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The ability of mammalian vascular smooth
muscle to contract maximally to vasoactive
drugs, hormones and electrical stimulation is
known to be severely hampered when blood
vessels are excised from intact animals and
subsequently prepared as helical strips for iz
vitro studies (1). Full sensitivity to stimuli
is, however, restored when these helical
preparations are incubated for 2 to 3 hr in a
physiological salt solution (PSS) at 37-38°
(1). Once full sensitivity is attained these
strips yield quantitatively reproducible con-
tractile responses to most vasoactive stimuli
for periods of from 8 to 14 hr (1, 2). Since
basic information about the contractile pro-
cess in vascular smooth muscle is rapidly
accumulating through the use of isolated
blood vessel preparations, fundamental in-
formation regarding the physiologic mecha-
nisms of recovery are important.

Dawkins and Bohr (3), working with ex-
cised rat aorta, noted that mechanical injury
initially upset the sodium (Na) and potassi-
um (K) gradients across the cell membrane
(i.e. Na content increased while K de-
creased) and incubation at 38° in a PSS
gradually restored the characteristics of the
membrane and transmembrane gradients of
these monovalent cations towards normality.
Bevan, working with rabbit aortic strips,
noted that over an initial 2-hr incubation
period the Na content increased while the K
content decreased (4). Bevan’s data, howev-
er, do not show, quantitatively, a correlation
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between strength of catecholamine-induced
contractions and the content of these mono-
valent cations. A more recent report of Barr
et al. (5) suggests, that the failure of canine
carotid strips, exposed to cold storage, to re-
spond to electrical stimulation may be related
to reaccumulation of intracellular K. Several
other in vitro experiments, however, do not
support a role for either Na or K in drug-
induced contractions of vascular muscle
(6-8). Moreover, a recent critical review of
the physiology and pharmacology of vascular
smooth muscle also fails to link intracellular
concentrations or transmembrane gradients
of either Na or K to strength of drug-induced
contractions (9).

Since considerable evidence has accrued to
suggest that drug-induced contractions of ma-
cro- and microvascular smooth muscles are
dependent wupon calcium ions (Ca2*t)
(10-17), it is not too unreasonable to believe
that restoration of full drug sensitivity upon
incubation at physiologic temperature is re-
lated quantitatively to the calcium content of
these injured vascular tissues. The present
data support this speculation, at least for the
most widely used én vitro vascular prepara-
tion—namely rabbit aortic strips.

Methods. Female rabbits (New Zealand
strain, 1.8-2.6 kg in wt) were sacrificed by a
blow on the head. The descending thoracic
aortae were excised rapidly and immediately
placed in Krebs—Ringer bicarbonate, cleaned,
freed of surrounding connective tissue and
either cut into helical strips as described pre-
viously (2, 18) for drug studies and analysis
of Ca®+ content or cut into segments (only
for analysis of Ca?+ content). The composi-
tion of the Krebs—Ringer bicarbonate (con-
taining 2.5 mM CaCl,) has been reported pre-
viously (2, 18). (The experiments utilizing
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barium required a modified Krebs—Ringer so-
lution in which 1.2 mM MgCl, was substitut-
ed for 1.2 mM MgSO, - 7TH,0). All solutions
including those for analysis of tissue Ca2+
content by atomic absorption spectrophotome-
try were made up in triply-distilled, deionized
water (Ca®* content < 10—% M). The heli-
cally cut strips were mounted vertically, un-
der isometric conditions, in 20-ml muscle
baths and incubated for various periods of
time (i.e., from 15 min to 5 hr), under a rest-
ing tension of 2 g. The mean time from sacri-
ficing the rabbits, preparing the strips and
placing of the aortic strips in warmed, oxygen-
ated, and buffered Krebs—Ringer was 40 min.
The loaded tensions were maintained and
periodically adjusted throughout the experi-
ments. The Krebs-Ringer solution was oxy-
genated continuously with a 95% O2—5% CO,
mixture and kept at 37.5° (pH 7.2-7.4). As
a precaution against the production of inter-
fering metabolites (2), the Krebs—-Ringer bi-
carbonate solution was changed every 5 min.
Conventional isometric techniques, employing
Grass FT.03C force-displacement strain
gauges with either a Model 5 Grass Instru-
ments six channel recorder or a Beckman
Dynograph four channel recorder, were uti-
lized.

Drug-induced contractions. Maximal or su-
pramaximal concentrations were utilized for
all seven drug stimulants (epinephrine, hista-
mine, serotonin, angiotensin, acetylcholine,
potassium chloride, barium chloride [BaCl;]).
Each vascular strip was stimulated repetitive-
ly (i.e., at different times of incubation at
37.5°) with only one drug. In most in-
stances the drug-induced contractions would
not relax within a 15-30-min wash time
and successive contractile events could not
therefore be obtained every 15 min over
the initial 60 min, thus necessitating the use
of many different additional preparations for
these initial intervals of incubation times. All
contracted strips however, except for BaCl,,
usually relaxed within 45-60 min and thus
repetitive contractile responses could be ob-
tained every hr, on each strip, beyond the
initial 60 min of incubation. The BaCls-
stimulated strips usually required 1-2 hr to
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relax and thus additional strips were utilized
for these drug studies.

The chemicals used to make up the
Krebs—Ringer bicarbonate solutions, as well
as the potassium chloride (KCl) and barium
chloride (BaCl,), were all A.C.S. Certified re-
agent grade. The following drugs were
utilized: epinephrine (Adrenalin Chloride,
Parke, Davis and Co.), histamine (histamine
dihydrochloride, Nutritional Bochemicals
Corp.), serotonin (serotonin creatinine sul-
fate, Nutritional Biochemicals Corp.), angio-
tensin  (angiotensin amide, Hypertensin,
Ciba Pharmaceuticals) and acetylcholine
(acetylcholine chloride, Nutritional Biochem-
icals Corp.). All of the vasoactive drug stim-
ulants were made up fresh in triply-
distilled, deionized water as concentrated
stock solutions so that the total volumes
added to the 20-ml muscle baths never ex-
ceeded 0.65 ml. All of the vasoactive drug
concentrations expressed below are in terms
of the salt, except for angiotensin which is
free base.

Preparation of aorte for determination of
Ca+ content by atomic absorption spectro-
photometry. Two different types of rabbit
aorta preparations were utilized for quantita-
tive analysis of total tissue calcium content:
(i) rapidly excised, nonincubated intact seg-
ments of aorta stripped of connective tissue,
and (ii) aortic strips incubated for different
periods of time as in the drug studies above,
at 37.5° in XKrebs-Ringer bicarbonate
mounted under 2 g of tension. All excised
segments and incubated strips were rapidly
dipped twice in Ca?+-free Krebs—Ringer bi-
carbonate containing 0.08 mM sodium ethy-
lenediaminetetraacetic acid (EDTA), then
placed on ash-free filter paper (Whatman,
No. 42) at which point, in the case of the
aortic strips, the ends with the suture ties
were carefully dissected free and the strips as
well as the segments were then pressed deli-
cately between the filter paper for 10 sec. At
this point, the subsequent handling, weigh-
ing, treatment, and ashing of the strips in
platinum crucibles for analysis of total calci-
um content on a Perkin-Elmer Model 303
atomic absorption spectrophotometer was es-
sentially similar to the procedures and meth-
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Fic. 1. Effect of time of incubation at 37.5° on the relationship between strength of drug-
induced contractions and total calcium content in rabbit aortic strips during recovery. The
vertical bars with the brackets represent the mean 9% contractile response = SEM induced by
maximal doses of various vasoactive substances (E = epinephrine, 10 ug/ml; H = histamine, 640
pg/ml; K = potassium, 80 mM; B = barium, 50 mM; S = serotonin, 40 ug/ml; AC = acetyl-
choline, 50 pg/ml; A = angiotensin, 0.5 ug/ml) at various times of incubation. 100% isometric
contractile response to E = 3.03 g =+ 0.26 SEM; 100% response to H = 2.87 g %= 0.19 SEM;
100% response to K = 2.38 g = 0.23 SEM; 100% response to B = 1.60 g & 0.11 SEM; 100%
response to S = 2.20 g =+ 0.18 SEM; 100% response to AC = 1.00 g = 0.13 SEM; 100% re-
sponse to A = 2.02 = 0.17 SEM. A minimum of 12 different preparations were utilized for each
of the drug-induced responses. (®—-—) the mean % total calcium content (sec Table I for
ahsolute values) at the various times of incubation.

odology previously documented in detail
(11). All of the glassware, crucibles, pipettes,
surgical instruments, etc., used for these an-
alyses were specially washed in dilute HCI
(1:4 dilution with triply-distilled deionized
water, Ca?*+ < 10—% M) as described previ-
ously (11). Means and standard errors of the
means were calculated and compared to one
another for statistical significance by means
of Student’s # test (19). A total of 135 rab-
bits and approximately 425 preparations were
utilized for this study.

Results. Effect of time of incubation at
37.5° on strengtk of drug-induced contrac-
tions. Figure 1 depicts the maximal contrac-
tile forces (i.e., tensions) that are developed
for each of the seven different vasoactive
substances after incubating the aortic strips
for 15, 30, 60, 120, 180, 240, and 300 min.
These data demonstrate that there is a prog-

ressive increase in developed tensions over
the initial 3 hr for all of the vasoactive sub-
stances followed by a plateau between the
third and fourth hours. In addition, these
data show that the ability of epinephrine,
potassium, and histamine to produce progres-
sively greater contractile responses takes
place in a much shorter period of incubation
at 37.5° than do contractile responses in-
duced by serotonin, acetylcholine, and angio-
tensin. For example, at 2 hr, epinephrine,
potassium, and histamine have attained at
least 90% of their maximal tensions while the
other vasoactive substances have attained
only 70-80% of their maximal contractile re-
sponses.

Effect of time of incubation at 37.5° on
total calcium content of rabbit aortic strips.
Table I shows that incubation of aortic strips
at body temperature results in almost a



742

TABLE 1. Effeet of Time of Incubation at 37.5°
on Total Caleium and Water Content in Rabbit
Aortic Strips.

Incubation Ca®* (mmole/kg
time (min) of wet wt + SE)

H,0 (ml/kg of
wet wt + SE)

0° 235 014°(71)* 7122+ 7.9 (T1)
15 4.45 + 0.16°(24) 7214 + 9.8 (24)
30 5.82 - 0.284(24)  723.8 = 6.7 (24)
60 6.84 = 0.38°(20)  707.1 =+ 7.3 (20)
120 711 + 0.197(20)  736.7 = 9.1 (20)
180 8.55 & 0.33 (21)  730.1 % 8.9 (21)
240 8.62 = 0.55 (16)  730.8 +17.6 (16)
300 8.6 - 0.70 (8) 737.1 +18.2 (8)

¢ Determined immediately after excising the
aorta (not incubated, see Methods).

® Number of different preparations.

° Significantly different from all other values (7
<0.001) ; ¢ (p <0.05); * (p <0.05) except for 120
min; and 7 (p <0.05) except for 60 min.

300% increase in total Ca®* content over the
normal value of 2.35 mmoles/kg of wet wt,
upon attainment of equilibrium (i.e., 3 hr).
In addition, these data demonstrate a prog-
ressive, sequential rise in total Ca%* content
of incubated aortic strips over a 3-hr inter-
val. Although there is a trend for the water
content to increase during progressive incu-
bation (Table I), these values are not signifi-
cantly different from one another.

Figure 1 demonstrates that a close parallel-
ism exists between the net total calcium con-
tent and the strength of epinephrine-, hista-
mine-, and potassium-induced contractions
over the entire incubation period to equilibra-
tion (i.e., 3 hr). Such a close correlation be-
tween Ca®t content and contractile response
does not, however, exist for serotonin, ace-
tylcholine, or angiotensin over the first 60
min of incubation (i.c., the 9% Ca2t content
vs % maximal contractile responses are sig-
nificant from one another [p<0.05] for
these latter vasoactive substances during the
first 60 min of incubation), Although there is
a close correlation between % Ca2?t content
and BaCls-induced contractile responses over
most of the incubation periods, there is, how-
ever, a significant difference ($#<<0.05) be-
tween the two at 60 min.

Discussion. The Ca®t+ content reported
here for freshly dissected rabbit aorta (i.e.,
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2.35 mmoles/kg of wet wt) is in close agree-
ment with values reported for other types of
mammalian smooth muscle; e.g., Bauer et al.
(20) reported values of 1.8-2.1 mmoles/kg of
fresh wt for guinea pig taenia coli. Potter
and Sparrow (21) reported an average value
of 1.57 mmoles/kg wet wt. for fresh cat cir-
cular intestinal muscle, while Van Breeman
et al. (22) have reported a mean value of
2.25 mmoles/kg of wet weight for rat uterus.
The increased Ca®t content observed, upon
incubation, in our experiments on aortic
strips may be a consequence of cellular in-
jury and gains support from experiments on
other types of smooth muscle (20-22). In
addition, the increased Ca?* may partly be a
reflection of a greater amount of ionized
Ca?t in the Krebs-Ringer than is normally
present in the total blood Ca2* of the rab-
bit. Observations on blood and serum from
various mammals, having at a total Ca?+
concentration approximately equal to 2.5
mM, indicate that usually only 40-60% is
free, ionized Ca2t (ie. 1.0-1.5 mM) (23,
24).

It is interesting to note that the forces of
the contractile responses induced by four
different vasoactive substances, namely
epinephrine, histamine, potassium, and bari-
um, on isolated rabbit aorta, closely parallel
the Ca?* content even though the Ca2+
levels have been increased as much as 300%
over the normal in vivo values (Table I).
Although there is a progressive and consistent
increase in the magnitudes of the contractile
responses induced by epinephrine, histamine,
potassium, and barium after all periods
of incubation which is directly correlated to
the total Ca®+ content at these various incu-
bation times, this is not so for at least the
first 60 min of incubation with respect to
serotonin-, acetylcholine-, and angiotensin-
induced contractile responses (but beyond 60
min of incubation there is close agreement
between the magnitude of the contractile
forces developed by even these latter drugs
and the Ca2+ content). It is tempting to
speculate that the failure to find a correlation
for these latter three agents between strength
of drug-induced contractions and Ca®** con-
tent, during the first 60 min of incubation, is
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a reflection of specific Ca%* sites for these
drugs not being completely filled with their
respective Ca?t complements. For example,
considerable evidence is accumulating to sug-
gest that different classes of vasoactive mol-
ecules may induce contraction of smooth
muscles, including vascular muscles, by util-
izing different cellular CaZ+ fractions (10, 11,
14, 17, 21, 25, 26). We have presented pre-
liminary data (to be published in detail else-
where) to suggest that angiotensin, serotonin,
and acetylcholine-induced contractions of
rabbit aorta are dependent on calcium stores
different from those for either epinephrine,
potassium, histamine, or barium (27, 28).
Furthermore, additional experiments (to be
reported in detail elsewhere) have shown that
Ca?*-depleted aortic strips, which have
been depleted of 75-85% of their Ca2+
stores, fail to respond to supramaximal doses
of acetylcholine, angiotensin, or serotonin but
will contract minimally to supra maximal
doses of epinephrine, potassium, BaCl,, and
somewhat to histamine; maximal contractile
responses to angiotensin, acetylcholine, and
serotonin could, however, be completely
restored if these Ca®'-depleted preparations
were reincubated in normal Krebs-Ringer
(2.5 mM Ca®*) for a period of 2-3 hr (a
duration of time which corresponds very
nicely with the time required in the present
experiments).

Summary and Conclusions. Studies were
designed, using rabbit aortic strips, to investi-
gate the possible role calcium (Ca?t) ions
play in the recovery of depressed, drug-
induced contractions of excised, isolated
blood vessels. The present experiments
demonstrated that: (i) excision of aorta from
intact rabbits and the subsequent surgical
preparation and incubation of helical strips,
at physiologic temperature in vitro, severely
impairs the development of full sensitivity, of
these aortic smooth muscle cells, to a variety
of vasoactive substances for a period of 3 hr.
(ii) A close relationship was found to exist
between the ability or inability of different
vasoactive drugs (e.g., epinephrine, hista-

3 Some of these findings were communicated orally
to the April 1969 Spring Meeting of the Ameri-
can Physiological Society, Atlantic City, N. J.
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mine, potassium, and barium) to induce a
maximal contractile response and the total
Ca®** content (as quantitatively determined
by atomic absorption spectrophotometry).
And (iii) mechanical (surgical) injury may
alter the in wvivo Ca?t content of arterial
smooth muscle.
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