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ARTICLE INFO ABSTRACT
Article history: Magnesium (Mg) has been described to possess an anxiolytic function, but a number of studies present
Received 22 September 2015 inconsistent results on this matter. In this study the effect of Mg deficiency on anxiety-related behavior,
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The animals were put on a control or Mg deficient diet from day 0 and significant hypomagnesaemia
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conventional light regime (white light behavioral test conditions) or reverse light regime (red light behav-
ioral test conditions). The animals were tested in three tests for unconditioned anxiety: the modified
Hole Board (day 14), the light-dark test (day 21) and the elevated plus maze (day 28). Overall integrated
behavioral z-scores were calculated over these three behavioral tests. Mg showed a structure dependent
distribution at the level of the brain, that differed between C57BL/6 substrain and light regime (conven-
tional versus reverse), respectively. Likewise, total brain Mg did differ between substrain and light regime,

but was not affected by the diet. Animals on the Mg deficient diet housed under conventional light regime
had a higher final (day 28) blood plasma corticosterone level as compared to controls. Animals housed
under reverse light regime exhibited no diet effect of plasma corticosterone levels. The significant hypo-
magnesaemia at blood plasma level resulted in an effect of Mg deficiency on avoidance, but not overall
anxiety-related behavior. Significant differences regarding avoidance behavior were found between the
two substrains and light regimes, respectively.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Magnesium (Mg) is of high interest as potential anxiolytic since
it can be applied as a dietary supplement and at a low dose shows
no side effects [1]. Indeed, Mg has been used by man for many
decades to relieve various emotional problems, including anxiety
[2,3]. Since anxiety is an evolutionarily old emotion and neuronal
circuits regulating anxiety are comparable in animals and humans,
mice are regularly being used as models with considerable transla-
tional value in anxiety research [4]. Poleszak and colleagues [5] for
example administered Mg hydroaspartate intraperitoneally (i.p.)
to male albino Swiss mice and the serum Mg level significantly
increased. In the elevated plus maze (EPM) the i.p. injection of Mg
hydroaspartate produced anxiolytic-like effects in these outbred
mice [5]. Orally administered Mg also resulted in anxiolytic effects
in the EPM in two studies by Jahromy et al. [6,7]. Moreover, this Mg
induced anxiolytic-like activity could be antagonized by D-serine
(a selective agonist of the glycineg site of the N-methyl-p-aspartate
receptor complex [8]) and flumazenil (a benzodiazepine receptor
antagonist [9]).

Moreover, in vivo observations indicated that Mg deficiency is
implicated in the pathophysiology of anxiety in mice, although
inconsistent results have been reported. Mg deficiency in C57BL/6]
and C57BL/6NCrl mice increased anxiety-related behavior in the
light-dark (LD) and open field (OF) tests [10,11]. Similar findings
were reported by Muroyama et al. [12]: Mg deficient feeding for
three weeks to male C57BL/6NCrl mice significantly reduced serum
Mg concentrations and mice receiving the Mg deficient diet showed
elevated anxiety-related behavior in the LD after 14 and 21 days;
no effect was found after 7 days. In contrast, Sartori et al. [13,14]
found that Mg deficiency caused anxiogenic behavior in the EPM
in BALB/cAnNCrl mice, but not in C57BL/6NCrl mice. Similarly, no
effect of Mg deficiency was observed by Bardgett et al. when testing
C57BL/6] mice in the LD after 10 days on the diet [ 15]. Also Winther
et al. [16] found no difference in the number of centre entries in
the OF between control and Mg deficient C57BL/6NBomTac mice.
In contrast, Pyndt Jergensen et al. [17] described that a Mg deficient
diet for six weeks decreased anxiety-related behavior in the LD in
C57BL/6NBomTac mice.

There are a variety of possible factors causing the inconsistency
of previous results. We propose to clarify the contradictory mes-
sages of the effects of Mg with a test setup by exposing male mice
of C57BL/6]JOlaHsd and C57BL/6NCrl, two substrains of the widely
used C57BL/6 mouse, to three unconditioned anxiety tests (mod-
ified Hole Board (mHB), LD and EPM). Magnesium deficiency was
induced through the diet and blood plasma samples were assessed
for Mg content to test whether hypomagnesaemia was established.
We decided to not use erythrocyte but rather blood plasma Mg con-
tent as parameter to observe hypomagnesaemia, since in C57BL/6

mice serum or blood plasma Mg content responds better (i.e. higher
absolute effect sizes) to both a high and low Mg diet than red
blood cell Mg content [18,19]. Furthermore, circulating corticos-
terone levels were determined, since this endocrine measure has
been found to induce anxiety-related behavior in laboratory ani-
mals [20]. Additional information could be found in the Mg levels
in different brain areas which inclined us to study the brain Mg con-
tent of the cerebellum (CB), amygdala (AM), prefrontal cortex (CX),
hypothalamus (HT), mesencephalon (ME) and hippocampus (HC).
In a previous study using C57BL/6] and A/] mouse inbred strains,
we found that blood plasma and brain Mg levels were significantly
correlated with several anxiety-related behavioral parameters in
the mHB [21]. This behavioral test offers the possibility to control
for possible confounding motivational factors on anxiety-related
behavior, which is essential for the behavioral charactertization of a
potential anxiolytic, since anxiety-related behavior can strongly be
influenced by other behavioral dimensions like locomotor activity
or exploratory motivation [22,23].

For many years it has been accepted that behavior and physiol-
ogy are influenced by the light/dark cycle [24]. However, the time of
day and light conditions of behavioral testing vary greatly between
studies and are therefore influencing the behavioral results [25].
Mice are nocturnal animals and are in their most active phase in
the dark. Roedel et al. [26] found when testing DBA/2N mice in both
dark and light phase conditions that the animals in the light phase
showed more behavioral inhibition and even cognitive disruption.
Thus testing mice during their active phase is more suitable for
behavioral studies [27]. Since all the reported in vivo Mg deficiency
studies [10-13,15-17] have been performed under white light test
conditions it is important to perform a Mg deficiency experiment
in both red and white light conditions in order to identify a pos-
sible effect of light regime (all the while keeping the time-of-day
of testing constant). Therefore in order to exclude any effect of the
light regime on anxiety-related behavior, were the male mice in this
study housed under either conventional (i.e. behaviorally tested in
white light conditions) or reversed (i.e. behaviorally tested in red
light conditions) light-dark cycle.

Finally, Guilloux et al. proposed the use of integrated behavioral
z-scores as a sensitive and reliable method to present behavioral
results in mice phenotyping [28]. This validated method can be
used to combine data from different behavioral tests that study
the same behavioral dimension (in this case anxiety-related behav-
ior) and can potentially strengthen some susceptible behavioral
parameters. In this study data from the mHB, LD and EPM was
assessed using this method and results in an overall z-score describ-
ing anxiety-related behavior, exploration and locomotion across
the three behavioral tests.
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2. Materials and methods
2.1. Ethical statement

The protocol of the experiment was peer-reviewed by the sci-
entific committee of the Department of Animals in Science and
Society (Utrecht University, The Netherlands) and approved by the
Ethics Committee for Animal Experiments of the University Medi-
cal Center Utrecht and Utrecht University, Utrecht-The Netherlands
(approval number: 2010.1.11.241). Further, the animal experiment
followed the Dutch ‘Code on Laboratory Animal Care and Welfare’'.
The present animal study is reported in accordance with the ARRIVE
guidelines (Animal Research: Reporting of in vivo Experiments:
http://www.nc3rs.org.uk/arrive-guidelines).

2.2. Animals and housing

This study consists of n=57 naive male C57BL/6]OlaHsd (here-
after referred to as B6]) and n=56 male C57BL/6NCrl (B6N)
mice housed under a conventional light regime (lights on:
7:00AM-7:00PM). Additionally, a group of n=47 naive male B6J
and n=48 B6N was housed under a reversed light regime (lights on:
7:00PM-7:00AM). The SPF (Specified Pathogen Free) animals were
obtained from Harlan Laboratories BV (Horst, The Netherlands;
B6]) and Charles River Laboratories (Saint-Germain-sur-I'’Arbresle,
France; B6N). Upon arrival, the animals were 4-6 weeks of age and
were housed individually in a wire topped Euro-standard Type Il L
cage (Tecniplast, Buguggiate, Italy) provided with bedding material,
tissues and a shelter. The animals were housed under standard con-
ditions and had ad libitum access to food and demineralized water
to avoid consumption of additional Mg from normal drinking water.
Drinking water was refreshed two times a week.

2.3. Experimental procedure

During the habituation period (day of arrival until day 0; Fig. 1)
all mice were placed on the control diet (Diet# 98341, Harlan
Teklad, Madison, WI, USA). The animals were handled for a few
minutes four times a week by the person who also performed the
behavioral tests. Handling included picking up the animal at the
tail base, placing it on the arm and restraining it by hand for a few
seconds.

One day prior to start of the experimental period (day —1) and
on days 12 and 19 blood samples of all mice were taken by tail
incision and were collected in pre-chilled lithium-heparin-coated
microvette tubes (CB300, Sarstedt, Niimbrecht, Germany) in order
to determine plasma Mg level. On day O the mice were divided
into a control (conventional light regime: B6] n=24, B6N n=23;
reverse light regime: B6] n=23, B6N n=24) and test group (con-
ventional light regime: B6] and B6N n=33; reverse light regime:
B6J and B6N n = 24) with randomized cage position. The control ani-
mals remained on the control diet (containing 1.7 g of MgO/kg food;
i.e. ~0.1% w/w Mg2*), whereas the test animals were transferred to
a Mg deficient diet (Diet# 93106, 0.0015-0.003% w/w Mg?*, Har-
lan Teklad) similar to Bardgett et al. [15]. We decided to choose a
purified control diet that was prepared on the basis of formulations
suggested by the American Institute of Nutrition [29], but that offers
two times more Mg than the minimum dietary Mg requirements. In
fact our Mg adequate diet had a dietary Mg concentration between
that of Refs. [10,11,13] and Ref. [12]. The accompanying Mg defi-
cient diet was prepared with sucrose instead of MgO. By using these
two diets we meet a basic rule of experimental design: all vari-
ables should be controlled except that due to the treatment [30].
Mice were selected by a computerized randomization program that
ensured that the distributions of blood plasma Mg level and body
weight at day —1 for control and test group were comparable.

Behavioral experiments were performed on days 14 (mHB), 21
(LD) and 28 (EPM) between 10:00AM and 2:00PM throughout to
minimize any effects of a circadian activity rhythm. The weight gain
of the animals was monitored. Following the last behavioral test
(EPM), the animals were euthanized by decapitation thirty minutes
after the test. Trunk blood was collected in lithium-heparin coated
tubes (Minicollect tubes, Greiner Bio-One GmbH, Kremsmdiinster,
Austria). The plasma was collected in Micro tubes and stored at
—20°C for Mg and corticosterone determination. The brains of
the animals were removed and were manually dissected into six
parts containing the following core structures: cerebellum (CB),
hippocampus (HC), prefrontal/medial cortex (CX), amygdala (AM),
hypothalamus (HT), and mesencephalon (ME). Dissections were
performed based on a rapid method described by Gispen et al.
[31]. Dissected structures were weighed, kept in separate pre-
chilled Microtubes and stored at —80 °C until analysis. A schematic
overview of the experimental protocol is shown in Fig. 1.

2.4. Biochemical analyses

Mg and corticosterone levels in lithium-heparin plasma were
determined as described in Laarakker et al. [21]. Magnesium in the
brain structures was determined by atomic absorption spectrom-
etry as described before [21]. Total brain Mg concentration in each
mouse was calculated as the sum of the products of Mg concentra-
tion (in wmol/g dry weight) and dry weight per structure divided
by the total dry weight of all structures.

2.5. Behavioral testing

2.5.1. mHB (day 14)

The mHB combines the features of an OF, a hole board test and a
LD. A detailed description of the test set-up can be found in Labots
et al. [32]. In the conventional light regime, a stage light above the
mHB lit the board to induce a light intensity difference of about
3001x between the protected area (1501x, box) and the unpro-
tected area (450 1x, board). The light intensity difference was about
1151x in the reverse light regime, where the board was lit with
1201x and the Box 1-51x. The animals were free to explore the
arena for 5min. Several parameters being indicative for anxiety-
related behavior, exploration and locomotion were scored by a
trained observer using the program Observer 5.0 (Noldus Informa-
tion Technology, Wageningen, The Netherlands). The tests were
also videotaped for raw data storage. An overview of the parame-
ters can be found in Supplementary Table A.1. The apparatus was
cleaned with water and tissues between every trial to avoid a bias
based on mice olfactory cues.

2.5.2. LD (day 21)

The apparatus was a Plexiglas box consisting of a small
(15 x 20 x 25cm, 1 x w x h) dark compartment with black walls and
black floor, connected by a transparent tunnel (5.5 x 6 x 9.5 cm,
I x w x h) to alarge (30 x 20 x 25cm, | x w x h) light compartment
with white walls and floor, brightly illuminated by white stage
light (~6501x). The dark compartment had a light intensity of ~5 Ix
under red light conditions and ~25 Ix under white light conditions.
The equipment is without a ceiling. In the experiment, mice were
transferred from their home cage to the LD and were placed into
the dark compartment facing away from the opening (tunnel). The
mice were allowed to move freely between the two chambers for
5 min. Behavior was immediately scored by a trained observer using
the program Observer 5.0. The tests were also videotaped for raw
data storage. An overview of the parameters measured can be found
in Supplementary Table A.1. The apparatus was cleaned between
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Fig. 1. Schematic overview of the experimental protocol. The animals housed under a conventional light regime underwent 21 days of habituation. The animals housed

under reversed light regime underwent 14 days of habituation.

trials with tap water and tissues to avoid a bias on mice olfactory
signals.

2.5.3. EPM (day 28)

The EPM was made of grey PVC and consisted of a central plat-
form (6 x 6 cm), two open arms (28 x 6 cm) and two enclosed arms
with side and end walls (28 x 6 x 16 cm). A stand base raised the
whole apparatus 84 cm above the floor level. 75 Ix illumination level
by white light in the conventional light regime and 1-5 Ix illumina-
tion level was provided by a red light for the reverse light condition
on the EPM. Testing procedure was the same as described above for
the LD test, except that mice were placed in the center of the EPM
facing a closed arm as a starting position. When the animal placed
all four paws within each arm or in the center the term “entry” was
used. Several parameters were measured by the trained observer
indicative for: avoidance behavior, risk assessment, locomotion,
general exploration and arousal/de-arousal. Behavior was immedi-
ately scored by a trained observer using the program Observer 5.0.
The tests were also videotaped for raw data storage. An overview of
all EPM parameters can be found in Supplementary Table A.1. The
apparatus was cleaned with water and tissues between every trial
to avoid a bias based on mice olfactory cues.

2.6. Statistical analyses

All statistical analyses were carried out according to Field [33],
using an IBM® SPSS® Statistics for Windows, version 22 (IBM Corp.,
Armonk, N.Y., USA) computer program, and paying attention to
the assumptions that underlie the various statistical procedures.
Two-sided, exact (i.e. for the nonparametric tests) probabilities
were estimated throughout. The data were summarized by means
and 95% confidence intervals (CI). To assess the consistency of
behavioral performance over time and related assays and to obtain
comprehensive and integrated measures in each group, the data
for the different behavioral dimensions were normalized using a
z-score methodology. Details and rationale have been described

by Guilloux et al. [28]. However, for our data we used a slightly
modified methodology: i.e. instead of normalizing to a compari-
son group we normalized to the pooled data (all the animals taken
together). Thus, z-scores calculate how many standard deviations
(o)anobservation (X)is above or below the mean of the pooled data
(1): z=(X—p)/o; Xrepresents the individual data for the observed
parameter; u and o represent the mean and the standard devia-
tion for the pooled data of that observed parameter, respectively.
First we calculated z-scores for each behavior test measure. The
directionality of scores was adjusted so that increased score values
reflected increased values for that behavioral dimension. Table A.1
gives an overview of the different behavioral parameters per behav-
ioral test. Second, each individual’s z-score was calculated within
behavioral tests (mHB, LD, or EPM) by averaging the z-scores of the
behavior test measures. Third, an overall z-score was obtained for
each animal by averaging values across behavioral tests.

The Kolmogorov-Smirnov one-sample test was used to check
Gaussianity of the data. This was done per experimental group
and led to the conclusion that several parameters were not nor-
mally distributed. All experimental groups of these non-normal
distributed parameters were rank-transformed. Brain structure
and blood plasma Mg data were tested for significant differ-
ences by repeated measures analysis of variance (ANOVA) with
main between-subject factors substrain, dietary treatment and
light regime and main within-subject factor brain structure (brain
structure data) or time (blood plasma Mg data). The choice of a mul-
tivariate instead of a univariate statistic in the repeated measures
ANOVA was based on the criteria given by Algina and Keselman
[34]. In case of multivariate repeated measures ANOVA, tests of
significance were derived using the Wilk’s \ criterion. In case of
univariate repeated measures ANOVA violations to sphericity were
addressed with a Huynh-Feldt correction to degrees of freedom.
Body weight, total brain Mg concentration and blood plasma cor-
ticosterone level were compared with a three-way ANOVA with
main factors substrain, dietary treatment and light regime. Since the
difference in body weight gain between the dietary groups can
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have an effect on behavior, an analysis of covariance (ANCOVA)
was performed with substrain, dietary treatment and light regime as
main factors and body weight gain as covariate for the integrated
behavioral z-scores. For all ANOVA’'s/ANCOVA'’s, homoscedastic-
ity was tested by the Levene’s test, which is a powerful and
robust test based on the F statistic. The variances should be sim-
ilar and the within-group data should be normally distributed.
If it was not possible to fulfill these criteria, the parameter in
question was rank-transformed. Post hoc comparisons for normally
distributed data were performed with the paired (within-subject
post hoc comparisons) or unpaired Student’s t test (between-
subject post hoc comparisons). The unpaired Student’s t tests were
performed using pooled (for equal variances) or separate (for
unequal variances) variance estimates. The equality of variances
was tested with the Levene’s test. For the unpaired Student’s t
test with separate variance estimates, IBM® SPSS® Statistics uses
the Welch-Satterthwaite correction. Post hoc comparisons for non-
normally distributed data were performed with the Wilcoxon
matched-pairs signed ranks test (within-subject post hoc compar-
isons) or Wilcoxon-Mann-Whitney test (between-subject post hoc
comparisons). Post hoc comparisons for the behavioral data were
performed with an ANCOVA between the different groups.

To estimate the relative magnitude of the differences between
the control and Mg deficient diets, Cohen’s d effect size coeffi-
cients may be used. The Cohen’s d score is here defined as the
difference between the means of a variable between the test (Mg
deficient) and control (Mg adequate) mice divided by the pooled
SD. Between the Cohen’s d score for the LD-parameter ‘latency until
the first entrance to the light compartment’ and ‘difference in dietary
Mg concentration between control and test diet’ or ‘day of behavioral
testing’, Spearman coefficient of rank correlation (Rs) was calcu-
lated; significance was assessed by a two-tailed test based on the
t statistic. Selected associations (Spearman’s Rg) were also calcu-
lated between integrated behavioral z-scores, blood plasma Mg and
corticosterone levels, and brain (structure) Mg concentration.

To take the greater probability of a Type I error due to multi-
ple hypotheses into account, a more stringent criterion should be
used for statistical significance (i.e. for the ANCOVAs between two
groups, paired and unpaired Student’s t tests, Wilcoxon matched
pairs signed ranks tests and Wilcoxon-Mann-Whitney tests). We
approached this problem by calculating a so-called Dunn-Sidak
correction (=1 —[1—0.05]"/Y; y =times a group is used in a com-
parison). Calculating numerous correlations also increases the risk
of aType I error. To reduce this, the level of statistical significance of
Spearman correlation coefficients were adjusted by using also the
Dunn-Sidik method (ax=1-[1-0.05]"/15~0.003414; 15=total
number of parameters used for correlations). In all other cases
- including the correlation between the Cohen’s d score for the
LD-parameter ‘latency until the first entrance to the light compart-
ment’ and ‘difference in dietary Mg concentration between control and
test diet’ or ‘day of behavioral testing’ — the probability of a Type I
error <0.05 was taken as the criterion of significance.

3. Results
3.1. Mortality

No mortality had occurred in this study until day 19. Six animals
(B6J test: n=1, B6N test: n=5) housed under the conventional light
regime died before LD testing and nine animals (B6] test: n=3 and
B6N test: n=6) before EPM testing (after LD testing). Additionally,
one animal (B6N test) under the conventional light regime showed
epileptic-like seizures and could not perform in the LD experiment.
Two animals (B6] test) housed under the reversed light scheme died
before EPM testing (after LD testing). Some of the animals were

found dead in their cages without any clinical indication, but others
showed lethal tonic-clonic seizures. No mortality was observed in
the control groups.

3.2. Body weight

3.2.1. Conventional light regime

During the habituation period and a part of the experimen-
tal period (until day 12) body weight of control and test animals
increased in an identical fashion for both B6] and B6N (data
not shown). On the last day of testing, the Mg deficient animals
weighed 14.5% and 19.5% less for B6] and B6N respectively com-
pared to the control animals (B6]: 22.4 g 95%CI [21.9-22.9], n=32
vs. 26.2g 95%CI [25.6-26.8], n=24; P<0.0000005 unpaired Stu-
dent’s t test and B6N: 24.4¢g 95%CI [23.5-25.2], n=22 vs. 30.3¢g
95%ClI [28.6-32.0], n=23; P<0.0000005 unpaired Student’s t test
with Welch-Satterthwaite correction).

3.2.2. Reverse light regime

During the habituation period and a large part of the exper-
imental period (until day 21 for B6J and day 28 for B6N) body
weight of control and test animals increased in an identical fash-
ion for both B6] and B6N (data not shown). On the last day of
testing, the Mg deficient animals weighed 13.2% and 8.2% less
for B6] and B6N respectively compared to the control animals
(B6J: 27.0 g 95%CI [25.9-28.1], n=23 vs. 31.1g 95%CI [30.1-32.0],
n=23; P=0.000001 unpaired Student’s t test and B6N: 27.9 g 95%CI
[27.1-28.7],n=24 vs. 30.4 g 95%CI [29.2-31.6], n=24; P=0.000851
unpaired Student’s t test with Welch-Satterthwaite correction).
Thus, as a consequence, body weight gain was significantly influ-
enced by the dietary factor.

3.2.3. Conventional vs. reverse light regime

Panels A and B from Fig. 2 summarize the initial body weights
(day 0) and weight gains over the 28 experimental days, respec-
tively. The initial weights were different between substrains and
light regimes (three-way ANOVA, Supplementary Table A.2). In
addition, the weight gain was influenced by the Mg deficient diet.
The animals on this diet had a significant lower weight gain com-
pared to controls in both substrains and under both light regimes.
However, the diet effect was more pronounced with the conven-
tional than the reverse light regime (Supplementary Tables A.2 and
A3).

3.3. Physiological parameters

3.3.1. Brain wet weight

Under both light regimes, control and test groups demonstrated
similar absolute brain wet weights in both B6] and B6N (Fig. 2, panel
C; Supplementary Tables A.2 and A.3). In contrast, relative brain wet
weights of Mg deficient mice were significantly higher. This was
most likely caused by the significantly lower body weight of the
test animals at the end of the experiment. Comparing the two light
regimes showed a higher absolute and relative brain wet weight
for the B6N animals housed under a reversed light regime (Fig. 2,
panels C and D).

3.3.2. Brain Mg level

In the post hoc comparisons the concentration of Mg in the total
brain was not significantly influenced by the diet in both B6] and
B6N housed under conventional or reverse light regime, but the
ANOVA revealed a dietary treatment effect (Fig. 3; Supplementary
Tables A.4 and A.5). When housed under a reverse light regime,
the B6N had a higher total brain Mg than the B6] mice. Brain Mg
showed a structure dependent and light regime dependent distri-
bution (Fig. 3). Under a reverse light regime Mg level in CB (B6N
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Fig. 2. Body weight, brain wet weight and plasma corticosterone of male B6] and BEN mice on either Mg normal (control) or Mg deficient (test) diet housed under conventional
or reversed light regime. Results are presented as means with 95% CI. Bars in white area = conventional light regime, bars in grey area=reverse light regime. Effects were
significant in the ANOVA when P<0.05. S indicates significant effect of C57BL/6 substrain; D, significant effect of dietary treatment; L, significant effect of light regime; SxL,
DxL and SxDXL, significant interaction. * = Significant difference (P<0.016952) in post hoc comparison.

only), HC (all groups), CX (B6] control and B6N) and HT (all groups)
were higher when compared to the conventional light regime coun-
terparts. The opposite became evident in the AM (B6]J only), where
the Mg level was lower in the reversed light regime. Total brain Mg
was significantly higher under a reverse compared to a conven-
tional light regime. Additionally, the repeated measures ANOVA
revealed a dietary treatment effect, albeit that this Mg effect was
only significant in the HT and ME for the B6] mice housed under
conventional lighting and AM in B6] under reversed light regime in
the post hoc comparisons.

3.3.3. Plasma parameters

The effect of the Mg deficient diet fed for 28 days on the
plasma Mg concentration is shown in Fig. 4. There were significant
dietary treatment, time and dietary treatment by time interaction
effects (Supplementary Table A.6). After twelve days (i.e. before
the first behavioral test) the Mg concentration in blood plasma
was on average significantly decreased by the Mg deficient diet to
approximately 34% (B6J-conventional; Fig. 4, panel A), 29% (B6N-
conventional; Fig. 4, panel B), 26% (B6]-reverse; Fig. 4, panel C) and
31% (B6N-reverse; Fig. 4, panel D) of control levels.
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The endocrine stress response was evaluated by measurement
of the plasma corticosterone level on the last day of the experi-
ment. The data is presented in panel E from Fig. 2. For P values see
Supplementary Tables A.2 and A.3. The animals housed under the
conventional light regime on the Mg deficient diet had a higher cor-
ticosterone concentration in their plasma compared to the control
counterparts, albeit that this treatment effect was only significant
in the B6N mice. The effect of light regime was clearly reflected
in the corticosterone levels in the test animals under both light
regimes. The test animals under conventional light regime had a
higher corticosterone level in their plasma compared to the test
animals under reversed light regime. The control animals showed
no difference between light regimes.

3.4. Integrated behavioral z-scores

The (adjusted) results for overall integrated behavioral z-scores
for anxiety-related behavior, exploration and locomotion averaged
from the behavioral tests are summarized in Fig. 5. Regarding
anxiety-related behaviors (avoidance, risk assessment and arousal)
there were substrain, light regime effects and dietary treatment
effects. Table A.7 shows the adjusted and unadjusted means with
the 95% CI. Tables A.8 and A.9 provide an overview of the results
(P values) from the three-way ANCOVA (with main factors sub-
strain, light regime and dietary treatment and covariate body
weight gain) and post hoc comparisons. For avoidance, risk assess-
ment, arousal and exploration there was a C57BL/6 substrain effect.
Except for avoidance there was a light regime and substrain by
light regime interaction effect for each behavioral dimension. B6N
control animals showed a higher locomotion in the reversed light
regime compared to their counterparts under the conventional
light regime (Fig. 5, panel F). An overall diet effect was found for
avoidance behavior (Fig. 5, panel B) and exploration (Fig. 5, panel
E); there was a substrain by dietary treatment by light regime inter-
action for arousal (Fig. 5, panel D) and exploration (Fig. 5, panel E).
In the post hoc comparisons, the diet effect in exploration behavior
was evident in B6] mice housed under a conventional or a reverse
light regime.

3.5. Correlations

For individual mice the associations between the integrated
behavioral z-scores and Mg levels in blood plasma, total brain
and the different brain structures were studied; as well as cor-
relations between the z-scores and blood plasma corticosterone
concentration. In addition the relationship was studied between
plasma Mg or corticosterone level and Mg concentration in total
brain and the different brain structures (Table 1). There were no
significant correlations between the two blood plasma parameters
and the integrated behavioral z-scores. Except for ME, there were
significant correlations between brain Mg concentration and one
or more integrated behavioral z-scores. The strongest correlations
were found between anxiety and CB-Mg, avoidance and total brain-
Mg, risk assessment and HC-Mg, arousal and HC-Mg, exploration
and total brain-Mg, locomotion and CB-Mg. Blood plasma Mg and
corticosterone levels were significantly negatively correlated.

4. Discussion

In order to explore potential causes for the inconsistencies
regarding the role of Mg in anxiety-related research in mice, this
experiment compared the animals in two different light regimes,
induced Mg deficiency in a similar fashion as others did via the
diet [15], and compared two substrains of the C57BL/6 mouse.
As a result, a clear hypomagnesaemia was established in animals
exposed to the Mg deficient diet from day 12 onwards (Fig. 4).

Both basal levels and time course of plasma Mg of control and test
C57BL/6 mice, respectively, were comparable to that reported by
other researchers [10,15,35].

A number of animals on the Mg deficient diet died in the present
study, showing signs of epilepsy-like seizures. Notably, it has been
reported that Mg deficiency can be associated with sudden death in
mice [36]. Also, from the first half of the previous century on, mice
on a Mg deficient diet were described to show tremors, hyperre-
activity, myoclonic spasms and tonic clonic seizures within two
weeks of the start of administration [37]. Since then, Mg deficiency
in mice was used as a model to study (audiogenic-) seizures [38].
More recent studies describing anxiety-related behavior in Mg defi-
cient mice do not mention any mortality observed in their studies,
except for one study: Singewald et al. [10] not only mentioned
mortality, but signs of severe hypomagnesaemia and, therefore,
induced a milder Mg deficiency (i.e. 45% reduction) as compared
to Bardgett et al. [15] (76% reduction), Muroyama et al. [12] (65%
after 21 days) and the current study (70-74%). The Mg content of
the Mg adequate and Mg deficient diet of the different studies varies
between 0.05-0.24% and 0.0015-0.005%, respectively (Table 2).
This might give an explanation as to the inconsistent results found
between the studies. Fig. 6 shows the results (i.e. the quantified rel-
ative difference, Cohen’s d, between mice on a Mg deficient and Mg
adequate diet) for the LD-parameter ‘latency until the first entrance
to the light compartment’ for the various studies; this parameter
is independent from the duration of the behavioral test. However,
this figure suggests that there is neither a clear relationship of ‘the
difference in dietary Mg concentration between control and test diet’
and the Cohen’s d (Rs=-0.173, P=0.656, n=9) nor between ‘day of
behavioral testing’ and the Cohen’s d (Rs=0.136, P=0.728,n=9).

Interestingly, mortality in the present study mostly occurred in
animals housed under a conventional light regime (23% vs. 4% mor-
tality, Section 3.1). Further, corticosterone levels in the final blood
sample revealed a treatment effect in animals housed under con-
ventional light regime in that mice on a Mg deficient diet showed
an increased corticosterone level as compared to control animals
(Fig. 2, panel E). Since the light phase is the resting phase for mice, it
may be suggested that Mg-deficient mice were especially sensitive
to disruptions of their resting phase by behavioral testing.

Furthermore, Mg deficient animals had a lower body weight at
the end of the experiment, which has also been described previ-
ously [10,12,16,35]. The weight gain reduction in the Mg deficient
group (Fig. 2, panel B) may be due to suppressed appetite [39], a
change in gut microbiota [16,40] and/or altered energy metabolism
[41]. There also was a difference in weight gain between the two
light regimes, in that animals gained less weight when housed
under the conventional light regime (Fig. 2, panel B). This obser-
vation underlines the hypothesis that disruption of the animals’
resting phase may have made them more receptive to the effects
of Mg deficiency. Since the difference in weight gain due to the
dietary treatment has been established and might have an influ-
ence on behavioral outcome, was weight gain used in the inferential
statistical analysis as a covariate. In order to rule out this effect,
future studies might make use of pair-fed controls [30,42]. Also,
re-analysis of older studies using this covariate might give a better
insight on the inconsistency in results.

In corroboration with Belknap et al. [43] we found that Mg defi-
ciency had no effect on absolute total brain wet weight (Fig. 2, panel
C). Further, in the present study, control and test mice had similar
total brain Mg levels (Fig. 3), a finding that has been reported before
for C57BL/6] mice [44]. Belknap et al. [43] and Chollet et al. [18]
noted that Mg deficient C57BL/6] mice showed significantly lower
total brain Mg concentrations as compared to control animals. The
lack of effect of Mg deficiency on total brain Mg levels in our study
might be due to the genetic background of the C57BL/6 substrains
used: as described before for C57BL/6] mice [18], central Mg has
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Fig. 5. Integrated behavioral z-scores for male B6] and B6N mice on either normal (control) or Mg deficient (test) diet housed under conventional or reversed light regime.
Results are presented as means with 95% CI. Values based on conventional regime B6]J control: n=23, test n=29, B6N control: n=23, test n=18, reverse light regime B6]
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S, significant effect of C57BL/6 substrain; D, significant effect of dietary treatment; L, significant effect of light regime; SXL and SxDxL, significant interaction. * = Significant

difference (P<0.016952) in post hoc comparison.

also been found to display a highly structure-specific distribution
in the B6J and B6N substrains. Moreover, we found evidence that
this distribution is substrain specific (Fig. 3).

Mg deficient B6N mice, but not B6] animals, under a con-
ventional light regime showed significantly increased plasma
corticosterone levels compared with their counterparts fed a Mg
adequate diet (Fig. 2, panel E). In contrast, Singewald et al. [10]
found that plasma corticosterone levels in male B6N mice - also
under a conventional light regime - did not differ significantly

between control and test groups. There also was a significant,
negative association between plasma Mg and corticosterone con-
centration (Table 1). However, since there were no significant
associations between the integrated behavioral z-scores or cen-
tral Mg content and blood plasma corticosterone level (Table 1),
we feel that plasma corticosterone is not a valuable biomarker
for Mg depleted induced changes. Since exogenous administra-
tion of corticosterone has been found to influence behavior in
C57BL/6 mice [45,46] we feel that corticosterone is a media-
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Selected associations (Spearman’s Rs) between integrated z-score mHB parameters, blood plasma Mg and corticosterone levels, and brain Mg concentration.

Integrated behavioral z-score/Blood plasma parameter Brain Mg

Blood plasma

Brain structure

CB HC X AM HT ME Total corticosterone Mg

Anxiety -0.290 —0.046 -0.143 —0.046 -0.128 -0.171 -0.256 -0.153 -0.015
Avoidance -0.319 -0.423 -0.271 0.204 -0.271 —-0.145 -0.465 —0.007 —0.030
Risk assessment 0.211 0.618 0.412 -0.322 0.371 0.047 0.444 -0.207 0.135
Arousal -0.227 —0.409 -0.379 0.175 -0.313 —0.069 -0.348 0.148 —0.106
Exploration 0.333 0.408 0.220 —-0.105 0.242 0.184 0.475 —-0.037 0.056
Locomotion 0.287 0.117 0.160 -0.159 0.137 0.062 0.257 —0.004 —0.059
Plasma Mg —0.012 0.088 0.156 0.096 0.296 0.224 0.111 -0.321 -
Plasma corticosterone 0.166 -0.177 —0.064 —0.042 —0.282 -0.121 —0.007 - -

Association based on 153-189 animals. Significant (P<0.003414) Spearman’s Rs are indicated in bolditalic characters. Blood plasma samples were obtained from trunk blood

(day 28).

Table 2

Dietary magnesium concentration of the experimental diets used by different research groups.

Reference

Experimental diet (Mg content)

Name of the diet (supplier)

Dietary Mg concentration

Singewald et al.
[10] & Sartori et al.
[11,13]

Muroyama et al.
[12]

Bardgett et al. [15]
& [This study]

Winther et al. [16]
& Pyndt Jergensen
etal.[17]

Control

Test

Control

Test

Control

Test

Control

Test

(High Mg)

(Low Mg)

(Normal Mg)?

(Low Mg)

(Moderate Mg)

(Low Mg)

(High Mg)

(Low Mg)

ssniff® EF R/M Control (Ssniff Spezialdiiiten GmbH, Soest,
Germany)

ssniff® EF R/M Magnesium deficient diet (Ssniff
Spezialdidten GmbH, Soest, Germany)

AIN-93G (Oriental Yeast Co., Ltd., Tokyo, Japan)

AIN-93G, but in mineral mix sucrose instead of magnesium
oxide (Oriental Yeast Co., Ltd., Tokyo, Japan)

TD.98341 Magnesium Control Diet

TD.93106 Magnesium Deficient Diet (Harlan Teklad,
Madison, WI, USA)

Altromin Standard diet 1324 rats/mice—maintenance diet

(Altromin Spezialfutter GmbH & Co. KG, Lage, Germany)

ssniff® EF R/M Magnesium deficient diet (Ssniff
Spezialdidten GmbH, Soest, Germany)

~0.21% Mg

~0.005% Mg

~0.05% Mg

~0.004% Mg

~0.1% Mg

~0.0015-0.003% Mg

~0.24% Mg

~0.005% Mg

3 Normal Mg content = recommended minimum requirement for dietary Mg [29].
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tor of behavioral effects. A close association of Mg with the
renin-angiotensin-aldosterone system has been described [47,48]
and Franklin et al. [49] suggest that plasma aldosterone levels or the
plasma aldosterone to corticosterone ratio may represent an early
indicator of the development of depression. Maybe plasma aldos-
terone could also serve as an early indicator for the development of
anxiety-related behavior. Thus in future studies aldosterone should
also be determined besides blood plasma corticosterone.

While in the literature anxiety-modulating mechanisms of mag-
nesium has been hypothesized [5,8-12,50], our present results
designated that a Mg deficient diet did affect avoidance behavior
in mice when compared to a non-Mg deficient diet (Fig. 5, panel
B), but not overall anxiety-related behavior (Fig. 5, panel A). We
do consider the choice of mouse strains or general experimental
design unlikely to be causal for this lack of treatment effect since
both substrains responded in a similar fashion to the dietary treat-
ment. Additionally, for our study we chose C57BL/6 mice (i.e. mice
from the substrains C57BL/6]JOlaHsd [B6]] and C57BL/6NCrl [B6N],
respectively) as animal model, because they have been reported to
belong to the fourth quartile (‘low anxious’) of the phenotypic anx-
iety spectrum [21] and have been used in previous Mg deficiency
studies on anxiety-related behavior of mice [10-12,15]. Regarding
the behavioral testing regime, the tests were conducted starting
with the least invasive one, followed by one week rest between
experiments in order to avoid any ‘carry over effects’ or have altered
the results of subsequent testing [51].

The lack of alteration in other anxiety-related parameters in
behavioral tests, however, is conceivably not accidental since the
results for anxiety-related parameters of the three tests are in line
with each other (data not shown). In this study the data is rep-
resented as integrated behavioral z-scores, combining parameters
from behavioral dimensions over three different tests. For pos-
sible confounding factors concerning the inconsistency between
the effect of Mg deficiency on anxiety-related behavior, we can
now exclude the effect of the light regime. Even though this study
shows large effects of light regime on anxiety-related behavior,
exploration, locomotion and even weight gain (Figs. 2 and 5), the
behavioral effect of diet was observed only in avoidance and explo-
ration. Similarly, the two substrains gave different results for these
behaviors, weight gain and Mg brain levels, but both responded -
with the exception of avoidance and exploration - to the dietary
treatment in a comparable fashion.

For the present study the effects of light regime are a combi-
nation of circadian, sleep-wake related, and illumination level (in
combination with type of light: white or red) effects. The pure
effects of these factors on behavior of C57BL/6 mice in anxiety
paradigms have been studied before. Both circadian phase and
behavioral test illumination effects have been studied for example
by Post et al. [52] regarding OF and EPM behavior of C57BL/6 and
BALB/c mice. Whether the mouse is awake or asleep when removed
from the home cage for (behavioral) testing can influence the test
results. Several studies have been performed to study the effects of
sleep fragmentation or disruption. E.g. Ramesh et al. [53] described
that male C57BL/6 mice exposed to sleep fragmentation were more
anxious in the EPM than their counterparts having control sleep
conditions. Interestingly, Chollet et al. [ 18,44 ] described a relation-
ship between central Mg level and sleep quality. We found that the
light regime has an effect on central Mg content i.e. on total brain-,
HC-, CX-, AM- and ME-Mg level (Fig. 3).

Having ruled out substrain and light regime as possible con-
founding factors, the influence of body weight gain and two
other possibilities explaining the inconsistencies remain: appara-
tus design and/or the microbiotic status of the animals. Most studies
looking into Mg deficiency on behavior, performed the LD exper-
iment [10-12,15]. However, there is no consensus concerning the
apparatus design. For instance the size of the boxes varies between

research groups [54]. In our study and Bardgett et al. [15] the dark
versus light compartment ratio was 1:2, whereas in Singewald et al.
[10], Muroyama et al. [12] and Sartori et al. [11] this ratio was 1:1.
Kulesskaya and Voikar [55] showed that the difference in equip-
ment and procedure indeed influences the approach-avoidance
behavior of the animals. In the same line, it is not unlikely that these
differences in apparatus dimensions influenced the LD data. Simi-
larly, effects of apparatus design for the EPM have been described
[56].

Strong pre-clinical evidence (reviewed in e.g. Refs. [57-59]) sug-
gested that gut microbiota have an important role in bidirectional
interactions between the gut and the nervous system and may in
turn influence behaviors including anxiety. Diet is one of the most
important factors shaping the microbial diversity of the gut [59].
For instance dietary magnesium deficiency affects gut microbiota
composition in C57BL/6 mice [16,17,35], especially the concentra-
tion of bifidobacteria in the gut was affected [35]. Savignac et al.
|60] reported that these bacteria influence anxiety-related behav-
ior in male BALB/c mice. Sartori etal.[11], Muroyamaetal.[12] and
we [this study] tested male SPF mice of the B6N inbred strain and
obtained these mice from Charles River Laboratories. Although the
vendor was the same, the breeding facilities from where the mice
have been obtained were not: Sartori et al. [11] Sulzfeld (Germany),
Muroyama et al. [12] Atsugi (Japan), Labots et al. [this study] Saint-
Germain-sur-I'’Arbresle (France). As a consequence the starting (i.e.
alpha) microbiota diversity will differ between the three sources
of B6N mice and due to environmental factors the (beta) micro-
biota diversity will also differ between the three studies, which
may result in non-reproducible findings.

5. Conclusions

A Mg deficient diet significantly reduced the plasma Mg level
in male B6] and B6N mice. This hypomagnesaemia did have an
effect on avoidance and exploration behavior, but not on overall
anxiety-related behavior, risk assessment, arousal and locomotion.
A clear effect of the light regime and substrain was observed in both
the behavioral and physiological parameters. The inconsistency in
previous studies might be due to the effect of body weight gain dif-
ferences, the differences in the design of the LD apparatus and/or
differences in composition of the microbiota.
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