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Magnesium Deficiency Produces Spasms of Coronary Arteries:

Relationship to Etiology of Sudden Death Ischemic Heart Disease

Abstract. Isolated coronary arteries from dogs were incubated in Krebs-Ringer
bicarbonate solution and exposed to normal, high, and low concentrations of magne-
sium in the medium. Sudden withdrawal of magnesium from the medium increased
whereas high concentrations of magnesium decreased the basal tension of the arte-
ries. The absence of magnesium in the medium significantly potentiated the con-
tractile responses of both small and large coronary arteries to norepinephrine, ace-
tylcholine, serotonin, angiotensin, and potassium. These data support the hypothesis
that magnesium deficiency, associated with sudden death ischemic heart disease,

produces coronary arterial spasm.

Several recent investigations point to a
causal relation between decreased mag-
nesium ion (Mg?*) content of cardiac
muscle and coronary arteries and mortal-
ity from (nonocclusive) sudden-death is-
chemic heart disease (SDIHD), the in-
cidence of which is highest in geographic
areas with soft drinking water or magne-
sium-poor soil (/-5). Of the minerals that
are deficient in soft water, magnesium is
the only element that has been found to
be lowered in the cardiac muscle of
SDIHD victims (/-3, 5). Acute hypo-
magnesemia in animals and man is often
associated with increases in blood pres-
sure and in peripheral vascular resist-
ance in several regional circulatory sys-
tems (6, 7). Artificial lowering of the
Mg?* content of isolated (noncardiac)
vessels from rats, rabbits, piglets, and
dogs induces rapid, potent contractile re-
sponses (8-10). Acute hypermagnesemia
inhibits the spontaneous tone of arteries
and veins (8-10). Thus, there is evidence
that extracellular Mg?** plays a critical
role in the regulation of vasomotor tone.

A positive correlation between mortal-
ity rates from SDIHD and the estimated
high ratio of calcium to magnesium in
myocardial tissue has been demon-
strated (3, 4). Although many tissues of
the body have been shown to be resistant
to Mg2* depletion, heart tissue and coro-
nary vessels have a significantly reduced
Mg?* content in cases of SDIHD (/, 3,
5). It was therefore suggested recently
that SDIHD mortality could be due to
the direct effects of a hypomagnesemic
state on coronary vascular tone (/7). The
hypomagnesemia could produce pro-

gressive vasoconstriction, vasospasm,
and ischemia, which, given time, would
lead to SDIHD. To investigate the possi-
bility that vasospasm can be produced
by Mg?* deficiency, we determined the
influence of sudden magnesium with-
drawal and hypermagnesemia (4.8 mM)
on vascular tone and vasoactive drug-in-
duced responses in isolated coronary ar-
teries of the dog.

Mongrel dogs of either sex weighing 10
to 20 kg were anesthetized with pento-
barbital sodium (30 mg/kg). The hearts

CF
125 mgl ——

f 125 mgl M_
c —
L mi ——
t L min
ol B —
~—_
t t
RCB P
—_— —_—
t t
L ] L 1
0 mM[Mg?*], 4.8 mM [Mg?*),

Fig. 1. Influence of extracellular Mg?* on ba-
sal tension of canine circumfiex (CF), left cor-
onary (LC), left coronary branch (LCB), and
right coronary branch (RCB) arterial strips.
The left panel shows results obtained in a
Mg?**-free environment; the right panel in-
dicates results obtained in 4.8 mM [Mg?*],.
The vertical bar represents tension (125 mg);
time marker, 1 minute. Arrows indicate points
at which the normal Krebs-Ringer medium
containing 1.2 mM [Mg?*], was switched to
the experimental concentration of [Mg3>*],.
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were removed immediately and coronary
arteries were isolated. Because of pos-
sible segmental differences in coronary
arterial reactivity (/12), we examined four
different coronary inflow vessels: left
coronary [outer diameter (O.D.), 1 to 2
mm], circumflex (O.D. 1 to 2 mm), left
coronary branch (O.D. <1 mm), and
right coronary branch .(0.D. <1 mm).
Helical strips, cut from segments of
these coronary arteries, were 20 to 25
mm long by 0.5 to 1.0 mm wide. These
were suspended isometrically under 1 g
of tension (circumflex, left coronary ar-
teries) or 0.5 g of tension (left and right
coronary branch arteries) and incubated
in 20-ml muscle chambers containing
Krebs-Ringer bicarbonate solution (com-
position in millimoles per liter: NaCl,
118; KCl, 4.7; CaCl,, 2.5; KH,PO,, 1.2;
MgSO,, 1.2; glucose, 10; and NaHCO,,
25) at 37°C through which a mixture of
0O, (95 percent) and CO, (S percent) was
bubbled. Force of contraction was mea-
sured with Grass FT-03 force-dis-
placement transducers and recorded on a
Grass model 7 polygraph. Two hours af-
ter the preparations were incubated, un-
der tension, the effects of extracellular
Mg?* concentration ([Mg?*],) and vaso-
active drugs were examined. The ar-
teries were sequentially exposed to nor-
mal (1.2 mM), low (0 mM), and high
(4.8 mM) concentrations of magnesium.

Sudden withdrawal of extracellular
Mg?* resulted in rapid, increased tension
development in all coronary vessels test-
ed (Fig. 1 and Table 1). In contrast, a
sudden increase in extracellular Mg?*
(4.8 mM) resulted in rapid relaxation of
basal tension in all coronary arteries
(Fig. 1 and Table 1). Thus, extracellular
Mg?** appears to be able directly to alter
coronary arterial baseline tension or
tone. A similar influence of [Mg?*], on
vasomotor tone was previously demon-
strated in isolated rat and piglet arteries,
rabbit aortas, and rat arterioles and por-
tal veins (8-10). These effects of [Mg?*],
cannot be attributed to osmolarity dif-
ferences, inhibition of Na*- and K*-de-
pendent adenosinetriphosphatase activi-
ty, or release (or inhibition of release) of
endogenous neurohumoral agents from
the arterial wall (7, 8, 10, 13, 14).

In addition to increasing tone, the
withdrawal of Mg?* potentiated the con-
strictor actions of vasoactive substances
such as angiotensin, serotonin, norepi-
nephrine, acetylcholine, and potassium
in all coronary arteries (see Fig. 2, Table
2). The ordér of increase in tension to
the vasoactive agents was acetylcholine
> norepinephrine > serotonin > K* >
angiotensin in all types of coronary ves-
sels studied. These enhanced responses,
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in the absence of extracellular Mg?*,
were much greater in magnitude than
those observed previously in other blood
vessels of rats, rabbits, and dogs ex-
posed to Mg**-free medium 8, 13, 15).
In contrast, elevated magnesium (4.8
mM) decreased the coritractile tensions
developed in response to these vasoac-
tive agents compared to tensions obtain-
edin 1.2 mM or 0 mM Mg?* (Fig. 2 and
Table 2). All the agents tested are known
to be circulating vasoconstrictor sub-
stances in and around the coronary vas-
culature. Thus, the absence of magne-
sium appears to exert a greater influence
on the effects of vasoconstrictors on cor-
onary arteries than on other blood ves-
sels. ‘

It has been suggested that the vascular
effects of reduction or elevation in
[Mg?*], are reflections of this divalent
cation’s influence on calcium permeabili-
ty, binding and translocation, as well as
membrane stability (7-10, 13-16). Re-
cent, direct studies in which radioactive
calcium was used revealed that extra-
cellular Mg?* significantly influenced
Ca?* content, uptake, and distribution in

both arterial and venous smooth muscles
(7, 13, 15, 17). Lowering of Mg?* in the
medium increases total exchangeable
and intracellular calcium fractions in
blood vessels (7). Furthermore, there is
evidence that in a hypomagnesemic

state, Ca?*, but not Nat and K*, are se-
lectively accumulated by rat and rabbit
blood vessels (7, 13). Collectively, these
findings indicate that when Mg?* is low-
ered, Ca?* influx is increased and there-
by causes contraction. The increased

CF

125 me T __/—"“L gy O\ Fig. 2. Responses of ca-
1 . o . nine circumflex (CF), left
NE w NE w w coronary branch (LCB),
— left coronary (LC), and
P \ right coronary branch
LB _— \_ I ‘/ . he— (RCB) arterial strips to
{ . t . . stimulation with norepi-

5.HT W 5.-HT w 5.HT W

nephrine bitartrate (NE,
50 ng/ml), serotonin cre-

L //1’1,,/”‘1\”/,___1 atinine sulfate (5-HT, 10

ng/ml), potassium chlo-
W ride (KCIl, 20 mM), an-
giotensin II amide (Ang,
S ng/ml), and acetylcho-
line chloride (ACh, 0.4
mg/ml) in Krebs-Ringer

bicarbonate  containing

Ang W Ang W Ang w 1.2, 0, and 4.8 mM Mg?*.

The W indicates the point

RCB — vy —— at which strips were
4 . A . .' washed and relaxed in

ACh W ACh W ACh W normal Krebs-Ringer bi-

1.2 mMMg?], 0 mM[mg?*),

24 carbonate solution.
4.8 mM [Mg?*],

Table 1. Influence of extracellular Mg?* on the basal tone of canine circumflex (CF), left coronary (LC), left coronary branch (LCB), and right
coronary branch (RCB) arteries. The data are presented as means * standard error of the means. The number of animals in each group is given
in parentheses. All tissues were first incubated in Krebs-Ringer bicarbonate solution containing 1.2 mM Mg?**. All the values are significantly
different from tensions in 1.2 mM Mg?** (P < .001).

Mg+ ' Tension (mg)

(mM) CF LC LCB RCB
0 198.0 = 22.0 (25) 163.0 = 20.0 (25) 132.5 = 17.0 (23) 110.0 = 13.5 (20)
4.8 — 141.0 = 13.0* (25) — 114.0 = 10.0 (25) - 930+ 7.0(23) - 98.0 = 11.5 (20)

*Minus sign indicates relaxation.

Table 2. Influence of extracellular Mg?* on vasoactive drug-induced contractions of canine circumflex (CF), left coronary (LC), left coronary
branch (LCB), and right coronary branch (RCB) arteries. The vasoactive drug concentrations used were: angiotensin II, 5 ng/ml; serotonin, 10 ng/
ml; KCl, 20 mM; and norepinephrine, 0.05 ug/ml. Norepinephrine contractions were obtained after the tissues were treated with propranolol (0.5
wng/ml), a B-adrenergic blocking agent, for 5 minutes. The data (presented as means + standard error) were analyzed by paired t-tests. The
number of animals in each group is given in parentheses.

Concentra- Tension (mg)
tion of
Mg** (mM) CF LC LCB RCB
Angiotensin 11
0 137.5 = 62.5% (8) 292.5 + 73.0* (9) 167.5 = 42.5t (9) 175.0 = 27.5% (9)
1.2 87.5 x41.5 (8) 195.7 = 58.5 (9) 120.0 = 35.0 (9) 132.5 £ 300 (9)
4.8 S51.5 = 32.5t (8) 152.8 £ 67.5 (9) 80.0 = 22.5§ (9) 90.0 = 22.5§ (9)
Serotonin
0 325.0 = 57.5| (10) 447.5 *= 67.5| (10) 335.0 = 50.0| (10) 246.2 * 41.2|| (10)
1.2 180.0 = 42.5 (10) 235.0 = 47.5 (10) 182.5 = 30.0 (10) 122.5 = 24.2 (10)
4.8 82.5 + 25.01 (10) 142.5 = 37.5| (10) 72.5 = 15.0|| (10) 67.5 = 14.01 (10)
Kcl
0 625.0 = 67.5F (8) 462.5 + 55.0+ (8) 465.0 = 75.0f (7) 482.5 + 60.0] (8)
1.2 382.5 +62.5 (8) 270.0 = 30.0 (8) 270.0 = 42.5 (7) 300.0 = 45.0 (8)
4.8 252.5 = 67.5| (8) 135.0 = 18.7| (8) 117.5 = 17.5)| (7) 142.5 = 27.5| (8)
Norepinephrine
0 177.5 = 42.5% (9) 190.0 = 40.0] (8) 82.5 = 25.0% (5) 82.5 = 15.0]| (7)
1.2 87.5 £20.0 (9) 100.0 = 23.7 (8) 325« 7.5 (5 37.5« 1.5 (7))
4.8 55.0 = 15.0f (9 90.5 £ 29.5% (8) 15.0 = 4.5 (5) 232+ 42% (7)
*P < .02. P < .00S. P < .01. §P < .05. |IP < .001, compared to the effect in physiological Mg?* concentration (1.2 mM).
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contractile responses to vasoactive
agents in the absence of Mg2* are prob-
ably also due to enhanced influx or trans-
location of Ca?* into the vascular muscle
cells. It is known that all of these vasoac-
tive agents utilize calcium (that is, extra-
cellular, membrane-bound, or intra-
cellular) for eliciting contractile re-
sponses (/8). This is consistent with the
finding of a decreased ratio of magne-
sium to calcium in the heart muscle of
SDIHD groups (2-4).

It is very unlikely that changes in re-
ceptor affinities could cause the in-
creased or decreased contractile ten-
sions in response to extracellular Mg?*,
since similar changes in tension in re-
sponse to a nonspecific vasoactive agent,
KCl, were also obtained. Potassium-in-
duced responses were shown in our stud-
ies to be mediated directly rather than
indirectly through the release of any
known neurotransmitter substance,
since a variety of specific antagonists did
not modify the response (/9).

The influence of Mg2* could also, pos-
sibly, be explained in terms of an effect
on adenosine 3’,5’-monophosphate (cy-
clic AMP) formation within the cells;
Mg?* being an activator of adenylate
cyclase (20), an enzyme involved in the
synthesis of cyclic AMP. There is exper-
imental evidence to suggest that in-
creased and decreased cyclic AMP con-
centrations participate in coronary va-
sodilatation and constriction, respec-
tively (2/). A decrease in cyclic AMP
in the absence of Mg?** could result in
an increased concentration of free cal-
cium ions within the cytoplasm because
there would be less cyclic AMP-mediat-
ed calcium sequestration. Thus, this
mechanism could, in part, be responsible
for the increased toné and reactivity of
coronary arteries obtained in the ab-
sence of Mg?*. An alternative and con-
tributing mechanism could be an inhibi-
tion of a Ca**-dependent adenosinetri-
phosphatase at the membrane that is
Mg?**-dependent and that presumably ex-
trudes Ca?* (22).

Thus our results, which demonstrate
that reduced magnesium in the coronary
vasculature environment exerts pro-
found influences on coronary vascular

tone and reactivity, support the hypothe- -

sis that hypomagnesemia could produce
progressive vasoconstriction, resulting
in coronary arterial spasm and, finally,
SDIHD (/1).

PrasaD D. M. V. TURLAPATY

BURTON M. ALTURA

Department of Physiology, State
University of New York, Downstate
Medical Center, Brooklyn 11203

References and Notes

1. T. Crawford and M. D. Crawford, Lancet 1967-
1, 229 (1967).

2. B. Chipperfield and J. R. Chipperfield, ibid.
1973-11, 293 (1973); M. S. Seelig and H. A. Heg-
getveit, Am. J. Clin. Nutr. 27,59 (1974); T. W.
Anderson, D. Hewitt, L. C. Neri, G. Schreiber,
F. Talbot, Lancet 1973-11, 1390 (1973); J. R. Ma-
rier, Rev. Can. Biol. 37, 115 (1978); Natl.
Res. Counc. Can. Publ. No. 17581 (Ottawa,
1979).

3. B. Chipperfield and J. R. Chipperfield, Am.
Heart J. 95, 932 (1978).

4. H. Karppanen, R. Pennanen, L. Passinen, Adv.
Cardiol. 25, 9 (1978).

5. G. Behr and P. Burton, Lancet 1973-11, 450
(1973); C. J. Johnson, D. R. Peterson, E. K.
Smith, Am. J. Clin. Nutr. 32, 967 (1979).

6. B. T. Altura and B. M. Altura, in Micro-
circulation, G. Kaley and B. M. Altura, Eds.
(University Park Press, Baltimore, 1978), vol. 2,
p- 590; F. J. Haddy and M. S. Seelig, in Magne-
sium in Health and Disease, M. Cantin and M.
S. Seelig, Eds. (Spectrum, Jamaica, N.Y., in
press).

7. B. M. Altura and B. T. Altura, in Prostaglan-
dins in Cardiovascular Function, S. Greenberg,
T. Burks, P. J. Kadowitz, Eds. (Dekker, New
York, in press).

, Microvasc. Res. 7, 145 (1974).

9. _____, Proc. Soc. Exp. Biol. Med. 151, 752
(1976); Fed. Proc. Fed. Am. Soc. Exp. Biol. 35,
2360 (1976); in Excitation-Contraction Coupling
in Smooth Muscle, R. Casteels, T. Godfraind, J.
C. Ruegg, Eds. (Elsevier/North-Holland, Am-
sterdam, 1977), p. 137; S. B. Sigurdsson and B.
Uvelius, Acta Physiol. Scand. 99, 368 (1977); B.
M. Altura, Artery 4, 512 (1978).

10. B. M. Alturaand B. T. Altura, Blood Vessels 15,

5 (1978).
11. B. M. Altura, Med. Hypoth. 5, 843 (1979).
12. _____,Am. Heart J. 72, 709 (1966).

13. and B. T. Altura, Am. J. Physiol. 220,
938 (1971).
14. , Artery 3, 72 (1977); M. Fujiwara, H.

Kitagawa, K. Kurahashi, Br. J. Pharmacol. 63,
51(1978).

15. B. T. Altura and B. M. Altura, in Magnesium in
Health and Disease, M. Cantin and M. S. See-
lig, Eds. (Spectrum, Jamaica, N.Y., in press); S.
Goldstein and T. T. Zsoter, Br. J. Pharmacol.
62, 507 (1978).

16. P. D. M. V. Turlapaty and O. Carrier, Jr., J.
Pharmacol. Exp. Ther. 187, 86 (1973); H. A. Ju-
revics and O. Carrier, Jr., Am. J. Physiol. 225,
1479 (1973); P. D. M. V. Turlapaty, O. Carrier,
Jr., H. Jurevics, J. Pharmacol. Exp. Ther. 192,
372 (1975); O. Carrier, Jr., R. K. Hester, M. A.
Jurevics, T. E. Tenner, Blood Vessels 13, 321
(1976).

17. P. D. M. V. Turlapaty and B. M. Altura, Eur. J.
Pharmacol. 52, 421 (1978).

18. G. B. Weiss, Adv. Gen. Cell Pharmacol. 2, 71
(1977).

19. P. D. M. V. Turlapaty and B. M. Altura, unpub-
lished observations.

20. D. L. Garbers and R. A. Johnson, J. Biol.
Chem. 250, 8449 (1975); C. Londos and M. S.
Preston, ibid. 252, 5957 (1977); S. J. Bird and M.
E. Maguire, ibid. 253, 8826 (1978).

21. T. W. Anderson, L. C. Neri, G. B. Schreiber, F.
D. F. Talbot, A. Zdrorewski, Can. Med. Assoc.
J. 113, 199 (1975).

22. L. M. Popescu, in Excitation-Contraction Cou-
pling in Smooth Muscle, R. Casteels, T. God-
fraind, J. C. Ruegg, Eds. (Elsevier/North-Hol-
land, Amsterdam, 1977), p. 13.

23. Supported in part by PHS research grants
NHLBI-18015 and DA-02339. We thank M.
Vassalle for supplying some of the animals used
in these studies, B. T. Altura for reviewing the
manuscript and for helpful suggestions. Corre-
spondence should be addressed to B.M.A.

26 November 1979; revised 21 January 1980

Faster Cholinergic REM Sleep Induction in Euthymic

Patients with Primary Affective Illness

Abstract. Arecoline, a cholinergic muscarinic receptor agonist, induced rapid eye
movement sleep significantly more rapidly in patients with primary affective illness in
remission than in normal control subjects matched for age and sex. These results,
and others, suggest that patients with primary affective illness may have a super-
sensitive cholinergic system both when they are ill and when their symptoms are in

clinical remission.

Sleep disturbance is one of the most
characteristic biological findings in pa-
tients with primary affective illness. The
sleep of depressed patients is normally
short, shallow, and fragmented; REM la-
tency [the time from sleep onset to the
first rapid eye movement (REM) period]
is short (/). Since cholinergic mechanisms
are involved in both arousal and the in-
duction of REM sleep (2), we previously
suggested that activation of central choli-
nergic neurons or supersensitive choli-
nergic receptors may be implicated in the
pathophysiology of sleep disturbance in
depression (3). This interpretation is
consistent with the hypothesis that an
increased ratio of cholinergic to nor-
adrenergic activity underlies depression
“@).

To test the hypothesis further, we
compared patients with primary affec-
tive illness whose symptoms were
in remission with normal control sub-

200 0036-8075/80/0411-0200$00.50/0 Copyright © 1980 AAAS

jects on the cholinergic REM-induction
test. In this test we measure the speed
with which REM sleep is induced by
arecoline; a cholinergic muscarinic agon-
ist administered intravenously during
non-REM sleep. We had previously used
this technique to provide evidence that
muscarinic supersensitivity develops in
normal volunteers who receive scopola-
mine, a cholinergic muscarinic receptor
blocker, in the morning for two or more
consecutive days (9).

The control subjects were 16 paid nor-
mal volunteers [nine males, seven fe-
males, mean age * standard deviation
(8.D.) = 28.3 = 5.4 years]. They were
compared with two groups of patients
with primary affective illness whose
symptoms were in remission. The initial
group (group 1) of 13 patients (four
males, nine females, 12 bipolar and 1 uni-
polar, mean age = 28.9 = 6.9 years)
were tested after all their regular medica-
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