullary half of the 
cortex. The muscular media of the blood vessels shows diffuse activity. 
After 22 hours’ incubation the following structures show strong 
enzymatic activity : tubular nuclei throughout the cortex, basement 
membranes, the glomerular capillary network, Bowman’s capsule, 
visceral and parietal epithelial nuclei, the blood vessel endothelium 
with its nuclei and smooth muscle nuclei. 

Bladder. With A T P  as substrate a t  pH 9.9 after one hour’s incu- 
bation the muscle is diffusely darkened. Blood vessels of all sizes 
show strong activity in  the endothelium and the capillaries, especially 
those near the epithelium of the bladder, are strongly stained. After 
three hours the nuclei of the smooth muscle are blackened and the 
epithelial nuclei near the lamina propria are darkly stained. After 
5 hours’ incubation the epithelium stains intensely, still appearing 
darker toward the lamina propria than the lumen. Muscle shows a 
diffuse fibrillar and distinct nuclear stain ; occasional interstitial 
cell nuclei show activity in  the lamina propria. 

With A T P  as substrate a t  PI€ 8.25 after 4 hours’ incubation the 
transitional epithelium appears diffusely darkened. Smooth muscle 
fibers are diffusely stained with their nuclei most active. The blood 
vessel endothelium and some nuclei in the interstitial tissue of the 
lamina propria are darkened. 

With A-5-1’ as substrate after 24 hours the muscle fibers and nuclei 
are  darkly stained. The blood vessels show intense activity in  the 
adventitia and media, and the transitional epithelium is strongly 
stained in  the cytoplasm as well as in  the nuclei. 

With A-3-P as substrate after 48 hours’ incubation capillaries and 
endothelium of other vessels appear blackened together with some 
darkening of muscle fibers and nuclei in the media of these vessels. 
Some interstitial cell nuclei found in  the lamina propria also show 
activity, and the transitional epithelium is diffusely darkened. 

Cr-P at  pH 9.9 in  24 hours shows a diffuse darkening of the muscle. 
The transitional epithelium of the bladder is diffusely active with 
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very darli nuclei. With 48 hours’ incubation the cytoplasm of the 
lining epithelium toward the lamina propria is blacli and occasional 
cells in  the subepithelial layer are darkened. 

With Cr-P at p H  8.9 in  the presence of Mg+ after 48 hours the 
smooth muscle of the bladder and blood vessels is sdiff usely blackened. 
The transitional epithelium also shows this activity. No change in 
this picture can be observed even after 120 hours of incubation. 

Xtriated muscle (sectioned in the  abdoniinal wal l ) .  The enzyme 
attacking A T P  a t  p H  9.9 shows a slight diffuse activity in  the muscle 
fibers after one hour’s incubation. I n  24 hours the muscle fibers are 
blackened with their eccentric nuclei appearing blacker than the 
other tissue components. The nuclear membrane is also darkened and 
a n  unstained zone is interposed between i t  and the chromosomal 
detritus. The sarcolemma, capillaries and blood vessel endothelium 
all appear distinctly active. 

With A T P  as substrate a t  p H  8.25 after 22 hours’ incubation the 
muscle fibers, sarcolemma, and chromosomal detritus of the muscle 
nuclei are stained intensely. Capillaries and the endothelium of 
blood vessels of all sizes together with the smooth muscle of the media 
are diffusely darkened. The nuclei of these structures show con- 
siderable activity. Nerves shorn intense staining of the epineurium, 
endoneurium, and perineurium with the elastic fibers of the latter 
and the nuclei of the neurolemma outstandingly active. The activity 
i n  striated muscle is very markedly enhanced in  the presence of 
glutathione (2 x lo-? M ) .  With this activator the same intensity of 
staining is achieved in  three hours’ incubation as is found in 22 hours’ 
incubation without glutathione. 

With A-5-P as substrate, even after 72 hours only a diffuse stain 
of the muscle fibers can be obtained. I n  some parts of a section 
striated muscle nuclei show slight activity, and the adventitia and 
media of blood vessels are seen to be slightly stained. 

With A-3-P as substrate after 96 hours’ incubation only a diffuse 
muscle fiber stain can be observed, but in  some parts cross striation 
can be seen clearly. 

With Cr-P a t  pH 9.9 after 48 hours only a diffuse patchy stain of 
the striated muscle is seen but the sarcolemma is distinctly actire. 

With Cr-P a t  pH 8.9 in  the presence of Mg- after 72 hours’ incu- 
bation a diffuse staining of the muscle is observed, anmd in parts, a 
clear nuclear darkening is present. The sarcolemma, however, is 
not active. 

Male genital system - prostate. In three hours’ incubation with 
A T P  as substrate a t  pI-1 9.9 the acinar epithelium shows darkening, 
especially toward the connective tissue. The epithelial cell nuclei 
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are stained darkly and some cell nuclei of the interstitial tissue show 
activity. The smooth muscle of the septa around the acini shows a 
diffuse cytoplasmic staining with its nuclei appearing still darker. 
Blood vessels of all sizes show activity in  the endothelium, and the 
larger vessels are also stained in  the muscular media. 

With A T P  as substrate a t  pH 8.25 after 22 hours’ incubation the 
pseudostratified epithelium shows strong activity in  the nuclei with 
a diffuse slight activity in  the cytoplasm. Elastic fibers and smooth 
muscle nuclei in  the interstitial tissue are blackened. The nuclei and 
cytoplasm of the endothelium in all blood vessels are strongly active. 

With A-5-P as substrate after 24 hours’ incubation the picture 
is similar to A T P  at  p H  9.9 after three hours’ incubation except that  
the acinar epithelium shows no cytoplasmic darkening. 

With A-3-P as substrate after 24 hours of incubation the epithelial 
cell membranes show slight, while the nuclei show strong, enzymatic 
activity. Some elastic fibers in  the cells show slight activity in  the 
cytoplasm combined with a strong nuclear stain. The adventitia of 
blood vessels shows darkening. 

Cr-P a t  pII 9.9 i n  24 hours shows a diffuse stain of the glandular 
epithelium. Subepithelial fibers are intensely blackened and occasional 
interstitial cells have activity in their nuclei. The endothelium of 
blood vessels is stained strongly. 

With Cr-P at  pI-1 8.9 in  the presence of Mg++ after 48 hours’ 
incubation the pseudostratified epithelium shows ,darkening of the 
cell membranes, and i n  some parts of a section the basal portion of 
the epithelium appears very active. 

Coagulating gland. The enzyme present in this gland shows the 
same distribution for all substrates as in the prostate. 

Seminal vesicle. With A T P  as substrate a t  pH 9.9 after two hours’ 
incubation the elastic fibers of the external connective tissue sheet 
are strongly active. With 5 hours’ incubation some interstitial cell 
nuclei stain, as well as the nuclei of smooth muscle. The endothelium 
of all sizes of blood vessels is darkened with the smooth muscle of 
the media of larger vessels showing activity. The nuclei of the 
glandular epithelium of the basal and cuboidal cells are blackened. 

With A T P  as substrate a t  pEI 8.25 after 22 hours’ incubation the 
nuclei of the glandular epithelium show activity. The smooth muscle 
nuclei in the interstitial tissue and the media of the blood vessels are 
blackened. Elastic fibers in  the interstitial tissue together with many 
interstitial cells are darkened. I n  some parts of a section the endo- 
thelium of large and medium size blood vessels is active. 

With A-5-P as substrate a similar picture is achieved in  24 hours 
as with A T P  a t  pH 9.9 in  5 hours. 
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With A-3-P as substrate after 20 hours’ incubation the nuclei of the 
glandular epithelium are strongly active as well as elastic fibers in  the 
connective tissue. The intima and media of blood vessels show diffuse 
activity. With 30 hours ’ incubation smooth muscle nuclei, capillaries, 
and interstitial cells are blackened. 

With Cr-P a t  pH 9.9 as substrate after 5 hours’ incubation a dis- 
tinct darkening of elastic fibers in  the connective tissue can be ob- 
served. I n  24 hours the basal layer of the glandular epithelium as 
well as the fibers in  the submucous layer show strong activity. The 
cytoplasm of the smooth muscle fibers is slightly and diffusely stained, 
and in  some interstitial cells near the epithelium the nuclei show 
strong activity. 

With Cr-P a t  pH 8.9 in  the presence of Mg++ after 24 hours’ incu- 
bation a slight diffuse darkening of the glandular epithelium and 
smooth muscle fibers can be seen. I n  48 hours, epithelial and smooth 
muscle nuclei are ,darkly stained. The intima and media of the blood 
vessels are active, and the capillaries are darkened. 

Female genital system - ovary. A T P  as substrate a t  p1-I 9.9 yields 
the following picture : after two hours’ incubation the nuclei and cell 
membranes of corpora lutea cells as well as the nuclei of both young 
and atretic follicle cells are active. The endothelium of blood vessels 
is stained. After three hours’ incubation the nuclei of the follicular 
cells of growing follicles stain with the cytoplasm slightly darkened. 
Capillaries and the endothelium and media of larger vessels show 
strong activity. Some cells in  the interstitial tissue are darkened. 
With 4.5 hours’ incubation all follicular and theca cells appear active. 

With A T P  as substrate a t  p H  8.25 after two hours’ incubation a 
faint  darkening of the theca cells is observed. After 22 hours the 
follicular as well as theca cells of the Graafian follicle show intense 
activity and the egg cell is blackened. The basement membrane of 
follicles as well as  the glassy membrane of corpora lutea are darkened. 
Blood vessels of all sizes show endothelial activity with the smooth 
muscle nuclei of the media appearing black in comparison to the 
light staining fibers. Medium and larger vessels show a darkening 
of the adventitia as well. Numerous cell nuclei in  the interstitial tissue 
show activity. The corpora lutea cells are darkened in the cytoplasm, 
cell wall and nucleus. 

With A-5-P as substrate the same picture is observed after 24 
hours’ incubation as is seen when A T P  a t  p H  9.9 is used for 4.5 
hours. 

With A-3-P as substrate after 24 hours’ incubation the nuclei, 
cytoplasm, and cell membranes of follicular cells show activity, 
although the theca cells are still more active. Corpora lutea cell nuclei 
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are  dark with the follicular basement membrane and glassy mem- 
brane of the lutea showing intense activity. The egg cell nucleus is 
intensely blackened. The muscle found in  blood vessels shows intense 
nuclear stain with a slight staining of the muscle fiber. The endothe- 
lium of blood vessels is also darkened. 

With Cr-P a t  p H  9.9 after 24 hours’ incubation the theca cells 
show diffuse darkening with the basement membrane of the follicle 
intensely stained. The corpora lutea cell is also diffusely darkened. 
The media of blood vessels is active ; fibers, as well as nuclei of some 
cells in  the interstitial tissue show activity. With 48 hours’ incuba- 
tion the intima and adventitia of larger vessels have become stained 
with the nuclei in the media intensely darkened. All theca cells are 
very black with the follicular cells being much lighter. 

Cr-P a t  pH 8.9 in the presence of Mg++ in 48 hours shows activity 
in  the corpora lutea cells, the cell wall and nucleus being darkened. 
I n  primary follicles, the egg cell nucleus is very black. The theca 
and follicular cells in  addition t o  the basement membrane show 
intense activity, and blood vessels show staining in the intima and 
media. 

Pallopian tube. With A T P  as substrate a t  p H  9.9 after two hours’ 
incubation the epithelium lining the tube shows a n  intense nuclear 
stain. The fibers of the lamina propria are  blackened and both muscle 
layers show ,diffuse activity. Blood vessels and capillaries show intense 
endothelial activity with the endothelial nuclei distinctly darker. 
With further incubation the muscle nuclei become darkened and 
occasional cell nuclei are seen to be active in  the lamina propria. 

With A T P  as substrate a t  p H  8.25 after 22 hours’ incubation the 
nuclei of the epithelium are intensely active. Blood vessels of all 
sizes show activity in the endothelium and media, and in  the latter, 
muscle nuclei are particularly black. Occasional cells and cell nuclei 
i n  the interstitial tissue appear darkened. 

With A-5-P as substrate after 24 hours’ incubation blood vessels 
and capillaries show strong act.ivity of the endothelium. The fibrous 
tissue of the lamina propria shows activity, but the epithelium lining 
the tube is completely devoid of any stain. 

With A-3-P as substrate with 30 hours’ incubation all blood vessels 
show activity in  the endothelium as well as in  the medial muscular 
coat, where the nuclei appear most active. The epithelium shows 
darkening of the cytoplasm with t.he nuclei entirely blackened. Occa- 
sional interstitial cells appear darkened. 

With Cr-P a t  p H  9.9 after 22 hours of incubation the nuclei of 
the lining epithelium are strongly active. Blood vessel endothelium, 
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the media of larger vessels, and cell nuclei in  the interstitial tissue are 
darkened. 

Essentially the same stain can be elicited with Cr-P a t  pH 8.9 in 
the presence of Mg”, although the nuclei of the muscular media seem 
to be more strongly stained than with Cr-P a t  p I I  9.9. 

Uterus. With A T P  as substrate a t  p H  9.9 after 4.5 hours’ incu- 
bation, the mucous epithelium lining the uterine cavity shows a slight 
staining of the cytoplasm combined with a strong nuclear and mem- 
brane activity. The epithelium and especially the nuclei of the uterine 
glands, together with the basal par t  of these cells, are intensely stained. 
Blood vessels are  strongly active in  the endothelium and the muscular 
coat. The luminal membrane of the lining epithelium and many 
nuclei and whole cells of the interstitial tissue are  darkened. 

With A T P  as substrate at pH 8.25, with 4 hours’ incubation a 
slight darkening of the uterine glands, myometrium, and mucous 
epithelium can be observed. After 22 hours the nuclei of the mucous 
epithelium and many interstitial cell nuclei of the endometrium 
are active. The stellate cells show activity in  the cytoplasm and 
cell membrane. The endothelium of blood vessels, especially the 
nuclei, are strongly stained. Smooth muscle fibers are darkened with 
the greatest activity seen in  the nuclei of the muscle. The uterine 
glands are very dark. 

A-5-P yields a similar picture after 24 hours’ incubation as A T P  
a t  p H  9.9 after 4.5 hours. Stellate cells show intense staining, but 
instead of the luminal membrane of the lining epithelium, the base- 
ment membrane shows the activity. Nuclei of the blood vessel endo- 
thelium are very active with the cytoplasm being less dark. 

With A-3-P as substrate in  22 hours’ incubation the enzymatic 
activity is observed in the following locations : nuclei and cytoplasm 
of the lining mucosa, nuclei of the uterine gland epithelium, and 
endothelium of all sizes of blood vessels, especially the nuclei of the 
latter. Smooth muscle is diffusely but slightly darkened with the 
greatest concentration of activity in  the nuclei. Numerous cells 
and cell nuclei i n  the interstitial tissue, as well as the stellate cells, 
are active. 

With Cr-P at  pH 9.9 after 4.5 hours a faint darkening of the 
uterine glands and mucosa can be seen. I n  24 hours the blood vessels 
show staining of the endothelium; the epithelium of the uterine 
mucosa and uterine glands is active. After 48 hours’ incubation the 
uterine mueosa shows better localized activity, with the epithelial 
nuclei stained darkly. Glandular duct cells, many interstitial cells 
and their nuclei, as well as the smooth muscle and its nuclei are very 
dark. 
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With Cr-P a t  p H  8.9 in  the presence of 3Ig" after 48 hours of 
incubation, epithelial, endothelial, and smooth muscle nuclei are 
distinctly active. I n  the uterine glands, activity can be found in the 
nuclei and cell walls, whereas the mucosa shows activity in the nuclei 
and cytoplasm. Capillaries and larger TTessels are stained throughout 
the section. 

S U N M A R P  O F  HISTOLOGIC FINDINGS 

In  table 4 the differences in activity and in organ distribu- 
tion are listed for the substrates studied within the scope of 
this work. The different substrates showed regularly repro- 
ducible differences in the histological activity patterns elecited. 
The enzyme system attacking ATP at pH 9.9 invariably shows 
activity in blood vesscls of all sizes after short incubation 
periods. There are many differences between the histological 
activity pattern for ATP and that for muscle-adcnylic acid 
(striated muscle, etc.), and the latter substrate regularly 
required much longer incubation than the former. Activity for 
A-5-P was regularly found in the adventitia of blood vessels. 
On very prolonged incubation, however, the histological distri- 
bution for both these substrates becomes very similar in most 
of the organs studied. The activity pattern for yeast-adenylic 
acid, on the other hand, differs grossly from that found with 
ATP or with A-5-P. 

The validity of attributing the splitting of creatine-phos- 
phate to two different enzymes or enzyme systems, one active 
in the presence of magnesium ion and one in its absence, a t  
a more alkaline pH, is clearly indicated by the results sum- 
marized in table 4. 

Differentiation of substrate specific cizxynzes by inhibitioiz 
awl activation. I n  studying the influences of activators and 
inhibitors, we have found striking differences in their effects 
with respect to the different substrates employed. These 
differences are shown in tables 5 and 6 which summarize the 
results of numerous experiments. 

The inhibitors and activators were regularly tested on 
kidney sections, but we have also tried their effects on several 
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other tissues, though not on all organs and tissues listed in 
table 1. If there are organ specific variations among the 
substrate specific enzymes, this would have escaped our 
observation. However, no differences in activation or inhibi- 

T A B L E  4 

Summary of distribution of  enmyme activity i n  rat tissues with ATP,  A-5-P,  A-3-P, 
and Gr-P & N,q as mbstratess 

ORGANS AND A T P  A T P  C r - P  Cr-P 
TISSUES pH 9.9 pH 8 .25  pH 9.9 pH 8.9 + Mg++ 

Brain 

Lung 

Skin (tail) 

Skin (sole) 

Heart 

Pylorus 

Cardia 

Duodenum 

Colon 

Rectum 

Liver 

Kidney 

Urinary bladder 

Striated muscle 

Prostate 

Seminal vesicle 

Coagulating gland 

Ovary 

Fallopian tube 

Uterus 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

not 
ehecked 

+ 
+ 
+ 

+ + +- 
+ + + 
+ + +- 
+ +- + 
+ + +- 
+ + + 
+ + + 
+ + + 
+ + + 
+ + + 
+ +- +-- 
+ + + 
+ + + 
+- +- +- 
+ + + 
+ + + 
+ + + 
+ + + 
+ + + 
+ + + 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+-- 
+- 
+ 
+ 
+ 
+ 
+ 
+ 

+ = strong activity, well localized. 
+- = slight activity, or patchy and diffuse activity. 
+-- = hardly any activity, slightly darker than controls. 
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tion have been found among the organs compared except for 
ATP at pH 8.25. In  heart muscle and striated muscle activity 
for ATP at pH 8.25 was markedly inhibited by sulfhydryl 
binders and markedly activated by glutathione. Cu" shows 
only a slight inhibitory effect in our experiments due to 
complex formation with the glycine present in the buffer 

TABLE 6 

Activation of myosin ATP-ase by glutathione 

SUBSTRATES 

ATP ATP 
pH 9.9 pH 8.25 

Hrs. in- Staining Hrs. in- Staining 
euhated intensity cubated intensity 

C O N T R O ~  I N H I B I T O R  OR 
ACTIVATOE ' ORGAN 

3 hrs.: - 

darkening 
- 24 ++ 22 ++ Striated 

muscle 
24 hrs. : diffuse 

Glutathione 1 3 .  
3 ++ 

Heart slight diffuse - 4 ++ 22 ++ 

24 ++ - Striated 
muscle 2.5 X lO-'M 

24 hrs.: 

darkening 

1 3.- 
3 ++ 4 ++ Glutathione 

2.5 x 10-2 M 
- Heart 

No substrate, or boiled organ and substrate. 
* Molarity given as  final coiicentration in incubation mixture. 
+- slight activity. 
+ activity. 
+ + intense activity. 

(Bailey and Perry, '47). The ATP-ase inhibitors dc- 
scribed in the literature, i.e., iodacetate and iodoacetamide,6 
the specific sulfhydro inhibitor, p-chloromercuri benzoate,? 
show the expected reactivity in heart and striated muscle 
(Laki, '43; Barron and Singer, '45). Magnesium ion shows 
only slight inhibitory action, even at  a concentration of 
1.35 x lop2 M. This may be attributed to the overwhelming 

fl See footnote 4, p. 400. 
'See footnote 4, p. 400. 
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concentration of calcium ion present in our incubation mix- 
ture. We believe, therefore, that ATP at pH 8.25 is split by 
the classical sulfhydro-sensitive enzyme ( Szent-Gyorgyi's 
myosin ATP-ase) in heart and striated muscle (Banga and 
Szent-Gyorgyi, '43 ; Potter, '44 ; Barron and Singer, '45 ; 
Zeller, '48). I n  kidney, brain and bladder the sulfhydryl 
inhibitors tested had some but glutathione had no influence 
on the activity for ATP at pH 8.25. I n  these and also in other 
organs activity for ATP was often found to be spotty and 
irregular. It is clear that activity for  ATP a t  pH 8.25 in 
tissues other than cardiac and voluntary muscle is due to 
an enzyme system which is not the same as myosin ATP-ase. 
The histological activity pattern for ATP at pH 8.25 in these 
organs resembles, though it does not exactly duplicate, that 
found for this same substrate a t  pH 9.9. The response to 
activators and inhibitors a t  these two different pH levels is 
also similar. Consequently, the activity in these organs at 
these two different pH levels may, perhaps, be due to the 
same enzyme. It should be pointed out, however, that in all 
organs activity for ATP at pH 9 to 9.4 is extremely feeble, 
much more feeble than either at pH 9.9 or at pH 8.25. 

The experimental results with inhibitors and activators 
do not yield an identical picture for the enzymes o r  enzyme 
systems which hydrolyze ATP and muscle-adenylic acid at 
pH 9.9. Arsenate, which slightly inactivates the A-5-P split- 
ting catalyst, and arsenite which slightly activates it, show no 
influence on the cleavage of ATP a t  this pH. On the other 
hand, iodoacetate and semicarbazide slightly inhibit action 
on ATP but do not interfere with the splitting of A-5-P. 
Iodoacetamide and p-chloromercuri benzoate inhibit the reac- 
tion with both of these substrates, whereas glutathione slightly 
activates ATP in the kidney at pTI 9.9 and inhibits hydrolysis 
of A-5-P. In constrast to ATP a t  pH 8.25, this substrate a t  
pH 9.9 is not activated by glutathione either in striated muscle 
or in the heart. 

The only compound found to inhibit partially the enzyme 
splitting yeast-adenylic acid was arsenate, while arsenite, 
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iodoacetamide and magnesium ion activated it. It is possible 
that the activation with iodoacetamide may be connected with 
the destruction of an endogenous inhibitor. 

The two enzymes or enzyme systems dephosphorylating 
creatine-phosphate, one active at pH 8.9 and requiring mag- 
nesium ion for its activity, the other active at pH 9.9 in the 
absence of magnesium, can also be clearly differentiated by the 
results of the inhibition and activation experiments. Gluta- 
thione fully inhibited the Mg++ activated enzyme system, 
whereas it displays a fleeting influence on the other. The 
failure of glutathione to affect the system acting a t  high 
pH might be attributed to the rapid auto-oxidation of gluta- 
thione at this pH. However, glutathione was found to be an 
effective inhibitor for the enzyme system which hydrolyzes 
A-5-P at the same high pH. 

Cupric chloride shows no influence on the Mg++-activated 
moiety, which is slightly inhibited by arsenate, whereas the 
other enzyme system is slightly inhibited by Cu" and not 
affected by arsenate. Iodoacetate, semicarbazide, p-chloro- 
mercuri benzoate and iodoacetamide are inhibitors common 
to both enzymes. 

DISCUSSION 

1. Myosin ATP-use 

The biochemical literature in the field of adenosine-triphos- 
phate dephosphorylation is vast, and a number of ATP- 
splitting enzymes have been found in different tissues (Potter, 
'44 ; Libet, '47 ; Zeller, '48). Variations in enzymatic activity 
in the organs have been attributed to  differences in calcium 
and myokinase concentrations present in those organs (Du- 
Bois and Potter, '43). Some organs have also been classified 
according to a gradient of endogenous enzymatic activity 
for ATP (Engelhardt, '46). Much work on the relation of 
myosin and acto-myosin to  ATP-ase has been done by Szent- 
Gyorgyi and his school (Banga and Szent-Gyorgyi, '43 ; Laki, 
'43; Banga, '47; Szent-Gyorgyi, '47, etc.). Bailey's studies 
('42, '44) substantiate the identity of myosin with ATP-ase. 
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This identity was checked by comparing enzyme activity and 
birefringence of flow. Studies were made to determine if 
oxidative reagents, alkylating reagents, and mercaptide form- 
ing reagents showed parallel influence on these two qualities 
Barron and Singer, '43, '45; Singer and Barron, '44; Bink- 
ley, Ward and Hoagland, '44 ; Ziff , '44 ; Mehl, '44, Bailey and 
Perry, '47; Roche, Thoai and Bernard, '49). hfost authors 
found that the specific mercaptide former, p-chloromercuri 
benzoate, was the most pronounced inhibitor f o r  both myosin 
properties and concluded that ATP-ase activity is an intrinsic 
property of the myosin molecule and is intimately linked with 
the free sulfhydryl groups of that molecule. It is of interest 
that all of these studies on myosin ATP-ase have been con- 
cerned with striated muscle and that no similarly detailed 
studies have been made on smooth muscle. Our histochemical 
findings strongly indicate that the ATP-ase of smooth muscle 
is different from that in voluntary and cardiac muscle. 

The threshold of inactivation of myosin ATP-ase with 
magnesium ion and of activation with calcium ion varies 
with different authors (Gordon, '49). This variance is at- 
tributed to  differences in protein concentration employed in 
the experiments and to  differences in endogenous salt con- 
centrations and myokinase activity in the tissues. 

When using the inhibitors and activators tested by others 
in in vitro studies on purified myosin, we find that these agents 
have to be used in higher concentrations for histochemical 
work. Since we have performed our experiments with a 
limited volume of fluid, it may be that competition amongst 
the many sulfhydryl groups in the tissue diminishes the 
effective concentration of the sulfhydryl binders that we have 
used. It is possible, however, that in the relatively undisturbed 
state of the fresh frozen tissue sections the sulfhydryl groups 
of myosin ATP-ase are less accessible to attack than they are 
in purified myosin solutions. Since our experiments were 
performed aerobically, oxidation of glutathione undoubtedly 
occurs - both auto-oxidation (especially a t  higher pH) and 
enzymatic oxidation by the respiratory enzymes of the tissue 
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sections. The effective concentration of residual glutathione 
in our substrate solutions is, therefore, no doubt much less 
than that at  which we have set up these experiments. 

The inhibition of activity hydrolyzing ATP a t  pH 8.25 in 
heart and striated muscle by p-chloromercuri benzoate at  a 
concentration of 2.5 X 10V3 11 is complete, and after exposure 
to this inhibitor for half an hour activity cannot be restored 
by treatment with 2 x lo-* M glutathione. Shorter exposures 
to the inhibitor were not studied. 

In  view of all the preceding discussion we conclude that 
the enzyme which we find active against ATP in voluntary 
and cardiac muscle at pH 8.25 is myosin ATP-ase. It is of 
interest that within striated muscle no distinctive localization 
of this enzymatic activity could be demonstrated in our prepa- 
rations in relation to the cross striations of the muscle fibers. 
It should be noted also that the ATP-ase which we find in 
smooth muscle differs from the myosin ATP-ase both in its 
pH optimum and in its response to activators and inhibitors. 

2. Other enzymes which hydrolyze A T P  and 
muscle-ndenylic acid (A-5-P) 

The activity f o r  ATP at pH 8.25 in the kidney is not in- 
creased by the presence of glutathione and is only partially 
inhibited by p-chloromercuri benzoate. We conclude that this 
activity is caused by an enzyme different from that found in 
heart and voluntary muscle. The question arises as to whether 
this activity is to be attributed to the same enzyme that attacks 
ATP at pH 9.9. The anatomical distribution outside of heart 
and voluntary muscle is similar, though not identical, at the 
two pH levels studied. In  the kidney the reaction to inhibitors 
is similar at both pH levels. On the other hand, activity in 
the kidney is greater at pH 8.25 and 9.9 than it is a t  pH 9.0, 
and the assumption that the same enzyme is active at pH 8.25 
and 9.9 involves the assumption that this system has two 
separate pH optima. 

A puzzling feature is the fact than under some conditions 
the staining of the sections was very patchy and uneven. This 
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was particularly true in regard to ATP at pH 8.25 in organs 
other than voluntary muscle and heart. In  part such patchy 
staining may be due to the accidental folding of sections lying 
on the bottom of the dish or to the accidental covering of one 
section by another so that the components of the substrate 
solution do not reach all areas of all sections equally. Alterna- 
tively, the tissue sections may contain a necessary cofactor 
or endogenous inhibitor which is unequally lost from different 
portions of the sections. Finally, it is possible that these local 
variations in enzymatic activity may represent real physio- 
logical variations within the tissue. Holmgren and Svan- 
borg ( '50) showed variations in the enzymatic activity of the 
liver related to the time of day a t  which the liver was excised. 
It must not be understood that patchy distribution of activity 
has been a frequent or regular finding in our studies. The 
occasions when we have seen this have been noted above in the 
section dealing with histological findings. 

When using ATP as substrate at pH 9.9 we find that this 
compound is much more rapidly dephosphorylated than 
A-5-P, which substantiates Liebknecht's findings ( '39, '40) 
that the phosphate group of adenylic acid is most difficultly 
hydrolyzable. On prolonged incubation with ATP at pH 9.9 
the final pattern of distribution of the reaction product in the 
sections resembles closely that found on prolonged incubation 
with A-5-P as substrate, although the deposit from ATP is 
often so dense after long incubation that histological details 
are obscured. It is probable that at  this pH we are encounter- 
ing a two stage dephosphorylation of ATP, namely, one which 
leads to adenylic acid, and a second one which splits the last 
phosphate from adenylic acid. The latter enzyme might be 
a specific 5-nucleotidase system (Reis, '34, '37; Gulland and 
Jackson, '38; Newman et al., '50)' while the enzyme responsi- 
ble for stage one might be a less specific pyrophosphatase 
(Folley and Kay, '36) or a specific ATP-ase. Also some of 
the inhibitors (Na,HAsO,, iodoacetate, semicarbazide) tested 
with the two substrates showed slight differences, but these 
differences disappeared on prolonged incubation. Hydrogen 
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peroxide ( lop2 M )  and NaAsO, ( lop2 M )  activate the 5-nu- 
cleotidase, although the former slightly inactivates and the 
latter shows no influence on the first stage of the dephosphory- 
lation of ATP. When the first stage is inhibited, the 5-nucleo- 
tidase does not find a substrate to act upon. Glutathione 
(2.5 x lo-., M), on the other hand, activates the first stage 
in the splitting of ATP in the kidney while it slightly inhibits 
the 5-nucleotidase. The dephosphorylation of ATP by one 
enzyme to  adenylic acid in liver extracts was demonstrated 
by ICalckar ('44) in in vitro work. He also showed that in 
striated muscle, both the action of ATP-ase and myokinase 
were responsible for the breakdown of ATP (Kalckar, '43, 
'44). We find that glutathione shows no influence in striated 
muscle (which is devoid of 5-nucleotidase) when ATP is used 
as a substrate at pH 9.9. Therefore, it is most unlikely that 
the activity in muscle at high pH is attributable to the Szent- 
Gyorgyi enzyme. In  embryonic tissue, Steinbach and Moog 
('45) succeeded in separating ATP-ase from an apyrase by 
differential centrifugation. Iodoacetamide (2  X lop2 M) and 
p-chloromercuri benzoate (2.5 X M) are inhibitors for 
both stages of ATP dephosphorylation at pK 9.9. 

ATP-ase activity at both pH 9.9 and 8.25 was found in all 
the organs studied and the activity was sharply localized in 
relation to the tissue structures. The localization patterns 
were similar a t  the two pH levels tested. In  general the 
activity was much more intense at the higher pH. While 
cells and tissues of all types exhibiting activity, the most in- 
tense activities, i.e., the earliest appearing and heaviest de- 
posits, were found in smooth muscle and vascular endothelium. 

3. Yeast-adenylic acid (A-3-P) 
Levine and Dillon ('30, '32) in im vitro studies tried to 

separate nucleotidase from nucleosidase activity in the rat's 
intestine using A-3-P and A-5-P as substrates and found a 
non-specific phosphatase which they described as a nudeo- 
tidase. This enzyme was slightly inhibited by arsenate ( lo-, 
M )  and dephosphorylated A-3-P preferentially. Possibly 
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this is the enzyme that attacks A-3-P in our histochemical 
preparations. Iodoacetate ( 10V2 M) (Bradfield, ’SO), p-chlo- 
romercuri benzoate (2.5 X lop4 M ) ,  or iodoacetamide (2 X 
10-21cI) do not show any inhibitory capacities in our histo- 
chemical work on this substrate. The latter agent even acti- 
vates the enzyme or enzyme system hydrolyzing A-3-P, pos- 
sibly by the destruction of an inhibitory substance present 
in frozen sections. This enzyme is strongly activated by 
magnesium ion which is in accordance with most in vitro 
studies on “non-specific” alkaline phosphatase. The litera- 
ture on this subject has been recently reviewed by Roche and 
Thoai (’50). On grounds of organ and tissue distribution, as 
well as inhibition and activation experiments, we believe that 
the enzyme or enzyme system hydrolyzing A-3-P is distinct 
from that attacking A-5-P. 

4. Creatine-phosphate (Cr-P) 
We have been able to differentiate two enzymes in the rat’s 

body hydrolyzing creatine-phosphate, one active in the pres- 
ence, and the other at a slightly more alkaline pH in the 
absence of magnesium ion. Ichihara (’33) synthesized several 
organic compounds with an N-P linkage which were split in 
the kidney at an optimal pH of 9. He succeeded in separating 
alkaline phosphatase from an enzyme hydrolyzing specifically 
N-P linkage which he called phosphoamidase. Whether this 
phosphoamidase is identical with the enzyme which we find 
active in the absence of magnesium can only be decided by 
further study. The magnesium activated enzyme might be iden- 
tical with a “non-specific” alkaline phosphatase studied by 
Winnick ( ’47) in vitro with creatine-phosphatase as substrate. 
A kinetic gradient of dephosphorylation by alkaline phospha- 
tase using different substrates was established by Wald- 
Schmidt-Leitz and Koehler ( ’33). This gradient also holds 
for our histochemical work. TVe find that arsenate M) 
partially inhibits the magnesium activated enzyme but does 
not affect the enzyme active at pH 9.9 in the absence of mag- 
nesium ion. On the other hand, CuC1, If) partially 
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inactivates the latter but not the former. Glutathione (2.5 X 
lop2 M),  as noted previously, completely destroys activity 
of the Mg-activated system, suggesting that a heavy metal 
may be necessary for this enzyme. Iodoacetate (10-2iZ1) is 
more inhibitory for the phosphoamidase active at  pH 9.9; 
semicarbazide (1.6 >: hf ), p-chloromercuri benzoate (2.5 
x 10W4 R f )  and iodoacetamide (2 x &I) are inhibitors 
common to both enzymes. The previously discussed differ- 
ences in organ distribution, and in susceptibility to inhibition 
and activation, make it obvious that two enzymes or enzyme 
systems are active in the dephosphorylation of creatine-phos- 
phate. Fell and Danielli ( '43) and Danielli, Fell and Kodicek 
('45) in histochemical studies on alkaline phosphatase using 
pathological materials, alcohol-fixed and paraffin-embedded, 
found changes in a non-specific alkaline phosphatase asso- 
ciated with fibrillar proteins. The enzyme active on Cr-P at 
pH 9.9 in our study often shows staining of the fibrous mate- 
rial in interstitial tissue and basement membranes. Perhaps 
the most noteworthy anatomical finding with creatine-phos- 
phate as substrate is the almost complete absence of activity 
for this substrate in striated muscle under the conditions of 
our experiments. In  view of the long established evidence that 
striated muscle can utilize creatine-phosphate as a source of 
high energy phosphate, we are forced to conclude that the 
enzyme responsible for the hydrolysis of this substrate in 
muscle must be a phosphotranspherase incapable of attacking 
creatine-phosphate in the absence of the appropriate phos- 
phate acceptor. 

SUMMARY 

1. I t  is possible to demonstrate a number of enzymes or  
enzyme systems active in the alkaline range on adenosine- 
triphosphate, muscle- and yeast-adenylic acids, and creatine- 
phosphate as substrates, using fresh frozen rat tissue sections 
with a modification of the histochemical alkaline phosphatase 
technique of Gomori ( '39)-Takamatsu ( '39). These enzyme 
systems can be differentiated from one another by their 
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different localization in the tissues and by their different 
responses to activators and inhibitors. 

2. The activity of myosin ATP-ase was demonstrated histo- 
chemically in striated muscle and heart using adenosine- 
triphosphate as substrate at  pH 8.25. 

3. The dephosphorylation of adenosine-triphosphate at 
pH 9.9 in all tissues of the rat except striated muscle probably 
involves a two stage enzymatic process. The first stage is 
attributed to a pyrophosphatase, or  ATP-ase, which splits 
this substrate to muscle-adenylic acid. 
4. A specific 5-nucleotidase was demonstrated histochemi- 

cally in the rat tissues when muscle-adenylic acid was used as 
substrate. This enzyme presumably catalyzes the second stage 
of ATP dephosphorylation. 

5. Yeast-adenylic acid is hydrolyzed in fresh frozen tissue 
sections by an enzyme which differs in its anatomical distribu- 
tion and in its response to activators and inhibitors from the 
enzyme which attacks muscle-adenylic acid. 

6. It was shown that creatine-phosphate is hydrolyzed by 
two enzymes or enzyme systems, one active in the presence 
of magnesium ion and one in its absence at  a more alkaline pH. 

We are indebted to Mr. Delbert Parker for the photomicro- 
graphs. 
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PLATES 



PLATE 1 

EXPLANATION OF FIGURES 

BRAIN (cortex) : 
1 Adenosine-triphosphate, p H  9.9. Incubation time: 4 hours. X 80. 
2 Adenosine-triphosphate, p H  8.3. Incubation time: 24 hours. X 80. 
3 Adenosine-triphosphate, p H  8.3. Incubation time: 24 hours. X 400. 
4 Muscle-adenylic acid, p H  9.9. Incubation time: 6 hours. X 80. 
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PLATE 2 

E X P L i X  ITION O F  FIGURES 

BRATK (cortex) : 
.? Yeast-ailenylic acid, pR 9.9. Incubation time: 24 hours. X 80. 
6 CI.eatiiie-lJliospliatc, pH 9.9. Incubstion time : 48 hours. X 80. 
7 Creatine-pliospliate, pII 8.9. Activated v i th  4 5  X M MgCI,. In- 

cubatioii time: 48 hours. X 80. 
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PLATE 3 

ESPL1NATION OF FIG1:RF.S 

K I D N E Y  : 
8 Adenosi~~e-t~.iphospliatc, pH 9.9. 11icub:ition time : one hour. X 80. 
9 Muscle-adenylie acid, pH 9.9. 1ncul):ition time: 5 hours. x 80. 

10 Crcatine phosphate, pH 9.9. Iiicubation time: 5 hours. X 80. 
11 Creatine-l~hospli:itc, pH 8.9. Activated with 4.5 X M MgCl,. I n -  

1 2  Control without substiate. Incubation time: 22 hours. X 80. 
cubation time: 2 2  hours. X 80. 
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PLATE 3 
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PLATE 4 

EXPLANATION OF FIGITRES 

LIVER: 
13 Adenosine-tripliosplrate, pH 9.9. Incubation time: 4 hours. X 80. 
14 Adenosine tripliosphate, pII 8.3. Incubation t ime:  2 2  hours. X 80. 
15 &!tuscle-ndcnylic acid, pH 9.9. Incubation t ime:  48 hours. X 80. 
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PLSTE 5 

ESPLhNATION OF FIGTJRRS 

SrI’RIhTI.:I) MUSCLE: (abc1omin:rl wall) : 

I G  .\deiiosinr triphosphate, pR 9.9. Inrubation t ime:  24 houns. X 400. 
1T Adcnosiuc tril)liosphetr, pR 8.3. Inrubation time; 22 hours. X 80. 
18  hdeiiosiiie-tr.iphosp2late, pH 8.3. Sctivated with 2.5 X lo-’ M gluta- 

tliione. Incubation time: three hours. X 80. 
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PLATE 5 
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PLATE 6 

EXPLANATION O F  FIGURES 

S K I N  ( ta i l )  : 
1 9  Adenosine-tripliospflntc, p1-I 9.9. Incubation t ime:  one hour. X 80. 
20 Adenosine-ti iplrosph:ite, 1111 9.9. Incubation t ime:  4 hours. X 80. 
21 Adeiiosiiic-tripliosph:lte, pIT 9.9. Incubation time : 4 hours. X 400. 
22 Control uitliout substrate. Incubation tiiiic: 24 hours. X 80. 
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