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ABSTRACT

Fresh frozen skeletal muscles of rats, rabbits, and humans were sectioned in a cryostat.
Sections 12 to 32 micra thick were incubated in a substrate solution for the histochemical
demonstration of non-specific alkaline phosphatase activity. A modified azo dye coupling
technique was used at pH 9.5. Localized areas of high enzymatic activity were found in
specific and well defined areas along the terminal arterial tree, in addition to the activity
which has been previously described in capillary endothelium. Arterial branches with
luminal diameters of 25 micra or less showed staining of their endothelium starting abruptly
at their origin from the parent vessel and fading distally. Smaller arterial branches showed
the same localization of enzymatic activity and stained more intensely. Other organs of
rats surveyed showed arterial branches with the same pattern of staining. Identical results
were obtained using the Gomori technique for alkaline phosphatase. Extensive saline
perfusion of the vascular tree did not affect the observed localization of enzymatic activity.
The enzymatic activity described may be part of the mechanism regulating the blood flow.

INTRODUCTION

The presence of non-specific alkaline phosphatase
activity in the walls of blood vessels was discovered
by Gomori (1, 2) and by Takamatsu (3), who
independently developed the first histochemical
technique for the demonstration of this group of
enzymes. They found activity localized to the endo-
thelium of capillaries, the endothelium of some
small blood vessels, and the adventitia of medium
sized arteries. Subsequent histochemical studies
by other investigators using the same technique
with or without modifications (4-7), or using
other techniques developed later (8-11), failed to
demonstrate any other localized areas of alkaline
phosphatase activity in the vascular tree. In these
studies a variability of enzymatic activity of blood

vessels was noted in various organs of the same
animal or in the same organ in different species of
animals.

Quantitative chemical studies of non-specific
alkaline phosphatase have been limited to large
blood vessels (12-18). The activity of this group
of enzymes in such vessels was found to be very
low and certainly disproportionate to that of other
phosphatases (13-23).

In the course of a histochemical study of enzy-
matic activity of skeletal muscle fibers, we observed
localized areas of high alkaline phosphatase
activity at specific and well defined sites along the
arterial tree. Since up to the present time there
has been no histochemical (24) or quantitative
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(25, 26) evidence of any chemically specialized
areas along the wall of the arterial tree, our pre-
liminary observations were studied in detail.

MATERIALS AND METHODS

The histochemical studies were carried out on fresh
rat and rabbit tissues, as well as on human muscle
biopsies. Albino rats weighing 250 to 350 gm and
albino rabbits weighing 2 to 3 kg were used. The
animals were given ether or Nembutal anesthesia
and the tissues were removed while the animals were
under deep anesthesia or immediately after the
cessation of respiration. The gastrocnemius, plan-
taris, soleus, and diaphragm were used for most
studies. Heart, skin, and spinal cord were surveyed
on a few occasions only. These tissues were immedi-
ately frozen by being placed on dry ice. They were
then mounted on ice, and sections 12 to 32 micra
thick were cut in a cryostat. Most frequently the
sections were floated directly on the substrate solu-
tions. At times, they were placed on slides, dried in
the air for 30 to 60 minutes, and then placed in
substrate solutions.

The mesentery, the membranous portion of the
diaphragm, and the cremaster muscle were also
studied fresh without freezing immediately after
their removal from the body. These tissues were
gently stretched over a rubber ring, fixed to the
ring with pins, and subsequently submerged in
substrate solutions.

Human iliopsoas and temporalis muscle biopsies
were frozen on dry ice within 5 minutes of their
removal from the body. They were mounted on ice
and sectioned in the cryostat like the animal tissues.

A modified coupling azo dye technique (27) using
alpha naphthyl phosphate and 4-amino-2,5-dieth-
oxybenzaniline (fast blue BBN) in tris buffer at
pH 9.5 was used for most experiments. The Gomori
technique (1) using beta glycerophosphate at pH
9.0 was used on only a few occasions, to compare the
results with those obtained with the azo dye tech-
nique. After incubation, the sections were fixed in 10
per cent neutral formalin for 24 hours, counter-
stained in Mayer’s carmalum, and mounted in 50
per cent polyvinyl pyrrolidone.

Three series of perfusion experiments were carried
out. The procedure in one series consisted simply of
washing blood from the vascular tree as thoroughly as
possible. The rat was placed under Nembutal anes-
thesia, the chest was opened, and, while the heart
was still beating, a cannula made from a 15 gauge
needle was introduced through the left ventricle
into the ascending aorta. A small opening was
immediately made into the right atrium and the
perfusion was started through the cannula. After
introducing 500 ml of warm 0.2 per cent sodium
nitrite in normal saline, 900 ml of normal saline were

perfused at a pressure of 1.5 meters of water. As soon
as the perfusion was completed, tissue blocks were
removed, frozen fresh, and sectioned in the cryostat,
and the sections were incubated for alkaline phos-
phatase.

In another series of perfusion experiments per-
formed in rats the same procedure was used as the
one just described, followed by injection with a
syringe through the cannula of warm Ranvier’s
carmine-gelatin (28). A loop of small intestine and
mesentery was externalized through an opening
made in the abdominal wall. The plunger of the
syringe containing the carmine-gelatin was pressed
manually while the mesentery and the intestine
were being observed. Enough carmine-gelatin was
injected to fill the arterial tree as completely as
possible without filling the capillaries or veins. Tissues
were removed after a waiting period of 5 to 10
minutes, frozen fresh, sectioned in the cryostat, and
incubated for alkaline phosphatase.

In the third series of perfusion experiments the
vascular tree was washed of blood as outlined in the
first series of perfusion experiments. After introducing
500 ml of 0.2 per cent sodium nitrite in normal
saline and 1000 ml of normal saline, 900 ml of
filtered azo dye alkaline phosphatase incubating
medium at pH 9.5 were perfused. After 1 hour, the
vascular tree was rinsed with 300 ml of normal
saline. Tissues were then removed, frozen fresh, and
sectioned in the cryostat, and the sections were
floated on buffered formalin.

RESULTS

Serial sections of skeletal muscles of rat incubated
in alpha naphthyl phosphate substrate solution
permitted a detailed study of the enzymatic
activity of blood vessels. The large arteries showed
no staining in their walls. Primary branches of
such arteries, however, with luminal diameters of
25 micra or less, displayed moderately intense
staining in the endothelium starting abruptly at
their point of origin from the larger vessel and
gradually decreasing distally (Figs. 1, 2, and 3).
Secondary branches originating from an unstained
part of the primary branch showed the same pat-
tern of enzymatic activity of endothelium starting
abruptly at their point of origin and fading some-
what distally (Fig. 1). In these branches, however,
the staining was more intense, and extended
throughout the length of the vessel. Capillaries
originating from these branches stained with the
same intensity as the distal portion of such a
secondary branch. The capillaries had rather
uniform enzymatic activity even at their points of
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FiGure 1

Arteries in rat soleus incubated in alpha naphthyl phosphate substrate solution for alkaline phos-
phatase. An artery with a lumen diameter of 45 micra is unstained and is visible only by its high
refringence. Its primary branch (¢) stains abruptly at its origin and the staining fades
gradually distally. The secondary branches (#) also stain abruptly at their origin. Their staining
continues throughout their length but decreases to some extent distally. Capillaries are seen running

parallel to muscle fibers. X 220.

branching. There was slight decrease in their
intensity of staining near the venous end.

The staining of the proximal portion of small
arterial and arteriolar branches was more intense
than that of the capillaries. When the floating
tissue sections were observed under the microscope
during incubation, the staining was first seen to
appear at these sites of branching and only later in
capillaries.

No enzymatic activity was demonstrated at Y-
shaped bifurcations of arteries, even when side
branches originating proximally showed intense
staining at their origin. The small collecting venous
channels and the venules and veins, including their
junctions, as well as the lymphatics, were entirely
free of stain.

The study of many arterial branchings sectioned
longitudinally and across permitted clear localiza-
tion of the enzymatic activity to the endothelium,
the inactive muscular layer of the vessel wall being
distinctly visible around it (Figs. 2 and 3). In
some proximal portions of larger arterial branches,
where the staining was not excessive, a more
detailed localization of enzymatic activity was
possible. The nuclei of the endothelial cells were
unstained. The cytoplasm around these nuclei
stained intensely. The cytoplasm at greater
distance from the nuclei, as well as the intercellular
substance, was free of stain (Fig. 2).

The staining of the endothelium of the arterial
branch started abruptly inside the parent vessel
at the point of junction of the endothelium of the

F. C. A. Romanur anp R. G. BaNNiSTER  Alkaline Phosphatase in Arteries 75



FiGure 2

Higher magnification of the primary arterial branch a from Fig. 1. The staining of the wall is clearly in
the endothelial cells. The cytoplasm of the endothelial cells is outlined by the stain while the junctions
between the endothelial cells, as well as their nuclei, are free of stain. The circular muscular layer is
faintly visible by its high refringence (arrows). The entire stained proximal portion of the branch is

somewhat constricted. X 640.

parent vessel and that of the branch (Figs. 1 to 6).
The stained endothelium of the branch could be
seen therefore coursing through the entire thickness
of the wall of the parent vessel (Figs. 5 and 6). At
some arterial branching sites the endothelial cells
of the branch were seen to project into the lumen
of the parent vessel (Fig. 6). Sometimes at the
point of origin of a small arteriole, the stained
most proximal endothelial cellswere bulging inside
the lumen of the arteriole, producing a moderate
to marked narrowing of its lumen. The entire
stained proximal portion of an arterial branch
was at times slightly dilated, but more often
somewhat constricted (Fig. 2).

The pattern of enzymatic activity described
above was found in the arterial tree of all the rat,
rabbit, and human skeletal muscle studies. In

addition to muscle, several other tissues in the rat
were surveyed, namely, heart, mesentery, skin,
and spinal cord. Arterial junctions with the de-
scribed distribution of staining were seen in all
these tissues and could be studied particularly well
in the mesentery. The results obtained with the
azo dye technique and with the Gomori technique
(Fig. 5) were identical. A detailed account of the
alkaline phosphatase activity of the central nervous
system will be the object of a separate communi-
cation (29).

Extensive washing of the blood from the vascular
tree by perfusion with saline did not modify the
pattern or intensity of enzymatic activity of the
blood vessels (Fig. 6). The study of tissue sections
of animals in which carmine-gelatin was injected
into the arterial tree, after extensive washing of
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Ficure 8

Artery in rat soleus incubated in alpha naphthyl phosphate substrate solution for alkaline phos-
phatase. ‘The primary branch of the artery stains abruptly at its origin. The unstained muscular
layer of the branch is clearly visible by its high refringence (arrows). X 640.

blood by saline perfusion, showed again the above
described distribution of enzymatic activity in the
arterial and capillary bed (Fig. 4). Sections of
tissue from these animals in successfully performed
experiments permitted easy and certain identifica-
tion of the arteries since the carmine-gelatin had
not reached the lumen of the capillaries or veins.
The staining of the proximal portions of blood
vessel branches was confirmed to be present only
in arteries. The good filling of the lumen of arteries
with carmine-gelatin at such branching sites ex-
cluded the possibility that blood was retained in
the lumen of the arteries. Tissue sections from
animals perfused with alpha naphthyl phosphate
substrate solution for alkaline phosphatase, after
the vascular tree was washed of blood, showed the
same localization of enzymatic activity in the
vascular tree as that obtained by the incubation of
tissue sections.

DISCUSSION

When the staining of the proximal portion of small
arterial branches was first seen, several questions
arose with respect to the validity of this histo-
chemical localization of enzymatic activity. The
subsequent experimental procedures were designed
so as to make possible a critical evaluation of this
finding.

The first question which posed itself was whether
the enzyme is actually located in the endothelium
of the arterial branch or whether the endothelium
stained as a result of enzymatic activity of blood
caught in the lumen of the artery at such points.
The results presented here indicate that the
enzyme is localized in the endothelium. This was
demonstrated by identical staining with un-
changed intensity in longitudinal and cross-sections
of arterial branchings incubated by floating, where

F. C. A. RomanuL anp R. G. Bannister  Alkaline Phosphatase in Arteries 77



Fi1cUrE 4

Artery in rat soleus incubated in alpha naphthyl. phosphate substrate solution for alkaline phos-
phatase. Prior to the removal of the muscle, the vascular tree was washed by perfusion with saline and
the arterial tree was injected with Ranvier’s carmine-gelatin. After incubation for alkaline phos-
phatase, the section was counterstained with Mayer’s carmalum. The artery and its branch are filled
with carmine-gelatin. The endothelium of the proximal portion of the arterial branch stains intensely
for alkaline phosphatase. The muscular layer of the branch shows no enzymatic activity. The nuclei
of the muscular layer of the branch are shown by counterstain (arrow). X 580.

no blood was retained in the lumen. It was also
shown in tissue sections of animals with washed
vascular tree with or without subsequent carmine-
gelatin injection.

The second question that should be considered
is whether this localization could be falsely pro-
duced by a differential penetration of substrate.
In animals perfused with substrate solution, all
the endothelium of the vascular system was ex-
posed to substrate. In sections from non-perfused
animals incubated by floating, the substrate could
easily reach the endothelium of the vessels through
their lumen. There is no doubt, therefore, that the
localized enzymatic activity of the endothelium of
the proximal portion of arterial branches cannot

be accounted for by differential penetration of
substrate through tissue. Neither can it be attrib-
uted to greater permeability of these endothelial
cells to the substrate solution. This was clearly
demonstrated by the lack of staining of the endo-
thelial cells which were cut through at the point
where the parent vessels and the more distal por-
tion of the arterial branches reached the surface
of the section.

Thirdly, one should question whether the locali-
zation of enzymatic activity demonstrated in this
communication is not secondary to physical and
chemical alterations of the tissue produced by
freezing. Such a possibility is excluded by the
fact that the same localization was obtained in
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Fieure 5

Small artery in rat soleus incubated for alkaline phosphatase according to Gomori’s technique and
subsequently counterstained with Mayer’s carmalum. The small artery seen in cross-section shows
only some staining in its adventitia. Its branch shows intense activity in the endothelium. The branch
was sectioned somewhat obliquely and the resulting contour of its endothelial lining tends to be

elliptical (arrows). X 580.

animals with the vascular tree perfused by sub-
strate solution. The localization of enzymatic
activity cannot be ascribed to an artifact produced
by the histochemical technique, since two entirely
different techniques were used. It seems justified
therefore to conclude that this localization of
enzymatic activity in the vascular tree is present in
intact fresh vessels and therefore in wvivo.

The meaning of this localization of high alkaline
phosphatase activity at specific sites in the vascular
tree is not immediately obvious. This finding
should be evaluated, therefore, in the light of
available anatomical, physiological, and chemical
information on blood vessels.

The endothelium of capillaries and that of
arteries including their branching sites have not
been found to have morphological differences by

light microscopy (24, 30, 31). In the electron
microscope, with the exception of structural differ-
ences of specialized capillaries in some organs
(32), the fine structure of the capillary endothelium
(33-36) was not found to be different from that
of arteries (34-37). Observations of blood vessels
in living mammals have disclosed that the terminal
arterial tree shows the greatest ‘“‘spontaneous”
change in caliber, called vasomotion (38—-45), and
the greatest response to vasoconstrictor agents
such as adrenalin (41-49). These are the parts of
the vascular tree which contain smooth muscle
in their wall (40-45). The areas of high alkaline
phosphatase activity of endothelium demonstrated
in this study do not outline entirely the terminal
arterial vascular bed containing smooth muscle
in its wall, but only the proximal portions of these
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FigUre 6

Small artery in rat soleus incubated in alpha naphthyl phosphate substrate solution for alkaline phos-
phatase after extensive washing of the vascular tree by perfusion with saline. The section is counter-
stained with Mayer’s carmalum. The staining of the small artery and its branch is essentially the
same as shown with the Gomori technique (Fig. 5). X 560.

vessels. In this respect the observation of Sandison
(48) is of interest. He studied an artery 125 micra
in diameter and its branches in a rabbit’s ear
after intravenous injection of adrenalin. He ob-
served the large artery to constrict more in its
proximal half and the arterioles to constrict most
at the point where they took origin from the large
artery.

The electron microscopic studies of endothelium
of capillaries (32-36) have not solved the problems
of capillary permeability (24, 36). The pores
thought to exist in the endothelial membrane on
physiological grounds (50-52) have not been
found. In muscle capillaries, intravenously injected
ferritin was found in endothelial cells both free in
the cytoplasm and within vesicles (53), whereas
intravenously injected colloidal gold was found
only in membrane-bounded vesicles within the
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endothelial cells (54). It is still not clear (24, 36)
whether the endothelial cell (55) or the inter-
cellular cement substance (56, 57) is responsible
for the normal capillary permeability. Concerning
the location of areas of highest permeability along
the vascular tree, the small venules revealed the
greatest permeability to intravenously injected
dyes of various molecular sizes, followed by the
venous end of the capillaries (58). Colloidal
carbon particles injected into the blood stream
have been found to adhere to and penetrate the
“intercellular cement” between the endothelial
cells at the venous end of the capillaries and in
small venules (56, 57). The same distribution was
found in the vascular tree after local injection of
histamine, with much greater accumulation of
carbon particles in the capillaries and what was
interpreted to represent venules in the region of
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histamine injection (59). The areas of high alkaline
phosphatase activity in the proximal portion of the
arterial branches reported in the present study
outline the cytoplasm of the endothelial cells, and
therefore give a negative image of the picture
obtained by the carbon accumulation at the
intercellular junctions of the branching of veins
(56, 59, 60). After intravenous injection of col-
loidal carbon, heavy carbon accumulation was
described in the endothelium of the lymphatic
vessels in the mesentery (57). In the present study,
no alkaline phosphatase activity was found in the
endothelium of the lymphatic vessels in the
mesentery.

Surveys of quantitative studies of various
enzymes in blood vessel walls (25, 26) reveal that
the overwhelming majority of studies were limited
to the aorta or very large arteries and that no
attempt was made to study various segments of
small arteries or arterioles. Separate determina-
tions on individual layers of blood vessel walls were
seldom carried out. With respect to dephosphoryl-
ating enzymes, the large arteries were found to
have very low alkaline phosphatase activity
(12-18) and high acid phosphatase (13, 18), 5-
nucleotidase (14-18, 23), and adenosinetriphos-
phatase (16-22) activities. Of these, only adeno-
sinetriphosphatase was determined in veins and
arteries of various sizes (18, 20, 22), the highest
activity being found in muscular arteries (18, 20)
or in the aorta (22). No activity was found in
veins (22). These quantitative results are con-
cordant with the histochemical demonstration of
high acid phosphatase (61, 62), 5-nucleotidase
(16, 63-69), and adenosinetriphosphatase (16,
67-70) activities in the media of arteries.

In view of the fact that the small arteries and
arterioles are the segments of the vascular tree
most responsive to epinephrine, it is of interest to
consider the localization of monoamine oxidase in
the vascular tree. This enzyme was studied quanti-
tatively in veins and arteries of various sizes (71)

BIBLIOGRAPHY

1. Gomor1, G., Microtechnical demonstration of
phosphatase in tissue sections, Proc. Soc. Exp.
Biol. and Med., 1939, 42, 23.

2. Gomori, G., The distribution of phosphatase in
normal organs and tissues, J. Cell. and
Comp. Physiol., 1941, 17, 71.

3. Takamatsu, H., Histologische und biochemische
Studien tiber die Phosphatase. I. Histochemi-
sche Untersuchungsmethodik der  Phos-

and its activity was found to be highest in the
largest arteries, lower in smaller arteries, and
lowest in veins. Histochemically, monoamine
oxidase activity was seen to be localized in the
media of blood vessels (72, 73). From the above
review, it is apparent that monoamine oxidase and
dephosphorylating enzymes other than alkaline
phosphatase do not show any parallelism in the
distribution of their activities along the vascular
tree with that of non-specific alkaline phosphatase.

In summary, the histochemical localization of
alkaline phosphatase in the endothelium of the
proximal portion of arterial branches does not
correspond to areas of the vascular tree with
special morphologic differentiation or to areas of
highest permeability. The enzyme activity is
present in the small branches of the arterial tree
which show the highest “spontaneous” contrac-
tions and the greatest response to hematogenous
humoral agents. It is possible that the function of
alkaline phosphatase at these sites in the vascular
tree is that of active transport as in the proximal
tubules of the kidney and in the mucosa of the
small intestine. Active transport through the
endothelium of the proximal portion of arterial
branches could represent a basic mechanism
whereby the blood vessel continuously samples the
chemical content of the blood for the purpose of
regulating the size of its lumen and therefore the
blood flow. Such an interpretation, however, is
entirely speculative.

This work was supported by a research grant (NB
02603-03) from the National Institute of Neurological
Diseases and Blindness, National Institutes of Health,
Bethesda, Maryland. It was undertaken during Dr.
Bannister’s tenure of the Radcliffe Travelling Fellow-
ship of the University of Oxford.

The authors would like to express their apprecia-
tion to Miss Anna Vaza for technical help and to
Miss Edna J. Bradley for secretarial assistance.

Received for publication, April 11, 1962.

phatase und deren Verteilung in verschie-
denen Organen und Geweben, Trans. Soc.
Path. Japon., 1939, 29, 492,

4. Kasar, E. A, and FurTs, J., A histochemical
study of the distribution of alkaline phos-
phatase in various normal and neoplastic
tissues, Am. J. Path., 1941, 17, 303.

5. Bourng, G., The distribution of alkaline phos-

F. C. A. Romanur anp R. G. Bannister  Alkaline Phosphatase in Arieries 81



10.

11

13.

15.

16.

17.

18.

82

phatase in various tissues, Quars. J. Exp.
Physiol., 1943, 32, 1.

. Deane, H. W., A cytochemical survey of phos-

phatases in mammalian liver, pancreas, and
salivary glands, Am. J. Anat., 1947, 80, 321.

. HerMan, E.; and Deang, H. W., A comparison

of the localization of alkaline glycerophos-
phatase as demonstrated by the Gomori-
Takamatsu method, in frozen and in paraffin
sections, J. Cell. and Comp. Physiol., 1953, 41,
201.

. ManuemMER, L. H., and SeriecMan, A. M,

Improvement in the method for the histo-
chemical demonstration of alkaline phos-
phatase and its use in a study of normal and
neoplastic tissues, J. Nat. Cancer Inst., 1948,
9, 181.

. MaENewYN-Davies, G. D., and FRIEDENWALD,

J. S., Histochemical studies of alkaline phos-
phatases in the tissues of the rat using frozen
sections. I. Substrate specificity of enzymes
hydrolysing poly - glycol - mono - phosphate
esters, hexose-diphosphate, and @-naphthyl
phosphate, J. Cell. and Comp. Physiol., 1950,
36, 421.

BursToNE, M. S., Histochemical comparison of
naphthol-AS-phosphates for the demonstra-
tion of phosphatases, J. Nat. Cancer Inst.,
1958, 20, 601.

BursToNe, M. S., Histochemical demonstration
of phosphatases in frozen sections with naph-
thol-AS-phosphate, J. Histochem. and Cyto-
chem., 1961, 9, 146.

. MacFarLaNe, M. G., PaTtERsoN, L. M., and

Roeson, R., The phosphatase activity of
animal tissues, Biockem. J., 1934, 28, 720.
Kirk, E., and Praetorws, E., Presence of a
phosphatase in the human aortic wall, Science,

1950, 115, 334.

. Rems, J. L., Studies on 5-nucleotidase and its

distribution in human tissues, Biochem. J.,
1950, 46, XXI.

Reis, J. L., The specificity of phosphomono-
esterases in human tissues, Biochem. J., 1951,
48, 548.

AntoniNI, F. M., and Weeer, G., Fosfatasi
specifiche (5-nucleotidasi, ATP-pirofosfatasi)
e fosfatasi aspecifica nella parete arteriosa
normale, nell’ arteriosclerosi umane, nell’
arteriopatia sperimentale adrenalitica, Arch.
“De Vecchi® anat. e pat., 1951, 16, 985.

Carr, C. J., Beri, F. K., Brapynousg, M. F.,
and Krantz, J. C., The effect of vasodilators
upon the dephosphorylating enzymes of dog’s
coronary arteries, J. Pharmacol. and Exp.
Therap., 1953, 108, 385.

Kirk, J. E., The adenylpyrophosphatase,
inorganic pyrophosphatase and phosphomono-

Tae Journan oF CeuL Biorosy - VoLuME 15,

esterase activities of human arterial tissue In
individuals of various ages, J. Gerontol., 1959,
14, 181.

19. BaL6, J., Banca, I., and JosepHoviTz, GyY.,
Enzymatic activity of the aorta. Adenyl-
pyrophosphatase of the aorta, Z. Vitamin-,
Hormon- u. Fermentforsch., 1948, 2, 1.

20. Banca, I, and Noworny, A., Comparative
studies about adenosinetriphosphatase activity
of human muscles, aorta and arteria femoralis,
Acta Physiol. Acad. Sc. Hung., 1951, 2, 317.

21. Krantz, J. C,, Carg, C. J., and Bryant, H. H.,
Alkyl nitrites. XIV. The effect of nitrites and
nitrates on arterial -adenosinetriphosphatase,
J. Pharmacol. and Exp. Therap., 1951, 16, 102.

22. Cargr, C. J., Berr, F. K., and Krantz, J. C,,
Adenosinetriphosphatase activity of the vas-
cular system, Proc. Soc. Exp. Biol. and Med.,
1952, 80, 323.

23. Kmrk, J. E., The 5-nucleotidase activity of
human arterial tissue in individuals of various
ages, J. Gerontol., 1959, 14, 288.

24, ZwelrFacy, B. W., Structure and behavior of
vascular endothelium, iz The Arterial Wall,
(A. 1. Lansing, editor), Baltimore, Williams
and Wilkins Co., 1959, 15.

25. Barrows, C. H., Jr.,, and Crow, B. E., Studies
on enzymes in arterial tissue, i» The Arterial
Wall, (A. I. Lansing, editor), Baltimore,
Williams and Wilkins Co., 1959, 192.

26. LEHNINGER, A. L., The metabolism of the arterial
wall, in The Arterial Wall, (A. I. Lansing,
editor), Baltimore, Williams and Wilkins Co.,
1959, 220.

27. Pearse, A. G. E., Histochemistry, London, J.
and A. Churchill, Ltd., 2nd edition, 1960, 872.

28. Leg, A. M., The Microtomist’s Vade-mecum,
London, J. and A. Churchill, Ltd., 8th edition,
1921, 234.

29. BannisTEr, R. G., and Romanur, F. C. A, in
preparation.

30. Maximow, A. A, and Broom, W, A Textbook of
Histology, Philadelphia, W. B. Saunders Co.,
7th edition, 1957, 22.

31. Artscuur, R., Endothelium. Ity Development,
Morphology, Function and Pathology, New
York, Macmillan, 1954, 6.

32. BennerT, H. S., Lurr, J. H., and HawmproON,
J. C., Morphological clas:ifications of verte-
brate blood capillaries, Am. J. Physiol., 1959,
196, 381.

33. Parape, G. E., Fine structures of blood capil-
laries, J. Appl. Physics, 1953, 24, 1424,

34, Moogrg, D. H., and Ruska, H., The fine structure
of capillaries and small arteries, J. Biophysic.
and Biochem. Cytol., 1957, 3, 457.

35. Kisch, B., Electron Microscopy of the Cardio-

1962



36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

vascular System, Springfield, Illinois, Charles
C. Thomas, 1960, 119.

Fawcetrt, D. W., The fine structure of capillaries,
arterioles, and small arteries, i» The Micro-
circulation, (S. R. M. Reynolds and B. W.
Zweifach, editors), Urbana, University of
Illinois Press, 1959, 1.

Pease, D. C., MoLiNAry, S., and Kersuaw, T,
An electron microscope study of larger intra-
cranial blood vessels of cats and dogs, Arat.
Rec., 1958, 130, 355.

CrLark E. R., and CLark, E. L., Observations
on living preformed blood vessels as seen in a
transparent chamber inserted into the rabbit’s
ear, Am. J. Anat., 1931, 49, 441.

Crarkg, E. R, and CLark, E. L., Caliber changes
in minute blood-vessels observed in the living
mammals, Am. J. Anat., 1943, 73, 215,

Nicorr, P. A, and Wess, R. L., Vascular
patterns and active vasomotion as determiners
of flow through minute vessels, Angiology,
1955, 6, 291.

Cuaumsers, R., and Zweiracu. B. W., Topog-
raphy and function of the mesenteric capillary
circulation, Am. J. Anat., 1944, 75, 173.

ZwerracH, B. W., Basic mechanisms in peripheral
vascular homeostasis, i Factors Regulating
Blood Pressure, Transactions of the Third
Josiah Macy Foundation Conference, 1950, 13.

Leg, R. E., and HoLzk, E. A., Peripheral vascular
hemodynamics in the bulbar conjunctiva of
subjects with hypertensive vascular disease,
J. Clin. Inv., 1951, 30, 539.

ZwerFacH, B. W., and MEeTz, D. B., Selective
distribution of blood through the terminal
vascular bed of mesenteric structures and
skeletal muscle, Angiology, 1955, 6, 282.

ZwerracH, B. W., General principles governing
the behavior of the microcirculation, 4Am. J.
Med., 1957, 23, 684.

Hart™MAN, F. A, Evans, J. 1., and WALKER,
H. G., The action of epinephrin upon the
capillaries and fibers of skeletal muscle,
Am. J. Physiol., 1928, 85, 91.

HartMmaN, F. A, Evans, J. I, and WALKER,
H. G., Control of capillaries of skeletal muscle,
Am. J. Physiol., 1929, 90, 668.

SanpisoN, J. C., Contraction of blood vessels
and observations on the circulation in the
transparent chamber in the rabbit’s ear,
Anat. Rec., 1932, 54, 105.

WiLson, H. C., Some observations on the effect
of drugs on the ear vessels of the unanesthetized
rabbit, as seen in the ‘preformed-tissue”
chamber, J. Pharmacol. and Exp. Therap.,
1936, 56, 97.

. PappenmemMer, J. R., RenkiN, E. M., and

Borrero, L. M., Filtration, diffusion and

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62,

63.

64.

65.

molecular sieving through peripheral capillary
membranes, Am. J. Physiol., 1951, 167, 13.

ParpenNHEIMER, J. R., Passage of molecules
through capillary walls, Physiol. Revs., 1953,
33, 387.

RenkiN, E. M., Capillary permeability and
transcapillary exchange in relation to molec-
ular size, :n The Microcirculation, (8. R. M.
Reynolds and B. W. Zweifach, editors),
Urbana, University of Illinois Press, 1959, 28.

Wissig, S. L., An electron microscope study of
the permeability of capillaries in muscle,
Anat. Rec., 1958, 130, 467.

Pavapg, G. E., Transport in quanta across the
endothelium of blood capillaries, Anat. Rec.,
1960, 136, 254.

KrocH, A., The Anatomy and Physiology of
Capillaries, New Haven, Yale University
Press, 2nd edition, 1929, 226.

CuawMsers, R., and ZwerracH, B. W., Capillary
endothelial cement in relation to permeability,
J. Cellular and Comp. Physiol., 1940, 15, 255.

ZwerracH, B. W., The structural basis of perme-
ability and other functions of blood capillaries,
Cold Spring Harbor Symp. Quant. Biol., 1940, 8,
223.

Rous, P., Giubing, H. P., and Smrtha, F., The
gradient of vascular permeability, J. Exp.
Med., 1930, 51, 87.

Majno, G., Parapg, G. E., and ScuoerL, G. I,
Studies on inflammation. II. The site of
action along the vascular tree: A topographic
study, J. Biophysic. and Biochem. Cytol., 1961,
11, 607.

MajNno, G., and Parabe, G. E., Studies on
inflammation. I. The effect of histamine and
serotonin on vascular permeability: An
electron microscopic study, J. Biophysic. and
Biochem. Cytol., 1961, 11, 571.

WoLrr, A., Kasar, E. A, and NEwman, W,
Histochemical studies on tissue enzymes. A
study of the distribution of acid phosphatases
with special reference to the nervous system,
Am. J. Path., 1943, 19, 423.

RuTENEURG, A. M., and SericMan, A. M., The
histochemical demonstration of acid phos-
phatase by a post-incubation coupling tech-
nique, J. Histockem. and Cytochem., 1955, 3, 455.

Gowmorli, G., Further studies on the histochemical
specificity of phosphatases, Proc. Soc. Exp.
Biol. and Med., 1949, 72, 449.

McManus, J. F. A., Lupton, C. H., and HARDEN,
G., Histochemical studies of 5-nucleotidase,
Lab. Inv., 1952, 1, 480.

Pearse, A. G. E., and Ress, J. L., The histo-
chemical demonstration of a specific phos-
phatase (5-nucleotidase), Biochem. J., 1952,
50, 534.

F. C. A. Romanur anp R. G. Bannister Alkaline Phosphatase in Arteries 83



66. WacusTEIN, M., Histochemical staining reactions

of the normally functioning and abnormal
kidney, J. Histochem. and Cytochem., 1955, 3,
246. :

67. NewMaN, W., Ferain, 1., WoLF, A., and KasaT,

E. A, Histochemical studies on tissue enzymes.
IV. Distribution of some enzyme systems
which liberate phosphate at pH 9.2 as de-
termined with various substrates and inhibi-
tors; demonstration of three groups of en-
zymes, Am. J. Path., 1950, 26, 257.

68. MaENngwyYN-Davigs, G. D., FRIEDENWALD, J. S,

84

and Wuite, R. T., Histochemical studies of
alkaline phosphatases in the tissues of the rat
using frozen sections. II. Substrate specificity
of enzymes hydrolyzing adenosine-triphos-
phate, muscle- and yeast-adenylic acids, and
creatine-phosphate at high pH; the histo-
chemical demonstration of myosin ATP-ase,
J. Cell. and Comp. Physiol., 1952, 39, 395.

Tue Journan or CELL Biorocy - VoLuME 15, 1962

69.

70.

71

72.

73.

Papykura, H. A, and Herman, E., The speci-
ficity of the histochemical methods for
adenosine triphosphatase, J. Histochem. and
Cytochem., 1955, 3, 170.

Fremman, D. G., and Kapran, N., Studies on the
histochemical differentiation of enzymes
hydrolyzing adenosine triphosphate, J. Histo-
chem. and Cytochem , 1960, 8, 159.

Tuompson, R. H. S., and Tickner, A., The
occurrence and distribution of mono-amine
oxidase in blood vessels, J. Physiol. (London),
1951, 115, 34.

KoeLLE, G. B, anp VaLk, A. pE T, Jr., Physio-
logical implications of the histochemical
localization of mono-amine oxidase, J. Physiol.
(London), 1954, 126, 434.

GrenNER, G. G., BurtNer, H. J., and Brown,
G. W., The histochemical demonstration of
mono-amine oxidase activity by tetrazolium
salts, J. Histochem. and Cytochem., 1957, 5, 591.



