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WITHDRAWAL OF MAGNESIUM ENHANCES CORONARY
ARTERIAL SPASMS PRODUCED BY VASOACTIVE AGENTS

BURTON M. ALTURA & PRASAD D.M.V. TURLAPATY
Department of Physiology, State University ofNew York, Downstate Medical Center, Brooklyn,New York 11203, U.S.A.

1 The influence of external magnesium ions ([Mg2e]o) on the sensitivity (i.e. EC5o) and contractili-
ty (maximum response) of isolated large and small coronary arteries of the dog, obtained from
different regions of the myocardium, to vasoactive agents was studied.
2 Removal of [Mg2']. from the physiological salt solution enhanced, while elevation in [Mg2'] to
4.8 mM, lowered the contractile sensitivity to three different agents, 5-hydroxytryptamine (5-HT),
angiotensin II and KC1.
3 Contractility, of both large and small coronary arteries, to 5-HT and angiotensin II was
potentiated and depressed, respectively, by withdrawal and elevation of [Mg2e]o; maximum
responses to KCI were not altered by 0 or 4.8mM [Mg2]o.
4 Cumulative concentration-contractile effect curves to CaCl2 were shifted leftward on removal of
[Mg2+].; elevation of [Mg2+10 to 4.8mM shifted the CaCl2 concentration-effect curves to the right.
Maximal contractile responses to CaCl2 were enhanced by removal of, and reduced by elevation of,
[Mg2eJo.
5 The calcium channel blocking agent, verapamil (10-6 M), inhibited completely contractile
responses to KCl; contractile responses elicited by angiotensin II and 5-HT were attenuated by
verapamil.
6 A variety of pharmacological antagonists (phentolamine, propranolol, methysergide, atropine,
diphenhydramine), as well as use of a prostaglandin cyclo-oxygenase inhibitor, did not modify the
altered contractile responses evoked by angiotensin II or KCl in different concentrations of Mg2+.
7 These results suggest: (1) [Mg2+J0 may exert considerably greater influence on receptor-
operated rather than membrane-potential sensitive channels involved in Ca2+ transport in coronary
arterial smooth muscle,; (2) Mg2e interferes with the affinity (binding) of certain agonists (5-HT and
angiotensin II) for their respective receptors in coronary vascular muscle; and (3) a functional pool
of Ca2+ which is resistant to Ca2+-depletion, but accessible to activation by 5-HT and angiotensin II
is present in canine coronary arterial smooth muscle.

litroduction

Experimental and clinical evidence suggest that mag-
nesium (Mg2') deficiency, in animals and man, could
be a significant factor in the aetiology of several
cardiovascular disease states (Seelig & Heggtveit,
1974; Burch & Giles, 1977; Altura, 1979; Altura
1980; Altura & Altura, 1981). In a recent in vitro
strudy, we demonstrated that acute withdrawal of
magnesium induces contractile responses in canine
coronary arteries (Turlapaty& Altura, 1980). Furth-
ermore, we also demonstrated that magnesium with-
drawal potentiated the contractile responses of coro-
nary arteries to various vasoactive agents which have
been implicated, clinically, in induction of coronary
vasospasm. However, the mechanism involved in this
phenomenon is not clear (Leven & Freeman, 1976;
Yasue, Touyama, Kato, Tomaka & Akiyama, 1976;
Hansen & Sand0e, 1978).
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Recent, previous studies indicate that acute with-
drawal of Mg2e from a physiological salt solution can
induce contractions in several types of blood vessels
which are dependent on extracellular calcium (Altu-
ra & Altura, 1971; 1974; 1976; 1978; 1980; 1981;
Turlapaty & Altura, 1978). Since it is known that
vasoactive agents utilize different sources of calcium
(Ca) for their contractile responses (Weiss, 1978), it
has been suggested that in a magnesium-deficient
state, Ca2' influx might be enhanced, thereby result-
ing in an increased tone and contractility (Altura &
Altura, 1974; 1978; 1981; Altura, 1979; Turlapaty
& Altura, 1980). It is also possible that Mg2+-
deficiency might increase the sensitivity of post-
synaptic receptors, as it has been shown by several
investigators that Mg2e can alter the sensitivity of
non-cardiac blood vessels to several neurohumoral
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substances (Somlyo, Woo & Somlyo, 1966; Altura&
Altura, 1971; 1974; 1978; Altura, 1975; Turlapaty,
Carrier & Jurevics, 1975; Altura, Altura & Wal-
demar, 1976; Goldstein & Zsoter, 1978).
The present study, in which isolated coronary ar-

teries of the dog were used, was designed to deter-
mine whether withdrawal of magnesium, and eleva-
tion in magnesium (4.8 mM): (1) can influence, sig-
nificantly, both the sensitivity (as determined by
threshold concentration and EC5o) and contractility
(indicated by maximal contractile tensions) of these
blood vessels to agents such as 5-hydroxytryptamine
(5-HT), angiotensin, and potassium thought to be
involved in production of coronary vasospasm; and
(2) can alter permeability to Ca2+.

Methods

Animals and coronary artery preparations

Mongrel dogs of either sex weighing 15-20 kg
were anaesthetized with pentobarbitone sodium
(30 mg/kg, i.v.). After thoracotomy, the hearts were
excised quickly and coronary arteries were isolated.

Because of possible segmental differences in coro-
nary arterial reactivity (Altura, 1966), we examined
four different coronary arteries: left coronary (LC,
with o.d. of 1-1.5 mm), circumflex (CF, with o.d. of
1-2mm), left coronary branch (LCB with o.d. of
0.3-0.5 mm) and right coronary branch (RCB, with
o.d. of 0.5-0.8 mm). Helical strips cut from segments
of these coronary arteries (20 to 25 mm in length and
0.3 to 1.0mm in width), were tied at both ends with
sutures and arranged isometrically, in vitro, under a
resting tension of 1.0 g for large arteries (LC, CF)
and 0.5 g for small arteries (LCB, RCB), respective-
ly, as described previously (Turlapaty & Altura,
1980). These were incubated in 20 ml muscle cham-
bers containing Krebs Ringer bicarbonate solution
(composition, mmol/l: NaCl 118, KCl 4.7, CaCI2 2.5,
KH2PO41.2, MgSO41.2, glucose 10, and
NaHCO3 25) and maintained at 37°C through which
a mixture of 02 (95%) and CO2 (5%) was bubbled.
The loading tensions were periodically adjusted and
maintained throughout the equilibration time. The
incubation media were routinely changed every 10 to
15 min as a precaution against interfering metabo-
lites (Altura & Altura, 1970). The tissues were at-
tached to force transducers (Grass model FT.03)
connected to a Grass model 7 polygraph, and isomet-
ric tensions of the coronary arterial smooth muscle
preparations were recorded.

Types ofexperiment

After the 2 h incubation period, the following experi-
ments were carried out:

(1) Large and small coronary arteries were exposed
to single concentrations (EC40-EC60) of 5-HT
(10 ng/ml), angiotensin (5 ng/ml) or potassium
chloride (20 mM) in the presence of 0, 1.2 or
4.8mM Mg2-containing Krebs-Ringer solution to
determine the influence of extracellular
Mg2+((Mg2e]o) on the fast and slow components of
the contractile responses induced by these agonists.
(2) The influence of [Mg2+]. on the sensitivity (ECso)
and maximal contractile tensions developed to 5-HT,
angiotensin and potassium were determined. Coro-
nary arteries were exposed to cumulative concentra-
tions of these agonists in the presence of 0, 1.2 or
4.8 mM magnesium. These cumulative dose-
responses were expressed as a percentage of control
(1.2 mMMg2+) maximal agonist-induced tensions.
(3) In certain experiments, coronary arteries were
exposed to certain specific pharmacological antagon-
ists 30 min before addition of 5-HT, angiotensin or
potassium to determine whether these agonist-
induced contractile responses are affected by a-
adrenoceptor blockade (phentolamine, 0.1 jg/ml),
P-adrenoceptor blockade (propranolol, 0.5 Ag/ml),
5-HT receptor blockade (methysergide maleate,
0.5 ytg/ml), cholinoceptor blockade (atropine sul-
phate, 0.5 jg/ml), histamine receptor blockade
(diphenydramine HCl, 0.5 pg/ml) or a prostaglandin
synthetase inhibitor (indomethacin, 1 g/ml). All of
the pharmacological antagonists were used in con-
centrations that inhibit responses elicited to
EC60-EC70 concentrations of their respective agon-
ists (Turlapaty & Altura, 1980).
(4) In some additional experiments, coronary ar-
teries were exposed to Ca2+-free medium or ver-
apamil (1 X 10-6 M) for 30 min and then stimulated
with EC40-EC60 doses of 5-HT, angiotensin or
potassium to determine the influence of extracellular
Ca2+ on these responses.
(5) In some experiments, the influence of [Mg2+]. on
calcium-induced contractile responses was deter-
mined. Coronary arteries were equilibrated in nor-
mal Krebs-Ringer solution and then exposed for
30 min to a calcium-free Krebs-Ringer and then for
an additional 45 min to a Ca2+-free, high potassium
solution, as described previously (Altura & Altura,
1974). The latter solution had 118mMNaCl
iso-osmotically replaced with KCl (total
K+ = 123.9 mM). Such tissues contract in response to
added calcium (Altura & Altura, 1974). Cumulative
calcium chloride dose-response curves were then
obtained in different concentrations of [Mg2+]. (0,
1.2 or 4.8 mM). Calcium-free Krebs-Ringer and high
K+, Ca2+-free Krebs-Ringer contained either 0, 1.2
or 4.8mM Mg2+. These results were expressed as a
percentage of control (1.2 nM Mg2+) maximal Ca2+-
induced contractile responses.

Contractile responses were evaluated by threshold
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concentration (concentration necessary to produce
the first sign of contraction), EC50 (concentration of
agonist necessary to produce half maximal tension)
and maximal contractile tension.

Drugs

The following drugs and chemicals were used: 5-
hydroxytryptamine (serotonin) creatinine sulphate
(Sigma Chemical Co.), angiotensin II amide (Hyper-
tensin, Ciba Pharmaceutical Co.), phentolamine HCl
(Regitine, Ciba Pharmaceutical Co.), (±)-
propranolol HCl (Sigma Chemical Co.), methyser-
gide maleate (Sandoz Ltd), atropine sulphate (Mann
Research Laboratories), diphenhydramine HCl (Be-
nadryl, Parke Davis and Company), verapamil (Isop-
tin, Knoll Pharmaceutical Co.), potassium chloride
(Fisher Scientific Company), and magnesium sul-
phate (Fisher Scientific Company). The concentra-
tion of each drug or chemical is expressed as final
bath concentration.

Statistical analyses

Where appropriate, the means ± s.e.means of the
responses were compared for statistical significance

by Student's t test or paired t test and considered
significant if P< 0.05.

Results

Influence ofextracellular magnesium on the
contractile responses ofcanine large and small
coronary arteries to single doses ofagonists

Typical contractile responses elicited to angiotensin,
5-HT or potassium of large and small coronary ar-
teries in the presence of different concentrations of
[Mg2']. (1.2, 0 or 4.8 mM) are illustrated in Figure 1.
It is evident that while withdrawal of [Mg2+]. en-
hanced the contractile responses to all three agonists,
elevation of [Mg2']. (4.8 mM) attenuated such con-
tractile responses. The relative order of the increase
in contractile tension evoked by these agonists in the
absence of [Mg2+]. was 5-HT> KCl> angiotensin
(Table 1). No differences between large and small
coronary arteries in the influence of [Mg2+]0 on these
agonist-induced contractions could be observed
(Table 1).
As anticipated, KCl and 5-HT elicited two-phased

contractile responses which consisted of a fast com-
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Fwe 1 Responses of canine large (left coronary, LC) coronary arteries to stimulation with 5-hydroxytryptamine
(5-HT, 10 ng/ml), and angiotensin II amide (AII, 5 ng/ml) and of the small (right coronary branch RCB) coronary
artery to potassium chloride (KCI, 20mM) in Krebs-Ringer bicarbonate containing 1.2, 0 and 4.8 mmMg2+. W
indicates the point at which strips were washed and relaxed in normal Krebs-Ringer bicarbonate solution.
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Table 1 Influence of extracellular magnesium on contractile responses* induced by single doses of angiotensin,
5-hydroxytryptamine (5-HT) and potassium chloride of canine large (circumflex, CF; left coronary LC) and small
(left coronary branch, LCB; right coronary branch, RCB) coronary arteries

Agonist/Magnesium (mM)

Angiotensin
0
4.8

5-HT
0
4.8

Potassium
0
4.8

CF LC LCB RCB

+57 ±6.lt +50±5.0 +40±4.3 +32±1.8
-41± 5.3t -22±4.5 -34±2.1 -32±3.4

+80±7.9 +90±9.1 +84±5.3 +100±8.5
-54±6.0 -40±2.5 -40±3.6 -45±2.4

+64±4.6 +71±6.8 +72±3.7 +61± 5.0
-34±2.9 -50±4.2 -57±6.3 -53± 7.3

*Contractile responses are expressed as percentage change from contractile tensions obtained in 1.2 mmM g2+-
containing Krebs-Ringer (NKR) and these values are expressed as means ± s.e. of 8 different tissues; tplus sign
indicates increase; *minus sign indicates decrease.

ponent and a subsequent slow component;
angiotensin-induced contraction consisted of only a
single slow component. Withdrawal of [Mg2']. in-
creased both the fast and slow components of the

Left coronary Circumflex
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agonists. Elevation in [Mg2']. either prevented
(KCI) or reduced (5-HT) the fast components and
markedly attenuated the slow components (Figure
1).

Left coronary branch Right coronary branch

11 10 9 8 7 6 5 11 10 9 8 7 6 5 11 10 9 8 7 6 5 11 10 9 8 7 6 5

5-Hydroxytryptamine (-log M)

Figure 2 Influence of extracellular magnesium (0mM*-*; 1.2mM0-O; 4.8 mM *----) on concentration-
contractile effect curves of canine large (circumflex, left coronary) and small (left coronary branch, right coronary
branch) coronary arteries to 5-hydroxytryptamine (5-HT).
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F'ure 3 Influence of extracellular magnesium (0mm* -*; 1.2 mm O ~O; 4.8 mm *----0) on concentration-
contractile effect curves of large (circumflex, left coronary) and small (left coronary branch, right coronary branch)
coronary arteries to angiotensin.

Influence ofextracellular magnesium on the sensitivity
(threshold concentration, ECso) and contractility
(maximal contractile tensions) oflarge and small
coronary arteries to agonists

Figures 2 and 3 demonstrate that the withdrawal of
magnesium from the medium not only shifts the
cumulative concentration-effect curves for 5-HT and
angiotensin to the left in a parallel fashion, but also
results in significant potentiation of these drug-
induced maximal contractions. With potassium as the
agonist, only a parallel shift to the left of the dose-
response curves (without any effect on maximal con-
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tractions) was observed in the absence of [Mg2'].
(Figure 4). It is also clear from these figures that
elevation in [Mg2']O decreased the sensitivity of all
three agonists (as indicated by parallel shifts to the
right of the concentration-effect curves). However,
only maximal contractile tensions produced by 5-HT
and angiotensin were inhibited significantly in the
presence of high magnesium (Figures 2, 3).

Tables 2, 3 and 4 summarize the threshold con-

centrations, EC50s and maximal contractile tensions
of 5-HT, angiotensin and potassium. It is clear from
these data that 5-HT and angiotensin require rela-
tively lower threshold concentrations to elicit con-

Left coronary branch Right coronary branch

1 0 3 2 0 3
Potassium chloride (-log M)

Flgure 4 Influence of extracellular magnesium (symbols as in Figures 2 and 3) on concentration-contractile effect
curves of canine large (circumflex. left coronary) and small (left coronary branch, right coronary branch) coronary
arteries to potassium chloride.

Left coronary Circumflex
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Table 2 Effect of extracellular magnesium on the threshold concentrations of agonists to elicit contractile
responses of canine large (circumflex, CF; left coronary, LC) and small (left coronary branch, LCB; right coronary
branch, RCB) coronary arteries*

1.2

x 10i9M
0.31 ± 0.07
0.36 ± 0.08
0.76 ± 0.07
0.79±0.17

x 10 9M
0.11± 0.04
0.15 ±0.03
0.69± 0.12
0.44±0.15

X 10-3 M
6.90± 1.0
4.72 ± 0.70
7.70 ± 0.88
6.38 ± 0.94

Magnesium (mM)

0

x 10i9M
0.017 ± 0.009*
0.018 ± 0.009**
0.04 ±0.01**
0.04 ± 0.02*

x 10 9M
0.01 ±0.002**
0.018 + 0.004t
0.05 + 0.02*
0.047 ±0.01**

X 10-3 M
1.38 ± 0.14t
1.94 ±0.42t
2.90 ±0.55t
2.36 +0.38t

4.8

x 10 9M
5.20± 1.60**
4.40± 1.30**
5.58 ± 0.68t
4.90±0.10

x 10 9M
0.78 ± 0.35*
1.10±0.41t
4.70 ± 2.62*
6.0 ± 2.50**

X 10-3M
12.80± 1.80tt
12.70 ± 1.80t
16.70± 3.30**
12.50 ± 1.50t

*Values are means ± s.e. of 8 different tissues. Significantly different from values obtained in 1.2mm Mg2+ with P
values of * <0.05; ** <0.025; t <0.001; tt <0.005.

tractions in small (LCB, RCB) than in large (CF, LC)
coronary arteries suspended in Krebs-Ringer con-
taining 0mMMg2. In contrast, in the presence of
high [Mg2']., 5-HT, but not angiotensin, required

relatively higher threshold concentrations to elicit
contractions in small than in large coronary arteries.
The relative increase and decrease in threshold con-
centrations for potassium stimulation, in 0 vs. 1.2 and

Table 3 Effect of extracellular magnesium on the EC50 of vasoactive agonists in canine large (circumflex, CF; left
coronary, LC) and small (left coronary branch, LCB; right coronary branch, RCB) coronary arteries*

Magnesium (mM)
Agonist/Artery

Angiotensin
CF
LC
LCB
RCB

5-HT
CF
LC
LCB
RCB

Potassium
CF
LC
LCB
RCB

1.2

X 10-8 M
0.47 ±0.09
0.53 ± 0.12
0.71 ± 0.18
0.56±0.13

X 10-8 M
0.92±0.10
0.90±0.09
0.72±0.18
1.14±0.21

x 10-2M
1.90± 0.13
2.06±0.17
2.24±0.11
2.04±0.13

0

x10-8M
0.23 ± 0.09*
0.33 ± 0.08t
0.45 ± 0.1Ott
0.36±0.llt

X 10-8 M
0.39 ± 0.13tt
0.43 ± 0.1Ott
0.49± 0.14t
0.53 ± 0.19t

x10-2M
1.10± 0.07**
1.42 ± 0.10**
1.69± 0.13**
1.55 ± 0.09**

4.8

x 10-8M
1.89 ± 0.67**
0.90±0.21tt
0.99 ± 0.12tt
1.01 ± 0.22t

X 10-8 M
1.78 ±0.18tt
1.53 ± 0.26tt
1.70± 0.29*
2.08 ± 0.29t

x 10-2M
2.60± 0.14**
2.71 ±0.14**
2.94±0.17**
2.86 ± 0.16**

*Values are means ± s.e. of 8 different tissues. Significantly different from values obtained in 1.2mM Mg2+ with P
values of: *<0.025; **<0.001, t<0.005; tt<0.01.

Agonist/Artery

Angiotensin
CF
LC
LCB
RCB

5-HT
CF
LC
LCB
RCB

Potassium
CF
LC
LCB
RCB
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Table 4 Effect of extracellular magnesium on the maximal contractile tensions developed to vasoactive agonists in
canine large (circumflex, CF; left coronary, LC) and small (left coronary branch, LCB; right coronary branch, RCB)
coronary arteries'

1.2

mg
208± 78
283± 48
222± 54
255± 49

198+
456+
234 +
189+

Magnesium (mM)

0

mg
304± 53*
446± 61**
303 ± 46t
360± 63*

371 ± 78tt
962± 150*
544± 64*
355 ± 90*

828± 117
964± 196
733 ±136
659± 110

51
98
43
48

789± 150
894± 150
640± 122
592± 98

4.8

mg
106± 53**
194± 24t
157± 55*
150± 29t

113 ±48**
247± 65tt
144± 38t
133± 44t

836± 116
930 ± 200
666± 128
608 ± 102

*Values are means ± s.e. of 8 different tissues. Significantly different from values obtained in 1.2mm Mg2+ with P
values of: *< 0.001, **< 0.005, t< 0.05, tt< 0.01.

0 vs. 4.8 mM [Mg2']O, were not different between
large and small coronary arteries. The increase in
maximal contractile tensions seen upon withdrawal
of [Mg2+]. was greater for 5-HT (90 to 130%) than
for angiotensin (40 to 60%) in both large and small
coronary arteries (Table 4).

Contractile responses oflarge and small coronary
arteries to agonists in cakium-free Krebs-Ringeror in
thepresence ofverapamil

Contractile responses elicited to 5-HT, angiotensin
or potassium were completely inhibited when both
large and small coronary arteries were incubated in
calcium-free Krebs Ringer (Figure 5). On the other
hand, verapamil (1 x 10-6 M), an inhibitor of calcium
influx into vascular smooth muscle, completely pre-
vented only potassium-induced increases in tension.
Although verapamil depressed 5-HT- and
angiotensin-induced contractions, it did not com-
pletely prevent them (Figure 6). It should be noted
that the contractile responses developed to all three
agonists could be restored to control level after wash-
ing away the verapamil.

Influence ofmagnesium on calcium-induced
contractions ofcoronary arteries

Figure 7 demonstrates that the absence of [Mg2+]o in
the medium shifted the cumulative calcium dose-

response curves leftward in a parallel fashion at the
same time as a significant increase in the sensitivity
and maximal tensions occurred. On the other hand,
elevation in [Mg2+]. to 4.8mM significantly de-
creased both the sensitivity and maximal tensions.
These influences of [Mg2+]. were similar in both
large and small coronary arteries. It is also interesting
to note that coronary arteries developed greater con-
tractile tensions to calcium when compared to any
other agonist studied (Table 5 vs. Table 4).

Influence ofpharmacological antagonists on 5-
hydroxytryptamine, angiotensin andpotassium-
induced contractions ofcoronary arteries

Adrenoceptor (phentolamine, propranolol), 5-HT
receptor (methysergide), cholinoceptor (atropine)
and histamine receptor (diphenhydramine) antagon-
ists and a prostaglandin synthetase inhibitor (in-
domethacin) could not modify the angiotensin or
potassium-induced contractile responses observed in
different [Mg2+]O. 5-HT-induced contractions were
selectively inhibited by methysergide in all [Mg2+]0;
no other antagonists studied attenuated 5-HT-
induced responses.

Discussion

In a previous study (Turlapaty & Altura, 1980), as

Agonist/Artery

Angiotensin
CF
LC
LCB
RCB

5-HT
CF
LC
LCB
RCB

Potassium
CF
LC
LCB
ICB
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Flwe 5 Responses of canine large (circumflex, CF) and small (right coronary branch, RCB; left coronary branch,
LCB) coronary arteries to stimulation with potassium chloride (KCl, 20mM), angiotensin II (All, 5 ng/ml) and
5-hydroxytryptanilne (5-HT, 10 ng/ml) in normal Krebs-Ringer bicarbonate solution (NKR) and calcium-free
Krebs-Ringer solution. W indicates the point at which tissues were washed and relaxed in NKR.

Control

LC

Verapamil

r f if

Control

< -H~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
* 0S*

W KCI W KCI

1 min

w

LCB 1125 mg ItI ----- . if
* 4
W All

* 4
W All W

ff I

W 5-HT W 5-HT w

Fure 6 Influence of verapamil (1 x 10-6 M, added 30 min before agonists), on potassium chloride (KCI, 20 mM),
angiotensin II (AII, 5 ng/ml) and 5-hydroxytryptamine (5-HT, 10 ng/ml)-induced contractile responses of canine

large (left coronary, LC) and small (left coronary branch, LCB; right coronary branch, RCB) coronary arteries in

Krebs-Ringer bicarbonate solution.W indicates the point at which tissues were washed and relaxed in NKR.
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Left coronary Circumflex Left coronary branch Right coronary branch

5 4 3 6 5 4 3
Calcium chloride (-log molar conc.)

Fgure 7 Influence of extracellular magnesium (symbols as in Figures 2 and 3) on calcium-induced concentration-
contractile effect curves (in Ca2+ -free, high potassium solution) of canine large (circumflex, left coronary) and small
(left coronary branch, right coronary branch) coronary arteries.

well as in the present study, we have demonstrated
that withdrawal of [Mg2+]. enhances, while an eleva-
tion in [Mg2+]. depresses, contractile responses of
canine large and small coronary arteries elicited to
both specific (receptor-mediated) and non-specific
(KCI) agonists. This finding prompted us, in the
present study, to investigate whether or not extracel-
lular magnesium ions exert these effects by virtue of
an influence on: (1) specific agonist-receptor interac-
tions; (2) cellular calcium pools that are differentially

utilized by different agonists, and/or (3) smooth mus-
cle cell membrane permeability to Ca2+.
The results obtained in the present study, using

cumulative dose-response curves, demonstrate that
Mg2e differentially affects contractions induced by
receptor-mediated agonists (i.e., 5-HT, angiotensin)
and contractions induced by depolarization (potas-
sium). The leftward and rightward parallel shifts of
the potassium dose-response curves, without a de-
pression of the maximal contractile tension, in the

Table 5 Influence of magnesium on calcium-induced contractile responses of canine large (circumflex, CF; left
coronary, LC) and small (left coronary branch, LCB; right coronary branch, RCB) coronary arteries*

Artery/Magnesium (mM)

CF

LC

1.2
0

4.8

1.2
0

4.8

LCB
1.2
0

4.8

RCB
1.2
0

4.8

Threshold conc.

X 105- M
1.42 ± 0.34
0.30 ± 0.02*
7.50 ± 1.40*

X 10-5M
1.53 ± 0.32
0.50 ± 0.07*
10.0 ±1.0 *

X 10-5 M
3.30± 0.61
0.90 ± 0.30*
15.0 ± 4.20t

x 10-5 M
2.50 ± 0.40
0.56 ± 0.06*
8.0 ± 1.20**

EC50

X 10-4 M
1.58± 0.39
0.71 ±0.14**
4.50± 1.07**

X 10-4M
2.16±0.41
0.94±0.llt
5.58 ± 0.16t

x 10-4 M
3.51 ±0.61
1.39 ± 0.14*
6.50± 1.19tt

X 10-4M
3.58 ± 0.46
1.16 ± 0.12*
6.70 ± 0.52tt

Maximum tension

mg
2775 ± 230
3175 ± 200*
2550± 125**

2567 ± 238
2970± 230t
2170± 78tt

1046± 95
1242± 97*
806± 196t

1387 ± 120
1660± 120*
1080± 260*

*Values are means ± s.e. of 14 different tissues. Significantly different from values obtained in 1.2 mm Mg2+ with P
values: *< 0.001; **<0.05; t<0.005; tt<0.01.
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absence and presence of high magnesium, respective-
ly (Figure 4), suggests that Mg2e affects potassium
responses in a competitive manner. In contrast, con-
tractile responses to 5-HT and angiotensin revealed
that [Mg2e]0 exerts its influence in both a competitive
and a non-competitive manner as shown by changes
in both sensitivity and contractility (maximal ten-
sions) (Figures 2, 3). These latter data could be
interpreted to indicate that Mg2e might have a grea-
ter influence on membrane channels involved in Ca2+
transport activated by receptor-mediated agonists
than those activated by depolarization. It has been
proposed that Ca2' enters vascular smooth muscle
cells through membrane potential-sensitive channels
activated by depolarization and receptor-operated
channels by specific agonists (Bolton, 1979).

Several previous studies indicate that magnesium
ions can either increase or decrease the affinity of
various agonists for their specific receptors in differ-
ent types of vascular smooth muscle (Somlyo et al.,
1966; Altura & Altura, 1971; Altura, 1975; Turla-
paty et al., 1975; Goldstein & Zsot6r, 1978). In the
present study, we demonstrate that sensitivity of
coronary arteries to 5-HT and angiotensin is in-
creased by withdrawal of [Mg2e]. and decreased by
elevated levels of [Mg2'].. These findings suggest,
but do not prove, that magnesium ions might inter-
fere with the binding of these two agonists for their
receptors in coronary arterial smooth muscle. Bind-
ing of various agonists to their receptors has been
shown previously to be influenced by magnesium
ions in the medium (Takagi, Takayanagi & Liao,
1972).
Since contractile responses elicited to 5-HT, an-

giotensin and potassium in canine coronary arteries
are abolished in Ca2I-free Krebs Ringer (Figure 5), it
is tempting to conclude that these blood vessels are
dependent entirely on [Ca2+]0 for activation. How-
ever, this may not be the case as is shown by some
recent findings: (1) 5-HT and angiotensin could still
elicit contractions in the presence of the specific
extracellular calcium influx blocker, verapamil (Fig-
ure 6), when used in a concentration (1 X 10-6 M)
that can inhibit by more than 90% calcium-induced
contractions of K+-depolarized canine coronary ar-
teries (Turlapaty and Altura, unpublished findings);
and (2) coronary arteries after prolonged incubation
(60 to 90 min) in Ca2I-free medium can still exhibit
potent contractions when Mg2e is acutely removed
from the medium (Turlapaty and Altura, unpub-
lished findings). These findings suggest that coronary

arteries are, therefore, not dependent entirely on
extracellular calcium. Furthermore, it is also possible
'that coronary arteries might contain abound calcium
pool that is resistant to calcium depletion but regu-
lated by extracellular magnesium (Altura & Altura,
1974); this functional membrane calcium pool could
be accessible to agonists acting through specific re-
ceptors, such as 5-HT and angiotensin, but not to
agonists acting through membrane depolarization
(e.g., potassium).
The present finding that withdrawal of [Mg2'].

potentiated significantly maximal contractile ten-
sions elicited by 5-HT and angiotensin suggests that,
in the absence of magnesium, a release of bound
cellular calcium associated with either receptors on
the membrane or at some intracellular sites might
occur and thus become available for contractile pro-
teins. Support for this hypothesis can be gleaned from
previous reports which indicate that: (1) binding of
calcium associated with angiotensin receptors in the
microsomal fraction of aortic smooth muscle is in-
creased by magnesium (Devynck, Pernollet, Meyer,
Fermandrian & Fromageot, 1973); and (2) intracel-
lular lanthanum-resistant calcium content is in-
creased in the absence of [Mg2+]o in at least two types
of vascular smooth muscle (Turlapaty & Altura,
1978; Goldstein & Zsoter, 1978). The decrease in
these agonist-induced maximal contractile tensions
in the presence of elevated [Mg2e]o could be due to
increased binding and/or sequestration of calcium
ions into intracellular storage sites. Another con-
tributory mechanism could be due to activation of
Mg2e-dependent Ca-ATPase, located on the mem-
brane that presumably extrudes calcium (Popescu,
1977). It is less likely that high magnesium exerts its
influence by interference with functioning of contrac-
tile proteins since glycerinated smooth muscles have
been shown to contract maximally to 20mM mag-
nesium even in the absence of calcium (Nakahata,
1979).
Based on the findings in the present study that (1)

Ca2+-induced contractions of K+-depolarized coro-
nary arteries are increased in the absence of [Mg2+]o,
(2) contractile responses induced by 5-HT, angioten-
sin and potassium are inhibited in Ca2+-free Krebs-
Ringer, and (3) Ca2+-induced contractions as well as
agonist-induced contractions are decreased by ele-
vated magnesium, it is reasonable to assume that the
enhancement of vasoactive agent-induced coronary
vasospasm in a Mg2+-deficient state is due (at least in
part) to an increased influx of [Ca2+]o.
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