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The recent development of specialized direct
techniques for observation and measurement has
added greatly to knowledge concerning the anat-
omy and function of the capillary bed in several
species of small mammals (1-5). The spatial ar-
rangement of vascular elements, vessel sizes, and
relative velocities of blood flow have been estab-
lished. In addition, the nature of spontaneous
vasomotor activity, the relative sensitivity to vaso-
constrictor agents, and other criteria, have been
found suitable for the determination and compari-
son of peripheral vascular function in certain differ-
ent experimental conditions (6-8). There has
been little direct information obtained, however,
regarding the reactivity and patterns of response
to stimuli in the capillary blood vessels of man.
This has resulted primarily from a lack of suitable
techniques and the inaccessability of readily visu-
alized complete peripheral vascular networks in
the unanesthetized human. The present study is
an attempt to apply some of the methods found
useful in the experimental animal to observation
and evaluation of the human capillary bed. With
suitable apparatus, it was noted that the terminal
vessels in the bulbar conjunctiva could be observed
without difficulty and photographed at relatively
high magnification. In addition, their exposed
position allowed measurement of peripheral vas-
cular reactions to a vasoconstrictor agent (epi-
nephrine) applied directly to the area studied in
known concentration. This procedure, based upon
a knowledge of the anatomy in the capillary bed,
permitted a comparison of the relative sensitivity
of arterioles, precapillaries, and venules to a vaso-
constrictor stimulus.

1 This study was supported by grants from the Ameri-
can Philosophical Society, Philadelphia, Pa., and the
Nutrition Foundation, New York, N. Y.

2 Present address: The Department of Medicine, Cor-
nell University Medical College, and The New York
Hospital, New York, N. Y.

METHODS

A standard type of slit-lamp microscope allowed visuali-
zation of the bulbar conjunctiva up to magnifications of
62 X, with the subject sitting erect. Following reassur-
ance, the head was placed in a support with the eyes fixed
on a preselected site to afford study of the desired area
and prevent undue movement. The bulbar conjunctiva of
each eye was then examined under low power, and repre-
sentative fields selected for further observation at higher
magnification. The topography of vascular elements was
studied and occasional areas photographed for further
review. Speed of blood flow was compared in different
vessels, and observations were made on the occurrence and
rates of spontaneous vasomotion (variations in caliber of
arterioles, and opening and closing of precapillary sphinc-
ters). Finally, threshold concentrations of epinephrine
were determined which when applied directly to the re-
gion would just produce contraction to the point of
closure of the precapillary sphincters. During these de-
terminations, the epinephrine in Ringer's solution was
maintained at a temperature of 36-37 degrees Centigrade.

The studies were carried out on 51 young adults from
21 to 34 years old. Thirty-three were male, and 18 were
female. None were hypertensive, although one subj ect
had had a markedly "positive" response to a standardized
cold pressor test about six months previously. There was
no noted abnormality in the arteriolar responses in this
individual.

RESULTS

1. General topography
The arrangement of terminal arterioles, capil-

laries and venules in the human conjunctiva was
generally in accord with that previously described
in the mesentery and omentum of the rat, dog, and
guinea pig (3, 4, 5, 8) (Figure 1). Capillaries
arose at intervals from the end arterioles and
formed an irregular network of vessels which be-
came confluent to form the venular system. The
arterioles frequently terminated in main A-V
channels which communicated directly with the
venular tree. This latter pattern was most nota-
ble near the corneo-scleral junction.
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FIGS. 1-3.
FIG. 1. CONJUNCTIVAx 60, SHOWINGTHE GENERALARRANGEMENTOF VESSELS IN

THE CAPILLARY BED.
CV= collecting venules; A = arterioles; C = true capillaries, PC= precapillary

region.
FIG. 2. SAME AREA (SEE FIGURE 1) x 80, INDICATING THE PATENT CAPILLARY

SYSTEM, MOSTNOTABLEON THE RIGHT HALF OF THE FIGURE, PRIOR TO THE APPLICA-
TION OF EPINEPHRINE TO THE CONJUNCTIVA.

FIG. 3. SAMEREGION (SEE FIGURE 1) x 80, SUBSEQUENTTO THE ADMINISTRATION
OF EPINEPHRINE SOLUTION, 1/30,000, LOCALLY.

Note the narrowing of arterioles and small venules; and the disappearance of many

capillaries, due to the complete precapillary closure and drainage of residual capillary
blood into the patent venular system. This degree of reaction is moderately greater
than that often seen.
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2. Spontaneous vasonotor activity

At the magnification used it was often difficult
to determine minor changes in diameter or flow
in the arterioles. For, this reason, attention was
directed primarily to the capillaries where rela-
tively greater fluctuations in these phenomena
could be readily seen. Here vasomotion was ob-
served in approximately 20%o of the vessels.
Constriction invariably occurred at the most proxi-
mal portion where the capillary originated from the
parent arteriole. In animals, this "precapillary"
region has been shown to be the only portion of
the true capillaries to possess smooth muscle cells
(3, 4). At complete constriction, with interrup-
tion of capillary flow, the blood slowly drained into
the collecting venules. Such a capillary would
frequently remain closed for two to three minutes,
then gradually open, with a return of blood flow
lasting one to five minutes before the next con-
traction. These constricted and partially dilated
phases of vasomotion were extremely irregular in
degree and in duration; but in general the opened
state tended to predominate.

3. Speed of blood flow, in the various vessels

In 10 subjects, attempts were made with a stop-
watch and ocular micrometer to measure the speed
of blood flow within the arterioles, capillaries and
venules. Because of the usual tortuosity, deter-
minations of length were not possible in each ves-
sel. Only those were used whose course was ap-
proximately straight over a distance of 0.05 to 0.3
mm. where velocities of single red cells could' be
timed.

Arterioles: The opaque wall and relatively rapid
flow within the arterioles slightly obscured the
corpuscular stream and possibly interfered to a
moderate degree with the accuracy of absolute val-
ues obtained for flow in many of these elements.
However, ail observations made on flow within
those terminal arterioles of 10-14 micra in diam-
eter were between 0.09 and 0.16 mm./sec. (Table
I).

TABLE I

Velocity of blood flow in the bulbar conjunctival vessels
(mm./sec.; 10 subjects)

Arterioles 0.09-0.16 (0.12 av.)
Capillaries 0.009-0.04 (0.026 av.)
Venules 0.046-0.07 (0.056 av.)

Capillaries: Capillary blood flow, on the other
hand, was easily visualized. It was considerably
slower than that in the arterioles, with a mean
rate of 0.026 mm./sec. The spontaneous changes
in caliber of the precapillary portion resulted in
variations of capillary flow speed from 0.009 to
0.040 mm./sec. Capillary length averaged 0.065
mm. Therefore, in the conjunctiva, the red blood
cell spent approximately 2.5 seconds in traversing
the capillary bed per se. During hyperemia and
congestion (induced by light massage of the eye-
ball) this speed was often reduced to about one-
third that existing previously.

Venules: After entering the system of collect-
ing venules, the speed of blood flow began to in-
crease, with an average rate of 0.056 mm./sec.
found in venules of 12-20 micra in diameter.
Venular flow, in contrast to that within the capil-
laries, was consistently more regular as a result
of the continued supply of blood during capillary
closure by the main A-V channels. The patency of
these elements during widespread capillary ische-
mia allowed relatively large volumes of blood to
by-pass the capillary bed and enter the venular
system directly.

4. Responses to topically applied epinephrine

Beginning with weaker solutions and progress-
ing to the more concentrated, four drops of epi-
nephrine in Ringer's solution were placed beneath
the lower lid, and the eye closed for 15 seconds.
Vessels previously selected were examined for
vasoconstriction after each application of the
agent. The first responses found in all cases were
contraction of the precapillary region with slow-
ing and occasionally stoppage of capillary blood
flow, and a slight narrowing of the terminal ar-
terioles in some instances. This endpoint was
readily seen (Figures 2 and 3).

There was a close agreement found in the
threshold reaction values of the subjects examined
(Table II). All were included within the range
of epinephrine concentrations 1/50,000 to 1/20,-

TABLE II

Average reaction threshold concentrations of epinephrine
for bulbar conjunctival vessels

(51 subjects)
Arterioles- 1:20,000
Precapillaries-1 :35,000
Venules- 1:20,000
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000 (using test dilutions of 1/100,000, 1/50,000,
1/35,000, 1/20,000, 1/15,000, and 1/10,000).

The anatomical classes of peripheral vessels
corresponded well with a differential reaction
threshold of each to epinephrine. As in lower
mammals, the precapillary sphincters were the
most sensitive elements, constricting completely at
stimuli that induced only a slight narrowing of the
terminal arterioles and A-V thoroughfares (Table
II). The collecting venules, on the other hand,
were the least reactive. They would usually re-
spond at concentrations of epinephrine that also
induced arteriolar narrowing. Such venular
changes were slight, however, and were usually
band-like and irregular in nature, in contrast to the
more uniform manner of arteriolar constriction.

DISCUSSION

The topography of the peripheral vascular sys-
tem in the human bulbar conjunctiva agrees closely
with that previously described in the mesentery
and omentum of certain small mammals (3, 5).
This similarity in widely separated areas and in
different species suggests that there is a relation-
ship between the architecture of the vessel bed
and the functions of its components common to all
tissues. For example, the arrangement of capil-
lary offshoots from the arteriolar tree allows com-
plete closure of capillaries without greatly reducing
venular return from the region. During wide-
spread arteriolar and precapillary constriction
with resulting cessation of capillary blood flow, in
either the rat, dog, or man, blood still crosses
from the arterioles to the venular bed through the
patent A-V channels. The capillary bed is cut
off from the arteriolar blood supply; but venular
flow, although reduced, is still maintained. Re-
sidual capillary blood is effectively drained through
the patent venous end of the capillaries into the
active venular circulation. Associated with this
anatomical pattern in the capillary bed of the hu-
man conjunctiva, there is also a difference between
the reactivity of smooth muscle cells forming the
precapillary sphincters and those surrounding the
arterioles. Stimuli which result in complete cap-
illary occlusion and cessation of flow, may pro-
duce only a slight narrowing of the parent ar-
teriole, without complete interruption of flow to
the venules. Therefore, should tissue masses be
subject to widespread capillary ischemia, one can

assume that this anatomical arrangement of ves-
sels and their differential responsiveness to stim-
uli may permit the return to the central vascular
system and redistribution to other tissues of large
volumes of otherwise stagnant capillary blood.

In addition to their high reactivity to epineph-
rine, the precapillary portions were also the most
active regions with regard to spontaneous vaso-
motion. This is in accord with previous findings
in other species (3, 5), although in man the phe-
nomenon was seen less frequently, and in active
vessels it was relatively slower in rate. Accurate
comparisons are difficult, however, because of the
irregularities in duration of each phase (con-
stricted vs. dilated). The significance of spon-
taneous vasomotor activity in the hemodynamics
of capillary blood flow has been fully discussed
elsewhere (9).

Although the nature of either spontaneous or
induced vascular responses in the conjunctival
vessels of man follows closely that observed in the
mesenteric areas of other forms, the absolute
threshold levels of reaction to epinephrine in hu-
mans are notably lower. The precapillary
sphincters of the rat meso-appendix and the dog
omentum usually constrict or completely close in
response to epinephrine solutions of 1/2,000,000
(3). This contrasts sharply with the absence of
any observed precapillary changes in the conjunc-
tiva of subjects in this study at concentrations
weaker than 1/50,000. Data on the responsiveness
of bulbar conjunctival vessels of other species are
not available. The difference found could con-
ceivably result from dissimilar techniques of apply-
ing the solution, the erect position used in ex-
amining humans as opposed to the horizontal
plane assumed by the mesentery and omentum, or
possible permeability differences between the ex-
posed bulbar membranes and the mesenteric re-
gions observed in other investigations.

SUEMMARYANDCONCLUSIONS

1. The bulbar conjunctival capillary bed in man
can be readily visualized with the microscope at
relatively high magnification. The arrangement
of vessel elements, the velocity of blood flow, and
the nature of spontaneous vasomotor activity in
the conjunctival vessels have been observed and
described. These features of the peripheral vascu-
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lar system in humans are in accord with those ob-
served in lower mammals.

2. The threshold reactivity to topically applied
epinephrine in the terminal arterioles and precapil-
lary sphincters of this region was found to be
constant under the conditions described.

3. As with other mammals, the precapillary
sphincters were the most sensitive vessels to epi-
nephrine in the capillary bed, with the small ar-
terioles and the collecting venules relatively less
so in that order.

4. The possible significance of vascular topog-
raphy and pattern of response to stimulation is
briefly discussed with regard to the hemodynamics
of the peripheral circulation as seen in the bulbar
conjunctiva.

5. The epinephrine test, as described, offers a
means of determining directly the sensitivity of
conjunctival arterioles in man to a quantitative
vasoconstrictor stimulus.
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