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Abstract. In vivo responses of arterioles and venules to changes in bath calcium concentra-
tions were observed in the cremaster muscle of male Sprague-Dawley rats. Small arterioles (2A,
3A) initially exposed to a solution containing calcium (2.55 mA{) significantly dilated in re-
sponse to a O-calcium bath. Reexposure to calcium (>0.65 mAf) caused 2A and 3A arterioles to
constrict to diameters similar to the initial control values. In contrast, large arterioles (1A) and
all venules (1V, 2V, 3V) were unresponsive to exposure to a 0-calcium solution or to reexposure
to calcium (0.65-5.10 mM). Treatment with mefenamic acid (10 ug/ml), a prostaglandin
synthesis inhibitor, produced marked constriction of arterioles but not of venules, suggesting
the involvement of endogenous vasodilator prostaglandins in the regulation of resting diameters
of arterioles. In the presence of mefenamic acid, 1A arterioles dilated when exposed to a
0-calcium solution and constricted back to control diameters following reintroduction of cal-
cium into the bath. These data demonstrate heterogeneity in the responsiveness of cremasteric
microvessels to changes in extracellular calcium. The small arterioles were most responsive to
calcium. The lack of response by the largest arterioles appears to be due to the dilator influences

of endogenous prostaglandins.
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Several microvascular studies have sug-
gested a heterogeneity in the function and
responses of various levels of microvessels of
skeletal muscle. Fleming and Joshua (1) and
Fleming ef al. (2) have observed that large
cremasteric arterioles (100-50 um) are rela-
tively nonresponsive to angiotensin II in
comparison to small (<50 um) arterioles. We
(3) have also observed a significant increase
in arteriolar reactivity to norepinephrine
with progressive decreases in arteriolar diam-
eter. Several microvascular studies (4,5) have
also noted that small arterioles in the cre-
master muscle have a degree of basal tone
much higher than that of large arterioles and
venules. Since both vascular tone and ago-
nist-induced constriction require increases in
intracellular activator calcium, differences in
the rate of extracellular calcium entry could
explain the observed heterogeneity in the re-
sponses of these microvessels.

Several studies have suggested that small
precapillary resistance vessels are highly de-
pendent on extracellular calcium as a source
of activator calcium. We (6) have also ob-
served a significant potentiation of the re-

sponses of large arterioles to norepinephrine
following elevations in external calcium via
changes in bath calcium concentrations.
Hindlimb perfusion studies (7) suggest that
small pre- and postcapillary resistance vessels
are more dependent than larger vessels on
external calcium for norepinephrine-in-
duced constriction and myogenic tone.

The major objective of the present study
was to determine whether there is a heteroge-
neity in the response of arterioles and ven-
ules in the rat cremaster muscle to alteration
in external calcium. In addition, we assessed
the involvement of local endogenous prosta-
glandins and/or endogenously released nor-
epinephrine in modulating microvascular
responses to changes in external calcium,
since these agents have been shown to play a
role in determining basal levels of tone in
arterioles of skeletal muscle.

Methods. Animals and surgical anesthe-
sia. Sixty-five male Sprague-Dawley rats, 5
to 6 weeks old and weighing 144 to 200 g,
were used in these studies. Each rat was anes-
thetized with an intraperitoneal administra-

344

0037-9727/88 $1.50

Copyright © 1988 by the Society for Experimental Biology and Medicine.
All rights reserved.



MICROVASCULAR RESPONSES TO CALCIUM

tion of urethane (800 mg/kg) and a-chlo-
ralose (60 mg/kg). Rectal temperature was
maintained at 37°C with a heating pad
placed under the animal. The trachea was
intubated to ensure a patent airway, and the
animals were allowed to breathe room air
spontaneously. The left femoral artery was
cannulated for measurement of arterial pres-
sure.

Cremaster preparation. The cremaster
muscle was prepared using the technique de-
scribed by Miller and Wiegman (8). A small
incision in the scrotum exposed the cremas-
ter surrounding the right testicle, and it was
gently dissected free from the testicle with
care to maintain the vascular and neural
connections. Throughout surgery, the cre-
master was kept moist with a physiological
solution.

The rat was transferred to a board de-
signed so that the rat’s hindlegs straddled a
50-ml tissue bath. Silk sutures suspended the
cremaster in a flat position over an optical
port in the bath filled with a physiologi-
cal salt solution (in mAM): 25.5 NaHCO;,
112.9 NadCl, 4.7 KCl, 1.19 KH,PO,, 1.19
MgSO, - 7H,0, and 11.6 dextrose. The bath
calcium concentration was varied between
0.0 and 5.10 mM by the addition of
CaCl, - 2H,0. Bath calcium concentrations
were verified using a Technicon Autoana-
lyzer. The bath temperature was maintained
at 34.5°C (the in situ crotal sac temperature
of conscious rats) with an immersed insu-
lated heating coil. Bath pO, (25-40 Torr),
pCO; (34-45 Torr), and pH (7.40 + 0.05)
were controlled by varying the amounts of
carbon dioxide and nitrogen bubbled
through the bath. The bubbling of these gases
also ensured complete mixing of drugs. The
bath pH was continuously monitored using a
pH electrode, and bath gases were periodi-
cally checked with a blood gas analyzer
(IL 213).

The preparation was positioned on the
stage of a trinocular microscope for observa-
tion of the cremaster microcirculation via
closed-circuit television microscopy. The
1mage of the cremaster was recorded on vid-
eotape and displayed on a calibrated monitor
at approximately 1000 to 1600X magnifica-
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tion. Luminal diameters (with the column of
blood) were measured from the television
monitor screen at 1-min intervals during
control and experimental periods.

Experimental protocol. Cremaster arteri-
oles and venules were selected for observa-
tion on the basis of the vascular branching
pattern (3). The largest arteriole entering the
cremaster was termed the first-order arteriole
(1A), and the large venule paired with the 1A
was termed the first-order venule (1V). Arte-
rioles branching from the 1A were termed
second-order arterioles (2A). Similarly, ven-
ules which fed into the 1V were termed sec-
ond-order venules (2V). Subsequent vessel
branches from the 2A and tributaries to the
2V were termed, respectively, third-order ar-
terioles (3A) and third-order venules (3V). A
single arteriole or venule at any one level was
observed in each rat.

In the first series of experiments, 28 rats
were used to determine the effect of varying
concentrations of bath calcium on the diam-
eters of arterioles and venules. Control diam-
eters of the vessels were measured during a
10-min control period as the cremaster was
bathed in our standard solution (2.55 mM
calcium). Then the cremaster was exposed to
a O-calcium solution for 20 min. At 10-min
intervals the calcium concentration of the
bath solution was increased (0.65, 1.28, 2.55,
and 5.10 mM calcium) and the arteriolar and
venular diameters were measured every
minute. After completion of the calcium
dose-response protocol, the tissue was
washed with the standard solution. The cre-
master was then exposed to a bath concen-
tration of sodium nitroprusside (107> M),
which produces maximal dilation of micro-
vessels in the cremaster (9), and the response
was observed for 5 min.

A second group of eight animals was used
to determine whether constrictor responses
of 3A to changes in bath calcium concentra-
tion are due to an a-adrenergic receptor
stimulation by endogenous catecholamines.
Initially, the diameters of 3A were observed
in the standard bath solution (2.55 mM cal-
cium) for a 10-min control period. The «-
adrenergic blocking agent phentolamine was
then added to the bath (bath concentration
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107% M) and arteriolar diameters were ob-
served for 30 min. The bath solution was
then exchanged for a solution containing 0-
calcium and phentolamine for a period of 30
min. Finally the 0-calcium bath was ex-
changed for the standard solution (2.55 mM
calcium) and phentolamine, and the micro-
vascular response was observed for an addi-
tional 20-min period. The concentration of
phentolamine used in this protocol has been
shown to block the constrictor effect of a
high dose of norepinephrine (1077 M) on the
3A vessels.

In the third series of experiments, the in-
fluence of endogenous prostaglandins on the
responses of arterioles and venules to
changes in bath calcium concentration was
investigated in 22 rats. After a 5-min control
period in the standard, calcium-containing
bath solution, the cremaster was exposed to
the prostaglandin synthesis inhibitor mefe-
namic acid (10 ug/ml) for 50 min and then to
increasing bath concentrations of calcium
(0.0-5.1 mM) in the continued presence of
mefenamic acid. In six additional animals we
observed the response of 1A to changes in
bath calcium concentrations in the presence
of both mefenamic acid and phentolamine
(1075 M),

Statistical analysis. Data were statistically
analyzed by analysis of variance followed by
a Newman-Keuls analysis for multiple com-
parisons between means (10). All values are
expressed as means + SEM; probability
levels of less than 0.05 were considered sig-
nificant.

Preparation of drugs. Mefenamic acid
(Warner-Lambert/Parke-Davis) was dis-
solved in a saline-sodium carbonate (1
mg/ml) solution (pH 9.5) to give a stock so-
lution of 1 mg/ml. The addition of 0.5 ml of
the stock to the 50-ml cremaster bath gave a
mefenamic acid bath concentration of 10
pg/ml (2.8 X 1073 M). Phentolamine (Ciba)
was dissolved in saline to give a stock solu-
tion of 3.17 mg/ml (107* M), which, when
added (0.5 ml) to the cremaster bath, pro-
vided a bath concentration of 107¢ M. So-
dium nitroprusside (Mallinckrodt) was pre-
pared daily in distilled water and stored in a
dark cabinet until use. A norepinephrine
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stock solution (10> M) was prepared daily
by dissolving norepinephrine bitartrate
(Sigma) in distilled water with ascorbic acid
(1 mg/ml) to prevent inactivation.

Results. The mean arterial blood pressure
for all rats (V = 65) in these experiments was
95 = 1 mm Hg. Blood pressure was not sig-
nificantly affected by additions of calcium
chloride, mefenamic acid, norepinephrine,
nitroprusside, or phentolamine to the cre-
master muscle bath.

The responses of the three levels of arteri-
oles and venules to alterations in bath cal-
cium concentration are illustrated in Fig. 1.
Exposure to a O-calcium solution caused sig-
nificant dilation of 2A and 3A arterioles, but
no significant changes in the diameters of
larger arterioles (1A) or any of the venules
(1V, 2V, 3V). Reintroduction of calcium
(0.65 mM calcium and higher) caused 2A
and 3A vessels to constrict to diameters that
were not significantly different from control
diameters. Again, 1A and all venules showed
no significant response to manipulation of
the bath calcium concentration.

A comparison of arteriolar diameters fol-
lowing exposure to the O-calcium solution
and to nitroprusside indicates that diameters
of 1A (107 £ 6 vs 111 £ 9 um, respectively)
and 2A (71 + 8 vs 69 = 9 um, respectively)
were not significantly different during these
two conditions. However, 3A vessels exposed
to nitroprusside showed a significant dilation
above values recorded with 0-calcium (26
+ 2 vs 35 =+ 5 um). In the case of all venules,
the diameters observed following exposure to
nitroprusside were not significantly different
from diameters observed during exposure to
the standard (2.55 mA/ calcium) or the 0-cal-
cium solutions.

Arterioles responded to NE (1077 M) alone
with constriction to 35 + 6% of control diam-
eter. After a 30-min exposure to 107% M
phentolamine, which did not alter resting ar-
teriolar diameters, application of NE failed
to produce a significant constriction. Expo-
sure to 0 mAM calcium in the presence of
phentolamine (Fig. 2) produced a significant
arteriolar dilation (46 + 6%). Reintroduction
of calcium (2.55 mAf) to the bath in the pres-
ence of phentolamine caused the arterioles to
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FIG. 1. Diameters of first- (1A, 1V), second- (2A, 2V), and third- (3A, 3V) order arterioles and venules in
response to increasing bath calcium concentrations. Data points represent diameters in micrometers
(means + SEM) at each bath calcium level. Numbers in parantheses indicate the number of vessels in each
group. Solid bars represent control diameters in the standard bath solution (2.55 mA calcium). An asterisk
indicates a significant difference (P < 0.05) from control diameters.

constrict to diameters comparable to control
diameters (13 £ 1 vs 13 = 2 um).

Exposure to mefenamic acid produced a
significant reduction in 1A diameters after
30 min. Significant reductions in 2A and 3A
diameters were observed at 15 and 5 min
after exposure, respectively. At the end of the
50-min exposure period, the diameters of
1A, 2A, and 3A were reduced by 24, 36, and
42%, respectively (Fig. 3). Exposure to mefe-
namic acid had no significant effect on rest-
ing diameters of venules. Exposure to the 0-
calcium solution in the presence of mefe-
namic acid caused significant dilation of all
arterioles (Fig. 3). Reintroduction of calcium

(0.65 mM or higher) to the bath caused a
constriction of 1A to values similar to con-
trol values, while 2A and 3A vessels con-
stricted to initial control diameters in the
presence of mefenamic acid at calcium con-
centrations of 1.28 and 2.55 mA respec-
tively. In contrast, the venules (1V, 2V, 3V)
did not significantly constrict in mefenamic
acid alone. Exposure to 0 mM calcium in the
presence of mefenamic acid did not dilate
the venules nor did reintroduction of cal-
cium to the bath significantly affect venule
diameter.

Figure 4 illustrates the responses of 1A to
changes in bath calcium following exposure
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FIG. 2. Effect of phentolamine on arteriolar (3A) re-
sponses to changes in bath calcium concentration. Bars
represent means + SEM. The number in the parentheses
indicates the number of vessels observed. The asterisk
indicates a significant difference (P < 0.05) from diame-
ters at 2.55 mM calcium in the presence of phentola-
mine.

to both phentolamine and mefenamic acid.
Mefenamic acid alone caused a significant
arteriolar constriction. Phentolamine in the
continued presence of mefenamic acid had
no significant effect on vessel diameters.
However, exposure to a 0 mA/ calcium solu-
tion in the presence of these two agents pro-
duced a significant dilation which was re-
versed by reintroduction of calcium (2.55
mA{) into the bath.

Discussion. In our current study, we ob-
served the effects of a bath medium contain-
ing no calcium on diameters of arterioles and
venules in the rat cremaster. The cremaster,
a relatively thin tissue (approximately
150-250 um thick) weighing approximately
200 mg, was continually exposed to 50 ml of
bath medium. We feel that the relatively
large volume of the bath would make it the
primary determinant of tissue extracellular
calcium concentration. The possibility
exists, however, that in the smaller arterioles
low concentrations of extracellular calcium,
derived from perfusing blood or from cal-
cium bound in the extracullelar matrix (11),
may be present at the level of the vascular
smooth muscle during exposure to 0-cal-
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cium. This seems to be the most likely expla-
nation for the additional dilation (above di-
ameters observed in the O-calcium bath) pro-
duced by exposure to nitroprusside for third
order arterioles. Sutter et al. (7) have sug-
gested that the smaller precapillary vessels
are the most dependent on extracellular cal-
cium for activator calcium. Similarly, pre-
liminary studies with the calcium entry
blocker diltiazem (unpublished observation)
also appear to produce dilation above that
observed with 0-calcium bath alone. Clearly,
however, current studies demonstrate a
marked effect of changes in “extracellular”
calcium on microvascular diameters and the
interaction of prostaglandins.

We observed that intermediate (2A) and
small (3A) arterioles in the cremaster micro-
circulation show a dependency on extracel-
lular calcium for maintenance of intrinsic
tone. The removal of calcium from the bath-
ing solution causes dilation, whereas the ad-
dition of calcium causes constriction. The in-
crease in arteriolar tone in these small arteri-
oles after reexposure to calcium suggests that
the major source of activator calcium for in-
trinsic tone in vascular smooth muscle of
small resistance vessels is derived from ex-
tracellular sources. Maximal intrinsic tone
(minimum vessel diameter) occurred at bath
calcium concentrations of 1.28-2.55 mM
calcium.

Smaller arterioles (3A) of the cremaster
muscle are more sensitive to norepineph-
rine-induced constriction than larger vessels
(3); thus the intrinsic tone observed in these
smaller vessels may be due to endogenous
norepinephrine. We therefore conducted ex-
periments to determine if the intrinsic tone
of these small vessels and the constrictor re-
sponse to reintroduction of calcium to the
bath were due to constrictor effects of endog-
enous norepinephrine. We found that the in-
trinsic tone of these vessels remained even
after exposure of the vessels to a concentra-
tion of phentolamine which produced al-
most total blockade of the response to a high
dose of exogenous norepinephrine (Fig. 2).
Thus, the intrinsic tone of these vessels is not
due to stimulation by endogenous norepi-
nephrine. We also observed that phentol-
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FI1G. 3. Effect of mefenamic acid on the responses of arterioles (1A, 2A, 3A) and venules (1V, 2V, 3V) to
changes in bath calcium concentrations. Bars represent means = SEM; numbers in parentheses indicate
the number of vessels in each group. Solid bars represent diameters in the standard bath solution (2.55 mM
calcium), while striped bars represent control vessel diameters in the standard bath solution following a
50-min exposure to mefenamic acid (10 ug/ml). Asterisks indicate significant differences (P < 0.05) from
control diameters in the presence of mefenamic acid (striped bars).

amine did not abolish the constrictor re-
sponse of 3A to the readdition of calcium to
the bath in the presence of phentolamine
(Fig. 2), indicating that an adrenergic recep-
tor mechanism probably does not mediate
the constrictor response of the small vessels
to calcium. The absence of an effect of phen-
tolamine on the microvascular response to
calcium is of added importance in light of the
fact that extracellular concentration has been
shown to be of importance in regulating neu-
rotransmitter release (12).

Similarly, Lombard et al. (13) demon-
strated that tetrodotoxin or phentolamine
has no effect on the resting diameters of
small arterioles (43-10 um) in the hamster
cheek pouch. These authors speculated that
tone in these arterioles was due to intrinsic
activity of vascular smooth muscle (myo-
genic) or to nonadrenergic constrictor influ-
ences such as angiotensin II, vasopressin, or
other hormonal systems.

Previously, we (6) investigated the influ-
ence of bath calcium concentrations on the
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FIG. 4. Effect of mefenamic acid (10 um/ml) and
phentolamine (107 Af) on the responses of large arteri-
oles (1A) to changes in bath calcium concentrations.
Bars represent means = SEM for six arterioles. Asterisks
indicate significant differences (P < 0.05) from diame-
ters during exposure to the control bath solution (2.55
mAM calcium) in the presence of mefenamic acid.

response of large arterioles (1A) in the cre-
master to norepinephrine. Arteriolar con-
striction due to norepinephrine was signifi-
cantly attenuated by reducing the bath cal-
cium concentration from 2.55 to 1.28 mM,
suggesting that in skeletal muscle, extracellu-
lar calcium plays an important role as a
source of activator calcium for agonist (nor-
epinephrine)-induced constriction at the
level of large arterioles. Sutter et al. (7) have
shown that lowering the calcium concentra-
tion in the perfusate to the rat hindquarter
reduces the response of microvessels in the
periphery to norepinephrine to a much
greater extent than that in the larger up-
stream precapillary vessels. Collectively,
these data suggest that arterioles in skeletal
muscle are highly dependent on extracellular
calcium for both intrinsic tone and agonist-
induced constriction.

Another interesting finding was the hetero-
geneity in the responses of the various arteri-
olar levels to changes in bath calcium con-
centration. Essentially, the large arterioles
(1A), unlike the smaller arterioles, showed
no significant response to increases in bath
calcium level from O to 5.1 mM. Vanhoutte
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(14) suggested that the heterogeneous behav-
ior of vascular smooth muscle to constrictor
stimuli can be attributed to factors related to
anatomical location and the local tissue envi-
ronmental conditions (e.g., temperature,
partial pressure of oxygen, local production
of autacoids, and autonomic innervation). In
previous studies we (3) and others (4) have
found that large arterioles in the microcircu-
lation of the rat cremaster lack significant
tone, whereas small arterioles have substan-
tial intrinsic tone (5, 15, 16). Therefore, the
heterogeneity in the responses to calcium is
possibly due to the presence or absence of
initial intrinsic tone.

In recent studies, we (1, 2) observed a het-
erogeneity in the response of arterioles in the
cremaster muscle to angiotensin-induced
constriction. Large arterioles were unrespon-
sive to topically applied angiotensin II, while
small arterioles showed a marked initial con-
striction. However, in the presence of a pros-
taglandin synthesis blocker (mefenamic acid
or indomethacin), the larger arterioles con-
stricted during exposure to angiotensin II.
Thus, Fleming et al. (2) showed that the het-
erogeneity in the arteriolar response to an-
giotensin II was due to the selective dilator
effect of endogenous prostaglandins on the
larger arterioles. On the basis of these results,
we hypothesized that the large arterioles (1A)
of the cremaster muscle are unresponsive to
changes in bath calcium concentrations be-
cause of the dilator influence of endogenous
prostaglandins. We tested this hypothesis by
pretreating the cremaster with the prosta-
glandin synthesis inhibitor mefenamic acid,
and then observing the responses of larger
arterioles and venules to changes in bath cal-
cium concentration.

Exposure to mefenamic acid caused con-
striction of all levels of arterioles, while ve-
nules were unaffected. Our data corroborate
the previous finding of Faber et al. (17, 18)
and Fleming and Joshua (1). In the current
study, the degree of 1A constriction in re-
sponse to mefenamic acid was not lessened
by phentolamine (Fig. 4). Therefore, we be-
lieve that the tone induced in these vessels
following prostaglandin synthesis inhibition
is most likely due to an attenuation of the
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dilator influence of endogenous prostaglan-
dins rather than to an increase in the neuro-
nal release of norepinephrine and/or an in-
crease in arteriolar reactivity to endogenous
norepinephrine. The possibility also exists,
however, that exposure to mefenamic acid
causes a constriction which is mediated by
both a decrease in vasodilator prostaglandins
and an increase in vasoactive leukotrienes
produced by a shift from the cyclooxygenase
pathway to the lipoxygenase pathway (19).
Following exposure to mefenamic acid, all
arterioles responded similarly to manipula-
tions of bath calcium concentrations, i.e., di-
lating when exposed to 0-calcium and con-
stricting when calcium was reintroduced into
the bath (Fig. 2). These results suggest that all
arteriolar levels depend on extracellular cal-
cium as a source of activator calcium but
that under normal conditions the dilator in-
fluence of endogenous prostaglandins masks
the constrictor response of large arterioles
(1A) to increases in extracellular calcium.
The reason for the absence of a venular
response to manipulations in bath calcium
(Fig. 1) or to inhibition of endogenous pros-
taglandins (Fig. 3) in our current study is not
known. These vessels may lack the mecha-
nisms necessary for generating nonadrener-
gic intrinsic tone, and the lack of intrinsic
tone may be the factor responsible for the
absence of a response to changes in bath cal-
cium concentration. The lack of a venular
response to inhibition of local prostaglandin
synthesis corroborates previous studies (2).
Since histological studies by Rhodin (20)
suggest that venules above 50 um in diameter
possess vascular smooth muscle, we do not
think that the lack of effect especially in the
large (1V and 2V) venules is due to absence
of smooth muscle. Previous studies with
venules in the rat cremaster (7, 21) indicate
that these venules are capable of constricting
in response to an adrenergic agonist, norepi-
nephrine, and therefore the results would
also suggest that these vessels possess a signif-
icant vascular smooth muscle component.
The possibility exists, however, that the small
reduction in diameters of venules observed
following topical exposures to vasoconstric-
tor agents is passive and due to a fall in ven-
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ular intraluminal pressures produced by up-
stream precapillary vessel constriction.
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