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Oral Mg?* Supplementation Reverses Age-Related
Neuroendocrine and Sleep EEG Changes in Humans

The process of normal aging is accompanied by changes in sleep-
related endocrine activity. During aging, an increase in cortisol at
its nadir and a decrease in renin and aldosterone concentration
occur. In aged subjects, more time is spent awake and slow-
wave sleep is reduced; there is a loss of sleep spindles and ac-
cordingly a loss of power in the sigma frequency range. Previous
studies could show a close association between sleep architec-
ture, especially slow-wave sleep, and activity in the glutamater-
gic and GABAergic system. Furthermore, recent studies could
show that the natural N-methyl-D-aspartate (NMDA) antagonist
and GABA, agonist Mg2* seems to play a key role in the regula-
tion of sleep and endocrine systems such as the HPA system and
renin-angiotensin-aldosterone system (RAAS). Therefore, we ex-
amined the effect of Mg?* in 12 elderly subjects (age range 60—
80 years) on the sleep electroencephalogram (EEG) and noctur-
nal hormone secretion. A placebo-controlled, randomised cross-
over design with two treatment intervals of 20 days duration
separated by 2 weeks washout was used. Mg?* was administered
as effervescent tablets in a creeping dose of 10 mmol and 20
mmol each for 3 days followed by 30 mmol for 14 days. At the

end of each interval, a sleep EEG was recorded from 11 p.m. to 7
a.m. after one accommodation night. Blood samples were taken
every 30 min between 8 p.m. and 10 p.m. and every 20 min be-
tween 10 p.m. and 7 a.m. to estimate ACTH, cortisol, renin and al-
dosterone plasma concentrations, and every hour for arginine-va-
sopressin (AVP) and angiotensin II (ATII) plasma concentrations.
Mg?* led to a significant increase in slow wave sleep (16.5 + 20.4
min vs. 10.1 + 15.4 min, p < 0.05), delta power (47128.7 uV?
21417.7 uV? vs. 37862.1 uV? + 23241.7 uv?, p < 0.05) and sigma
power (1923.0 uV2 + 1111.3 uV2vs. 1541.0 uV? + 1134.5 pV2, p <
0.05). Renin increased (3.7 + 2.3 ng/ml x min vs. 2.3 + 1.0 ng/ml x
min, p < 0.05) during the total night and aldosterone (3.6 + 4.7 ng/
ml x min vs. 1.1 £ 0.9 ng/ml x min, p < 0.05) in the second half of
the night, whereas cortisol (8.3 + 2.4 ug/ml x min vs. 11.8 + 3.8 ug/
ml x min, p < 0.01) decreased significantly and AVP by trend in the
first part of the night. ACTH and ATII were not altered. Our results
suggest that Mg2* partially reverses sleep EEG and nocturnal neu-
roendocrine changes occurring during aging. The similarities of
the effect of Mg?* and that of the related electrolyte Li* further-
more supports the possible efficacy of Mg?* as a mood stabilizer.

Introduction

The process of normal ageing is characterised by changes of CNS
function leading to alteration of the sleep electroencephalogram
(EEG) and hormone secretion. In the elderly, a decline in sleep
continuity, a shortening of rapid eye movement (REM) latency, a
decrease in slow wave sleep (SWS) and an increase in nocturnal
wakefulness are detectable [9,28,65]. Beside these changes, a
loss of the sleep dependent increase in spindle incidence and
duration has been demonstrated in elderly [51].

In addition, ageing is accompanied by a disinhibition of HPA sys-
tem activity in both experimental animals [35] and humans
[38,84]. Another altered endocrine system in the course of age-
ing is the renin-angiotensin-aldosterone system (RAAS). An age-
related decrease in plasma renin activity has been demonstrated
in normotensive human subjects [22,60,71,83,86] accompanied
by a tendency for a reduced aldosterone concentration [32]. Si-
milarly, a reduced activity of the RAAS in experimental animals
has been shown in aged compared to young animals [21,36].
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There is a close association between sleep architecture, especial-
ly SWS, and the activity of the glutamatergic and GABAergic sys-
tem. An increase in SWS in rats was observed after intrathalamic
administration of the NMDA antagonist DL-2-amino-5-phospho-
no-pentanoic acid (APV) [46] and after the intraperitoneal injec-
tion of NMDA antagonist MK-801 [16]. Also, the GABA, agonists
THIP (gaboxadol) increased delta activity in rats [49,50] and SWS
in young healthy controls [27] and in elderly humans [55]. An ear-
lier study from our group on the effects of i.v. Mg?* on the sleep
EEG and nocturnal hormone secretion pointed to an NMDA-antag-
onistic and a GABA-agonistic efficacy of Mg?*[59], an assumption
well in line with preclinical studies [40,61,72,73,78].

Direct evidence for a disturbance of the glutamatergic neuro-
transmission in ageing was given by preclinical studies in mice
demonstrating a reduced reuptake of glutamate in aged compar-
ed to younger animals [70]. The resulting glutamatergic overac-
tivity might secondarily result in the age-related declines of
NMDA receptors, as has been reported in rodents [20,80]. This
is of interest since a decrease in NMDA binding sites has been
correlated with a declining performance of memory-associated
tasks [63].

Also, the changes in the sleep EEG occurring during ageing bear
some similarities to those in Mg?* deficiency. Mg?* deficits lead
to sleep disturbances with increased wakefulness at the expense
of SWS [23] or a predominance of active waking and a decrease
in total sleep time [64] in rats. On the other hand, there have also
been reports on a sleep-stabilising effect of Mg?*. Intravenous
(i.v.) administration of Mg2* before surgery led to a significantly
better quality of sleep in a double blind trial on surgical patients
[81].

Besides its modulatory influence on glutamatergic and GABAer-
gic neurotransmission, Mg?* also has an angiotensin II (ATII)-an-
tagonistic effect [4,43], and is able to influence the HPA system
[59]. The combination of these properties of Mg?* influencing
systems involved in the process of ageing and reports on its sleep
stabilising effect led us to perform a study on the effect of oral
Mg?* supplementation on the sleep EEG and the nocturnal hor-
mone secretion.

Materials and Methods

Subjects

Subjects consisted of 12 healthy volunteers (6 women, 6 men;
age: range 60-80 years, mean * SD: 68.1 + 5.7 years) who en-
tered the study after passing thorough psychiatric, physical and
laboratory examinations. They had been drug-free for at least 4
weeks. Reasons for exclusion from the study were: psychiatric
disorder history in the subjects or subject’s family, including de-
mentia or other cognitive impairment; recent stressful life
events; substance abuse; a transmeridian flight during the last
three months; shift work; medical illness; and aberrations in
blood chemistry, waking EEG, or electrocardiogram. All subjects
underwent a polysomnographic examination in the sleep labora-
tory before entering the study to exclude sleep disorder includ-
ing sleep related respiratory disorders (such as sleep apnea) and
sleep-related movement disorders (such as restless leg syn-
drome). Written informed consent was obtained from all sub-

jects. The study was approved by the Ethics Committee of the
Bayerische Landesdrztekammer (Bavarian Regional Medical Asso-
ciation).

The study was performed in a double-blind, randomised, place-
bo-controlled crossover design with two treatment intervals of
20 days duration separated by 2 weeks washout. Mg?* was admi-
nistered as effervescent tablets (Biolectra ® Magnesium 240 forte
produced by Hermes, Arzneimittel GmbH, GrofShesselohe/Mu-
nich, each tablet containing 403.0 mg magnesiumoxid, as refer-
red to in the text as 243 mg Mg2*) in a creeping dose of 10 mmol
(single administration in the morning) and 20 mmol (adminis-
tration in the morning and at noon) each for 3 days followed by
30 mmol (administration in the morning, noon and evening) for
14 days. At the end of the two intervals, a sleep EEG was recorded
after one night of adaptation to laboratory conditions, during
which EEG electrodes were attached without recording an EEG.
For the registration nights, the subjects arrived at the sleep la-
boratory at 7 p.m. At 7:30 p.m., an intravenous cannula for
blood sampling was placed. Sleep EEG was recorded from
11p.m. until 7 a. m. next morning. Lights were switched of at 11
p.m. Sleep was not permitted before this time. The subjects were
woken at 7 a.m. the next morning.

Blood samples were collected through an indwelling intravenous
catheter connected to plastic tubing that ran through a sound-
proof lock into the adjacent room. This allowed repeated blood
sampling without disturbing the subject’s sleep. Blood samples
were collected every 30 min between 8 p.m. and 10 p.m. and ev-
ery 20 min between 10 p.m. and 7 a.m. for ACTH, cortisol, renin,
and aldosterone. For AVP and ATII, blood samples were collected
every hour. During the night, subjects were observed on a TV
screen in the adjacent room.

Sleep EEG analysis

The sleep recordings were made from 11 p.m. to 7 a.m. and con-
sisted of two EEGs (C3-A2, C4-A1; time constant 0.3 sec, low-
pass filtering 70 Hz), vertical and horizontal electrooculograms
(EOG), an electromyogram (EMG) and an electrocardiogram
(ECG). The EEG signals were filtered (EEG: high pass 0.53 Hz, -3
dB; low pass 70 Hz, -3 dB; -12 dB octave, band-stop between 42
and 62 Hz, -3 dB) and transmitted by an optical fibre system to
the polygraph (Schwartzer, ED 24). EEG signals were additionally
sampled by an 8-bit analogue-to-digital converter at a sampling
rate of 100 Hz using a personal computer and stored on disk for
further spectral analysis. Sleep EEGs were rated visually accord-
ing to standard criteria [67] by an experienced rater who was
blind to the study protocol. Parameter used were: SOL - sleep on-
set latency (sleep onset defined as the first epoch of 30 seconds
containing stages 2, 3, 4 or REM sleep) (min); SPT - sleep period
time (interval from sleep onset until final awakening, including
intermittent time spent awake) (min); TST - total sleep time
(SPT - intermittent time spent awake) (min); time spent in each
of the following sleep stages during TIB (min): Awake, non-REM
stages 1-4, SWS - slow wave sleep (non-REM stages 3 and 4),
REM; REM latency (interval from onset until the first epoch con-
taining stage REM) (min); REM density (the average ratio of 3-
second mini-epochs of REM sleep including REMs to the total
number of 3-second mini-epochs of REM sleep). Spectral analy-
sis was initially performed on the distinct frequency ranges delta
(0.8-4.5 Hz), theta (4.5-8.0 Hz), alpha (8.0-11.8 Hz), sigma
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(11.8-15.2 Hz) and beta (15.2 -20.0 Hz) and thereafter using the
single frequency bins. Because we were interested in the amount
of sleep EEG power in the course of the night, we used an integra-
tive method calculating the cumulative sum of each frequency
bin during non-REM sleep in the course of the night.

Hormone measurements

Plasma ACTH, cortisol, AVP, renin, angiotensin Il and aldosterone
were measured by commercial radioimmunoassay. The intraas-
say variations were 5.6-6.9%, the interassay variations were
7.2-8.2%. Hormonal readings from each subject were analyzed
in a separate assay.

Statistical analysis

Statistical analysis was performed separately for selected sleep
parameters after visual analysis and for the two spectral ranges of
interest, namely delta and sigma power. We used MANOVA with
gender and sequence of treatment as factors. Calculations for en-
docrine variables were performed by computing the area under
the curve (AUC) according to the trapezoid rule for distinct inter-
vals as well as mean values. Hormone analysis (ACTH, cortisol, re-
nin, and aldosterone) included the first (180-380 min) and sec-
ond (380-660 min) part of the night, taking into account the fact
that plasma cortisol and ACTH are low during the night, but begin
to rise during the early morning hours. For ACTH, cortisol, renin,
and aldosterone hormone analysis, we used MANOVA with gender
and sequence of treatment as factors. Differences in AVP and ATII
between placebo and Mg?* subjects were assessed for significance
in an exploratory manner with Wilcoxon’s paired rank test for the
AUC from 23.00-3.00, 3.00-7.00 separately. The analysis of blood
electrolytes was established using the standard methods in the
clinical laboratory of the Max Planck Institute of Psychiatry using
the Roche/Hitachi 911 method. Differences were calculated in an
exploratory manner with the Wilcoxon paired rank test. A value
for p <0.05 was considered significant; values at p <0.1 were con-
sidered to reflect a trend for a significant difference. All data are
expressed as mean * standard deviation of mean.

Results

Subjects

Subjects consisted of 12 healthy volunteers (6 women, 6 men,;
age: range 60-380 years, mean * SD: 68.1 + 5.7 years). Besides
the study medication, none of the subjects received any other
drug during the study. There were no dropouts. All subjects com-
plained about soft stool and one subject suffered a slight oedema
of the extremities for the last week of active medication. Regard-
ing side effects, no intervention was required, and no side effects
were observed after the study had been concluded.

Comparing the placebo and verum condition, no significant
change in plasma Mg?* (0.82 + 0.09 mmol/1 after placebo vs. 0.86
+ 0.09 mmol/1 after Mg?*) was observed (p > 0.1). To take changes
in water load into account, we calculated the Mg?*/Na* ratio. This
ration increased by trend (0.0058 + 0.0004 vs. 0.0061 + 0.0007, p <
0.1). Sodium and potassium were unchanged (data not shown).

Sleep EEG analysis
A global effect of treatment for the selected sleep EEG param-
eters has been observed (Wilks, multivariate tests of significance

F(6,3) = 12.32; significance of F = 0.032). The global effect is
mainly caused by an increase of SWS as the univariate F-test
could show (p < 0.05). No significant effect of the order of treat-
ment or gender was observed for the conventional sleep EEG-
parameter (Table 1, Fig.1).
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Fig. 1 The figure shows the mean of the cumulative duration the sub-
jects stayed in the sleep stages wake (a), REM (b) and SWS (c). The
amount of wakefulness was reduced insignificantly; REM sleep was
not changed, whereas SWS was significantly increased with the major
changes in the first part of the night. p = placebo condition,
Mg?* = magnesium supplementation.
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Spectral analysis

As changes in the delta and sigma frequency range were of inter-
est, we performed MANOVA on these two variables. We found a
significant lower delta and sigma power in females compared to
males (F (2,7) = 6.74, significance of F = 0.023) but no effect of
gender or order of treatment on the treatment response. A signif-
icant global treatment effect was revealed, which was caused by
a significant increase of delta (0.8-4.5 Hz) and sigma power

Table 1 Effects of Mg?* on the sleep EEG
Sleep parameter Placebo Mg?* Treatment
Global effect p <0.05
Univariate F-test

Total sleep time (min) 326.2+£594 336.1+53.2 ns

Sleep onset latency (min)  34.7 = 34.0 19.3+9.3 n.s

REM density (1/min) 5719 50+1.6 n.s

REM latency (min) 112.6 +87.5 117.8+80.9 n.s

Awake (SPT) (min) 97.9:542 103.4:+404 ns

REM (TIB) (min) 547+275 521:219 ns

Stage 2 (TIB) (min) 208.0:51.0 219.8:440 ns

SWS (TIB) (min) 10.1+154  165+204 p<0.05

Values are mean = SD; SD: standard deviation of mean; REM: REM sleep duration; n.s: not sig-
nificant; SPT: sleep period time; TIB: time in bed
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Fig.2 The figure shows the percentage difference of the mean power
values of non-REM sleep during the total night. Mg?* led to a significant
increase in the delta and sigma frequency range. Black circles show a
significant level of p < 0.05; grey circles show a trend with p < 0.1.

. _____________________________________________________________|]
Table2 Spectral analysis for the distinct frequency ranges (uV?)

Placebo Mg** Treatment

Global effect p<0.05
(Delta [Sigma)

Delta 37862.1+£23241.7 47128.7+21417.7 p<0.05
Theta 5004.5+ 3629.1 5926.2+ 3278.2 n.s.

Alpha 3553.1+ 28394 3940.2+ 2506.2 n.s.
Sigma 1541.0+ 1134.5 1923.0+ 11113 p<0.05
Beta 7269+ 446.5 883.4+ 5025 n.s.

Values are mean = SD; n.s: not significant; SD: standard deviation of mean

(11.8-15.2 Hz); (univariate F-test, p < 0.05) (Table 2, Fig. 2). Qua-
litatively, no changes in the other spectral ranges occurred.

For technical reasons, not all subjects entered the analysis for the
nocturnal hormone secretion. For the first part of the night, 11
subjects, and the second part of the night, 9 subjects entered
the analysis of the nocturnal hormone secretion due to failures
in blood samples.

Because of the relevant physiological differences in nocturnal
hormone secretion in the first compared to the second part of
the night, and also due to the different number of subjects enter-
ing the analysis for both time intervals, we independently per-
formed distinct MANOVA for both intervals. The analysis was
performed using the values ACTH, cortisol, renin and aldosterone
with gender and rank in the sequence of the placebo and verum
night as factors. For the first part of the night, we found a strong
trend towards a global treatment effect resulting from a highly
significant decrease in cortisol concentration and a significant
increase in renin concentration. ACTH and aldosterone were un-
changed. Separate analysis of AVP showed a trend to a decrease,
but no change for ATII during this time interval (Table 3; Fig.3
and 4). In the second part, no significant global effect occurred,
but the renin and aldosterone concentration showed a signifi-
cant increase. AVP and ATII were unchanged during this interval
(univariate analysis, Table 3; Fig. 3 and 4).

Discussion

The major effects of oral Mg2* supplementation in elderly are 1.)
an increase of SWS, 2.) an increase in delta power and sigma

Table3 Effects of Mg?* on nocturnal hormone secretion

Hormone Placebo Mg?* Treatment
1tpart(n = 11) global: F (4,4) = 4.5;
p<0.09
Univariate F-Test
AVP * 0.1+0.07 0.1:0.03 n.s;(p<0.1)
ACTH 26+0.8 24:0.6 F=10.8;n.s.
Cortisol 11.8+3.8 83:24 F=11.2;p<0.02
Renin 1.0+£04 1.6+0.9 F=74;p<0.05
Angiotensin Il * 2.8+ 1.1 2.4+0.7 n.s.
Aldosterone 1.1+£09 3.6+4.7 F=28;n.s.
2 part (n = 9) global: F (4,2) = 1.4;
n.s.
Univariate F-Test
AVP * 0.3+0.1 02+0.09 n.s.
ACTH 63+3.4 8.1:28 F =0.0;n.s.
Cortisol 336+129 355:7.9 F =0.5;n.s.
Renin 1.4+0.7 2113 F=178;p<0.05
Angiotensin Il * 53+19 49:13 n.s.
Aldosterone 29+1.7 104+ 7.6 F =9.9; p<0.05

Values represent the area under the curve for the time from 23.00 h to 2.20 h (first part) and
from 2.20h to 7.00 h (second part). Results are given as ng/ml x min for ACTH, AVP, renin,
angiotensin and aldosterone, ug/ml x min for cortisol. * Blood samples were taken every 60
min for AVP and angiotensin and did not enter the MANOVA; n.s.: not significant
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Fig.3 Time course of nocturnal hormone secretion under placebo
and Mg?*. AVP (a); ACTH (b); cortisol (c); Figure (a) showed a trend to-
wards a decrease of AVP (p < 0.1) throughout the night. No changes in
ACTH (b) secretion occurred. Cortisol (c) is significant reduced after
Mg?* in the first half of the night (p < 0.01). Grey line: Mg2*; Black line:
placebo; # p<0.1; ** p<0.01.

power during non-REM sleep, 3.) a decrease in the concentration
of cortisol during the first part of the night, 4.) an increase of the
renin concentration throughout and of the aldosterone concen-
tration in the second part of the night, 5.) a trend to a decrease
of AVP in the first part, and 6.) no alteration of ACTH and ATII in
any part of the night. The endocrine changes reported here have,
however, only exploratory character, as MANOVA could not re-
veal significant global effects for the endocrine parameters as a
whole, which is due to the design with multiple testing. How-
ever, the results seem highly relevant for the understanding of
the action of Mg?*, especially in the context of the sleep EEG data.

In the present study, we only found a trend towards an increase in
plasma Mg?* concentration, measured using the Roche/Hitachi
911 method, when related to plasma Na*. For the actions observed
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Fig.4 Time course of nocturnal hormone secretion under placebo
and Mg?*. Renin (a); angiotensin Il (b); aldosterone (c); Renin (a) and
aldosterone (c) were significant increased after Mg?* throughout the
night (p < 0.05). No changes in angiotensin Il (b) secretion occurred.
Grey line: Mg?*; Black line: placebo; * p < 0.05.

in the sleep-EEG, the free intracerebral Mg concentration has
been suggested to be relevant. On the one hand it has been shown
that Mg?* enters the brain after an iv bolus injection [33]. On the
other hand, Mg?* is actively transported via the blood-brain barri-
er by an energy-dependent process, leading to a higher intracereb-
ral concentration than that of the plasma [8,57]. Therefore, plasma
Mg?2* concentrations cannot be used to predict the changes in the
CSF concentration [33]. As active transport systems often depend
on Mg?*[57], it might well be that Mg?* administration activates
its own transport via the blood-brain barrier. The possibility that
the described effects are secondary to the endocrine changes after
Mg?* will be discussed later.

Our results on the effect of Mg?* at the sleep EEG agree with the
observation of a decrease of SWS in rats with Mg2* deficiency
[23] and reports of a sleep-stabilising effect of Mg2* in patients
before surgery [81]. A highly positive correlation with the length
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of SWS and the levels of Mg?* in specific brain areas was ob-
served in mice [18]. Furthermore, i.v. Mg?* administration in
healthy young subjects led to an increase of EEG power in the
sigma frequency range of non-REM sleep, which is also in line
with our present findings [59]. On the other hand, no change in
SWS could be observed in our earlier examination, pointing to a
difference between acute and chronic administration. The sub-
jects in both studies had no clinical signs of Mg?* deficiency. A
subclinical Mg?* deficiency, however, could not be ruled out.
The findings also differ from the effect of Mg2* on the sleep of pa-
tients with restless leg syndrome [41], as mainly amelioration in
the sleep continuity, but no change in SWS was observed in this
study. We, of course, explicitly screened for restless leg syn-
drome to exclude this population.

Ageing is associated with decreased sleep continuity, SWS and a
loss of the sleep-dependent increase in spindle incidence and
duration and accordingly power in the sigma frequency range
which predominantly includes sleep spindles [51]. In addition,
there is a reduced activity of RAAS and increased activity of the
HPA system with increasing age [9,38,84]. Mg?* therefore seems
to be able to reverse age related changes in the sleep EEG.

What are possible mechanisms for the pharmacological action of
Mg?*? The voltage-dependent blockage of extracellular Mg?* on
NMDA-gated channel has been thoroughly characterised
[61,72,78]. As the selective NMDA receptor antagonist APV cau-
ses an increase of SWS in cats [46], the non-competitive NMDA
channel blockade by MK 801 intensely stimulates the power in
the delta-frequency range in non-REM sleep [17] and the NMDA
receptor antagonist amantadine leads to an increase in spindle
power in patient with Parkinson’s disease [66]. The effect dem-
onstrated in this study resembles those with NMDA antagonists
and might point to NMDA antagonistic effect of Mg?* on sleep.

Besides the glutamatergic system, the GABAergic system is influ-
enced by Mg?*. Response to the GABA, agonist muscimol is en-
hanced by Mg?* in rat cerebral cortical synaptoneurosomes [73].
Additionally, spontaneous paroxysmal discharges in rat cerebral
cortex induced by omitting Mg2* from the superfusion medium
can be dampened by the GABA, agonist muscimol [40]. Regard-
ing sleep, the GABA, agonists THIP (gaboxadol) increased delta
activity in rats [49,50] and SWS in humans [27]. Also, GABA/ben-
zodiazepine agonists [1] increase the occurrence of sleep spin-
dles. Therefore, the changes in the sleep EEG observed here
might also be a result of a GABAergic action of Mg?*.

Besides NMDA antagonistic and GABA agonistic properties, Mg2*
also has endocrine effects such as an ATIl-antagonistic action
[4,43] and a dampening effect on HPA-system activity [59]. In
the present study, a decrease of cortisol but not ACTH occurred
after chronic oral administration of Mg?*. As a decrease in corti-
sol should lead to an increase of ACTH via an attenuated feed-
back, which we did not find here, the pattern of the present find-
ings must be attributed to a decrease in central (hypothalamic)
HPA system activity. NMDA antagonists also decrease HPA-sys-
tem activity [26,44,45,47]. Together these effects are in line
with an NMDA antagonistic property of Mg?*. Additionally, GA-
BA, agonists increase delta EEG power and SWS [27] and de-
crease HPA-system activity [56], additionally pointing to a possi-
ble influence on GABAergic neurotransmission.

Concerning the RAAS, Mg?* blocks the increase of aldosterone se-
cretion stimulated by ATII in the rat and decreases plasma aldos-
terone concentration while increasing plasma renin activity [43].
Also, Mg2* decreases the AT Il induced aldosterone production of
adrenal cells [3], whereas Mg?* deprivation leads to an enhance-
ment of the increase of intracellular Ca?* response to ATII and
AVP in vascular muscle cells [88]. In our study, we observed an
increase of renin and aldosterone secretion after Mg?* adminis-
tration. The increase of renin is in line with an ATII-antagonistic
effect of Mg?* via an attenuated negative feedback of ATII on re-
nin release [5,74,77]. The observed increase of aldosterone in
our study can not be easily explained. Chronic administration of
aldosterone, however, leads to an enhancement of urinary excre-
tion of Mg?2*[42]. In that respect, an increase of aldosterone
might make sense from a homeostatic standpoint, regulating
Mg?* down to its physiological level in the face of Mg2* loading.

Endocrine changes as cause of sleep EEG changes?

During the first part of the night, the increase in SWS is accom-
panied by a decrease in cortisol, that is, during an interval when
the physiological cortisol concentration is low. During the sec-
ond part, cortisol is unchanged. The decreased concentration of
cortisol during a limited interval should not result in an increase
in SWS, as an infusion of cortisol in young [30] and elderly [10]
subjects lead to an increase in SWS. On the other hand, during
SWS, HPA-system activity is reduced [2,6], pointing to a com-
mon regulatory mechanism for both phenomena [75].

Could the effects on sleep be related to changes in the RAAS? No
influence of mineralocorticoid aldosterone [14] or the mineralo-
corticoid receptor (MR) antagonist spironolactone [76] on sleep
has been reported. However, the MR antagonist canreonoate
leads to a decrease in SWS in humans [12] and furthermore to
an attenuation of the SWS related cortisol suppression [13].
Also, sub-chronic administration of the MR antagonist to elderly
human subjects leads to a hypercortisolism [37]. Therefore, one
could suggest that the increase in aldosterone might be the cause
for the decline in HPA-system activity and the increase in SWS.
As the increase in aldosterone is only significant in the second
part of the night, this interpretation cannot be directly support-
ed, but also cannot be ruled out due to lack of knowledge about
the changes of aldosterone and their influence on sleep. As SWS
is associated with an increase of plasma renin activity [53], a
common regulatory mechanism of Mg?* on SWS and the RAAS
is probable. ATII stimulates the secretion of ACTH by a mecha-
nism that can be blocked by antibodies to CRH and drugs known
to decrease CRH secretion [34]. Apart form that, icv ATII increas-
es CRH mRNA in the rat hypothalamus [79] and stimulates the
secretion of AVP. Both effects could be blocked by the competi-
tive ATII inhibitor saralasin [15]. As Mg?* also has ATII antagonis-
tic effects [3,43], the decreased HPA activity found in our study
might be related to this property. Moreover, as glutamate leads
to an increase of angiotensin receptor mRNA level that can be
suppressed by the NMDA antagonist MK801 in cultured rat cor-
tical cells [54], the ATII antagonistic effects of Mg?* could be
related to its NMDA antagonistic properties.

Regardless of the possible pharmacological action of Mg?*, the
sleep EEG is an indicator of CNS function. It is interesting in this
context that a severe reduction of sleep spindles accompanies
the development of dementia [68], so sleep spindles could be a
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marker for cognitive functioning. The competitive NMDA-recep-
tor antagonist, amantadine, which acts synergistically with Mg?*
on hippocampal neurones, increases sleep spindles in patient
with Parkinson’s disease [66]; studies have shown an improve-
ment of cognitive function in patients with senile dementia [58]
and multiple sclerosis [69] under the treatment with this sub-
stance. The closely related substance, memantine, has been
shown to act synergistically with Mg?* on long term potentiation
(LTP), a model of cognitive function [29]. Good evidence exists
that memantine leads to an improvement of cognitive function
in dementia [24]. An additional argument for an interaction of
Mg?* and cognitive functioning is the finding of a significant cor-
relation between cognitive impairment and the Mg/K ratio in
lymphocytes in subjects with and without dementia [11].

Ageing is associated with changes of non-REM sleep and HPA
system activity similar to those seen in depression
[9,38,39,52,84,75]. Additionally, aging is accompanied by an in-
creased risk of depression [85,87]. In that respect, aging might
partially be a model of depression. Consequently, our finding
presented here could have implications for the treatment of de-
pression. In fact, Mg?* seems to have mood-stabilising properties
[19,25,62]. Interestingly, continued treatment with lithium, the
most well-established mood stabilising medication, results in
raised plasma renin and aldosterone concentrations, which are
positively correlated to serum magnesium [82]. This activation
of the RAAS by lithium resembles the effects of Mg?* supplemen-
tation we described here. Additionally, lithium leads to similar
changes in sleep we observed with Mg?*, especially to an in-
crease in SWS [7,31,48]. Our results therefore support the as-
sumption that Mg2* may be a useful supplementary therapy for
the clinical management of affective disorder.

In summary, we have demonstrated that the oral administration
of Mg?* partially reverses changes in sleep EEG and the endocrine
system that occur during ageing. Mg?* leads to an increase of
SWS and delta and sigma power, an increase in renin and aldos-
terone secretion and a decrease in cortisol and by trend in AVP.
As possible mechanisms of Mg2*, we have discussed an NMDA-
antagonistic, GABA-agonistic or ATIl-antagonist effect. The pres-
ent study presents the possibility that Mg?* might be useful in
ageing-related disorders and, because the similarity effects to
those of lithium, further points to its possible use as a mood sta-
bilizer. Further studies should be performed to test these hypoth-
eses directly.
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