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produces coronary arterial spasm. 

Several recent investigations point to a 
causal relation between decreased mag- 
nesium ion (Mg2+) 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 (1-5). 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 victimls (1-3, 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 
Mg2+ 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 Mg2+ 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 
Mg2+ content in cases of SDIHD (1, 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 (11). The 
hypomagnesemia could produce pro- 
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in the absence of extracellular Mg2+, 
were much greater in magnitude than 
those observed previously in other blood 
vessels of rats, rabbits, and dogs ex- 
posed to Mg2+-free medium (8, 13, 15). 
In contrast, elevated magnesium (4.8 
mM) decreased the contractile tensions 
developed in response to these vasoac- 
tive agents compared to tensions obtain- 
ed in 1.2 mM or 0 mM Mg2+ (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 
[Mg2+]o 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 Mg2+ significantly influenced 
Ca2+ content, uptake, and distribution in 

both arterial and venous smooth muscles 
(7, 13, 15, 17). Lowering of Mg2+ in the 
medium increases total exchangeable 
and intracellular calcium fractions in 
blood vessels (17). Furthermore, there is 
evidence that in a hypomagnesemic 
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state, Ca2+, but not Na+ and K+, are se- 
lectively accumulated by rat and rabbit 
blood vessels (7, 13). Collectively, these 
findings indicate that when Mg2+ is low- 
ered, Ca2+ influx is increased and there- 
by causes contraction. The increased 

Fig. 2. Responses of ca- 
nine circumflex (CF), left 
coronary branch (LCB), 
left coronary (LC), and 
right coronary branch 
(RCB) arterial strips to 
stimulation with norepi- 
nephrine bitartrate (NE, 
50 ng/ml), serotonin cre- 
atinine sulfate (5-HT, 10 

\ ng/ml), potassium chlo- 
w ride (KCI, 20 mM), an- 

giotensin II amide (Ang, 
5 ng/ml), and acetylcho- 
line chloride (ACh, 0.4 
mg/ml) in Krebs-Ringer 
bicarbonate containing 
1.2, 0, and 4.8 mM Mg2+. 
The W indicates the point 
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washed and relaxed in 
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Table 1. Influence of extracellular Mg2+ 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 Mg2+. All the values are significantly 
different from tensions in 1.2 mM Mg2+ (P < .001). 

Mg2+ 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) - 93.0 + 7.0 (23) - 98.0 + 11.5 (20) 

*Minus sign indicates relaxation. 

Table 2. Influence of extracellular Mg2+ 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; KCI, 20 mM; and norepinephrine, 0.05 ,g/ml. Norepinephrine contractions were obtained after the tissues were treated with propranolol (0.5 
,ug/ml), a ,-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 

Mg2+ (mM) CF LC LCB RCB 

Angiotensin II 
0 137.5 + 62.5* (8) 292.5 + 73.0* (9) 167.5 + 42.5t (9) 175.0 + 27.5t (9) 
1.2 87.5 ? 41.5 (8) 195.7 + 58.5 (9) 120.0 + 35.0 (9) 132.5 ? 30.0 (9) 
4.8 51.5 + 32.5t (8) 152.8 + 67.5 (9) 80.0 + 22.5? (9) 90.0 ? 22.5? (9) 

Serotonin 
0 325.0 ? 57.511(10) 447.5 ? 67.511 (10) 335.0 + 50.011 (10) 246.2 + 41.211 (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 + 25.0t (10) 142.5 + 37.511 (10) 72.5 + 15.011 (10) 67.5 + 14.0t (10) 

KCI 
0 625.0 + 67.5t (8) 462.5 + 55.0t (8) 465.0 ? 75.01 (7) 482.5 ? 60.011 (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 + 67.511 (8) 135.0 + 18.711 (8) 117.5 + 17.511 (7) 142.5 + 27.511 (8) 

Norepinephrine 
0 177.5 ? 42.5t (9) 190.0 + 40.011 (8) 82.5 + 25.0* (5) 82.5 + 15.011 (7) 
1.2 87.5 + 20.0 (9) 100.0 + 23.7 (8) 32.5 + 7.5 (5) 37.5 + 7.5 (7) 
4.8 55.0 ? 15.0t (9) 90.5 ? 29.5t (8) 15.0 + 4.511 (5) 23.2 + 4.2* (7) 

*P < .02. tP < .005. TP < .01. ?P < .05. 1IP < .001, compared to the effect in physiological Mg2 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 Ca2+ 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 (18). 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 Mg2+, 
since similar changes in tension in re- 
sponse to a nonspecific vasoactive agent, 
KCI, 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 (19). 

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; 
Mg2+ 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 (21). A decrease in cyclic AMP 
in the absence of Mg2+ 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 tone and reactivity of 
coronary arteries obtained in the ab- 
sence of Mg2+. An alternative and con- 
tributing mechanism could be an inhibi- 
tion of a Ca2+-dependent adenosinetri- 
phosphatase at the membrane that is 
Mg2+-dependent and that presumably ex- 
trudes Ca2+ (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 (11). 
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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 (1). 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 
(4). 

To test the hypothesis further, we 

compared patients with primary affec- 
tive illness whose symptoms were 
in remission with normal control sub- 
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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 (5). 

The control subjects were 16 paid nor- 
mal volunteers [nine males, seven fe- 
males, mean age + standard deviation 
(S.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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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 
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