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BUCK, D. R., A. W. MAHONEY AND D. G. HENDRICKS. Effect of magnesium deficiency on nonspecific excitability
level (NEL) and audiogenic seizure susceptibility. PHARMAC. BIOCHEM. BEHAV. 5(5) 529-534, 1976. — Magnesium
deficiency in weanling rats caused an increase in NEL and in audiogenic seizure susceptibility. These behavioral effects
were apparent after eight days of magnesium restriction and could be reversed by dietary rehabilitation. Serum magnesium
declined rapidly from 1.87 + 0.10 mEq/L to 0.91 + 0.24 mEq/L in two days. Cerebrospinal fluid (CSF) magnesium
decreased gradually from 1.86 mEq/L, becoming significantly lower (1.44 + 0.23 mEq/L) after eight days. When deficient
rats were injected IP with MgCl,, raising the serum magnesium concentration to 6.6 mEq/L, NEL decreased to normal
while audiogenic seizure susceptibility remained. Both NEL and audiogenic seizure susceptibility in rats reflect central
nervous system magnesium concentration, except when serum magnesium concentration is very high. Very high serum
magnesium concentration lowers NEL but does not reduce audiogenic seizure suseceptibility if CSF magnesium is low.
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IN A recent review and case report [42], it has been
surmised and reported that marginal magnesium deficit, not
severe enough to elicit seizures, may, in fact be responsible
for a number of complaints mistaken for psychoneurosis.
Other reports [24,41] reflect the concern. They recognize
that magnesium deficiency may be a practical problem for
human beings.

Well-known and nearly universal symptoms of magne-
sium depletion are seizure susceptibility and hyperexcitabil-
ity. Literature acknowledging the relationship between the
mineral deficiency and these symptoms has been reviewed
[29, 42, 46]. Those suffering malnutrition from gastroin-
testinal problems [15,31] and alcoholics [10,43] seem
especially susceptible. The symptoms have been observed in
rodents [1, 5, 13, 23, 36, 40], rabbits [25], dogs [33,44],
ruminants [4,12], fowl [3], primates (45], and man [11,
15,19, 20, 30, 39]. Assessment of seizure susceptibility has
often been done by exposing magnesium deficient
animals, usually rats, to a loud noise and counting the
number thrown into seizure {2, 6, 13, 18, 35]. Assessment
of hyperexcitability apart from seizure susceptibility in
animals has usually been done by describing how they react
in their cages to routine laboratory activity or to the
presence of the researcher. In man, it has been done by
self-report or clinical observation.

Although existing literature provides considerable de-
scriptive information about heightened excitability due to

magnesium deficiency and some quantitative information
about seizure susceptibility, little has been done to quan-
titate the relationship between magnesium deficiency and
other behavioral measures of excitability. It was our
purpose to do this.

Liat [27] and Lat and Gollova-Hémon [28] have
identified a phenomenon they call Nonspecific Excitability
Level (NEL). NEL refers to the level of activity of an
organism as measured by large vertical and horizontal
movements such as rearing and locomotion. It bears a
relationship to hippocampal slow wave (theta) activity
[28]. Estimating NEL is done by (a) counting certain
spontaneous movements such as rearing and locomotion an
organism makes during an initial period in a novel environ-
ment; or (b) measuring the rate of habituation of these
responses. Although NEL may be altered by drug [22],
hormonal [27,28] and dietary [16, 27, 28] treatments, the
effect of magnesium deficiency has not hitherto been
assessed.

To assess the effect of magnesium on NEL, and to
ascertain and clarify the relationships between NEL and
audoigenic seizure susceptibility, we set the following
objectives: (1) to see if magnesium deficiency causes an
increase in NEL which is reversible; (2) to compare NEL
with audiogenic seizure susceptibility; and, (3) to define the
relationships between the two behavioral measures and
serum and CSF magnesium. To attain these objectives,
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three experiments were designed. The first was to assess the
effects that length of time on a magnesium deficient diet
had on NEL. The second was to see if these effects could be
reversed by dietary rehabilitation. The third was to assess
the effects of injecting deficient animals with magnesium.

METHOD

Male weanling Sprague-Dawley rats were fed control diet
for at least a day and allowed to become acclimated before
experiments were commenced. They were housed in stain-
less steel cages with wire fronts and bottoms. Diet was
provided in glass, and deionized water was provided in
polyethylene containers having rubber stoppers and stain-
less steel lick spouts. Temperature of the animal room was
maintained between 20 and 23°C. Lights were on daily
from 7:00 a.m. to 7:00 p.m. Diet consisted of 20% casein,
5% sucrose, 53% corn starch, 10% corn oil, 2% vitamin mix
and suggested minerals for growth [32] with and without
magnesium. Cellulose (7.2%) was added to make up to
100%. The vitamin fortification mixture (ICN Pharmaceuti-
cals) consisted of, per kg, the following: 4.5 g vit. A, 0.25 g
vit D, 5 g atocopherol, 45 g ascorbic acid, 5 g inositol, 75 g
choline chloride, 2.25 g menadione, 5 g p-aminobenzoic
acid, 4.5 g niacin, 1 g riboflavin, 1 g pyridoxine-HCI, 1 g
thiamine-HCl, 3 g Ca pantothenate, 20 mg biotin, 90 mg
folic acid and 1.35 mg vit. B-12. The magnesium deficient
diet was found by analysis to contain 55 mg of Mg per kg
diet. Control diet was prepared by adding 400 mg Mg per
kg as MgCO, to the deficient diet.

Nonspecific excitability level (NEL) was determined by
a modification of Lat and Gollova- Hémon’s procedure
which was by counting the number of responses made by
each rat during the first two minutes after it was placed in a
chamber consisting of a glass enclosure 11 c¢cm wide x 22
cm long x 23 cm high with a wire mesh bottom. The
responses, counted by two observers, were: the number of
times the rat moved from one corner to another, the
number of times its nose was raised above the body, the
number of rearing responses (counted also as nose-raise
responses), the number of grooming responses, the number
of fecal pellets excreted, and whether or not it urinated.
These responses were respectively weighted: 1, 1, 1, 2,1
and 2, and added to obtain an activity total for each.

Audiogenic seizures were induced in susceptible animals
by the method of Patton [34]. Our device utilized two
school bells producing 115 dB inside a metal chamber. Rats
were exposed to the noise for 1% minutes or until tonus
occurred. Death from seizures was usually prevented by
chest massage until normal respiration was regained. CSF
was collected from the cisterna magna in Yale 26 gage % in
needles with the points slightly bent to prevent clogging
during insertion. Blood was collected by inserting heparin-
ized capillary tubes into the retro-ocular capillary bed.

In Experiment 1, 54 rats were randomly assigned to nine
groups of six and housed two per cage. Group one was
terminated at the onset. Groups 2 through 8 were fed the
magnesium deficient diet; one of these groups was selected
to be terminated every other day, the last being terminated
on the 14th day of the experiment. Group 9 was fed
control diet throughout and was terminated on the 14th
day. NEL was measured between 10:30 and 11:00 a.m. on
only the group of rats being terminated. These were then
tested for audiogenic seizure susceptibility. CSF and serum
were collected just before killing.
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In Experiment 2, 20 rats were paired according to initial
NEL and were individually housed. Both groups were fed
magnesium deficient diet for eight days. Blood was taken
and serum magnesium level determined. Final adjustments
were made in group matchings so that between group
magnesium levels were identical. One group was then fed
control diet four days while the other remained on
deficient diet. Rats were pair fed during this period.
Terminal NEL for each rat was compared with initial NEL.
This was done because blood sampling (or giving IP
injections) increased within group variability. Subtracting
initial from final NEL reduced this and made it possible to
obtain statistical significance in some cases where it was not
otherwise obtainable, CSF and serum were collected just
before termination.

In Experiment 3, 24 rats were matched according to
initial NEL and assigned to three groups of eight. They
were individually housed. Two groups were fed magnesium
deficient diets. The third group was fed control diet. All
were fed ad lib for five days, and pair fed thereafter. On the
12th day, the first group was injected with MgCl, (0.1 ml
of 5% MgCl, .6H,0 per 20 g rat weight). The second and
third groups were injected with equiosmolar NaCl. NEL was
determined beginning three minutes postinjection and
compared with initial NEL. Assessment of audiogenic
seizure susceptibility was made beginning 5% min postin-
jection. CSF and blood were collected at about 8 min
postinjection.

Any CSF containing cells, and blood were centrifuged
for 10 min and the clear CSF or serum collected. All
samples were diluted with 0.1 N HC1 (70:1 dilutions for
CSF, 50:1 dilutions for serum) and analyzed by atomic
absorption spectroscopy for magnesium,

Comparing the number of rats susceptible to audiogenic
seizures in one treatment group with the number suscepti-
ble in another was made by Chi Square analysis. Other data
comparsions were made against least significant differences
computed by analysis of variance, or by z-tests.

RESULTS

The effect of duration of magnesium deficiency on CSF
and serum magnesium concentration is shown in Fig. 1.
Serum magnesium concentration decreased rapidly from
1.87 mEq/L to 0.91 mEqg/L by Day 2, and to 0.63 mEq/L
by Day 6 where it essentially remained for the remainder of
the experiment. CSF magnesium concentration decreased
from 1.86 mEq/L initially to 0.94 mEq/L by Day 14. The
rate of this decrease was more gradual than for serum
magnesium concentration. When CSF magnesium concen-
tration was 1.44 mEq/L or less, namely on Days 8, 12 and
14, NEL was significantly greater, and susceptibility of
some rats to audiogenic seizures was observed (Figs. 2 and
3).

The effect of duration of magnesium deficiency on NEL
is shown in Fig. 2. Significant (p<0.05) increases in NEL
from day O were observed by Day 8. On Days 12 and 14,
significant increases in NEL of these deficient groups were
also demonstrated when compared with the NEL of a
control group terminated on Day 14. The classic magne-
sium deficiency symptoms of vasal dilation appeared after 5
days. From Day 8 on, deficient animals seemed more
irritable than controls. When placed in the activity cham-
ber, they would remain very active for the full two minutes.
Control animals tended to be active at first while exploring
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FIG. 1. CSF and Serum Magnesium Concentration vs. Length of
Time Rats were Fed a Magnesium Deficient Diet. 4, CSF Mg of rats
fed magnesium deficient diet. , serum Mg of rats fed deficient diet.
a, CSF Mg of rats fed control diet. o, serum Mg of rats fed control
diet. LSD 0.01 for serum Mg = 0.51 mEq/L. N = 6, all groups. (a)
Significantly lower (»<0.05) than CSF Mg concentration of rats
terminated on Day 0. (b) Significantly lower than CSF Mg of rats
fed control diet terminated on Day 14. (T-tests were performed on
the CSF data using the pooled variance (0.0225). The number of
rats in each group from which clear CSF was successfully collected
were: 5,5, 6,3, 3, 4,4 and 5 for Days 0, 2, . . ., 14; and, 4 for rats
fed control diet terminated on Day 14.)
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Fig 2. Nonspecific Excitability Level (NEL) of Rats Fed a
Magnesium Deficient Diet. 4, rats fed magnesium deficient diet. o,
rats fed control diet. N = 6, all groups. LSD 0.05 = 13.3. (a)
Significantly greater than NEL of rats terminated on Day 0. (b)
Significantly greater than NEL of rats fed control diet terminated
on Day 14. R? for the relationship between NEL and CSF Mg
concentration = 0.72. R? for the relationship between NEL and
serum Mg concentration = 0.28.

their new environment. Then they would settle down and
be more content to pursue a single mode of behavior such
as sniffing, grooming or resting. One rat in the deficient
group terminated on Day 12, and two in the group
terminated on Day 14 went into mild spontaneous seizures
while in the chamber.

The effect of duration of magnesium deficiency on
audiogenic seizures susceptibility is shown in Fig. 3.
Although younger rats sometimes ran widly about the cage
when subjected to a 115 dB bell, none developed tonus
until Day 8. By Day 14, all deficient rats developed tonic or
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FIG. 3. Percent of Rats Fed a Magnesium Deficient Diet that Seized
when Exposed to a 115 dB Bell. a, rats fed magnesium deficient
diet. o, rats fed control diet. N = 6, all groups. Bell was on for 1%
min or until tonus occurred. (a) Chi Square is significant (p<0.05).
R? for the relationship between percent susceptible to audiogenic
seizure and CSF Mg concentration = 0.83. R? for the relationship
between percent susceptible to seizure and serum Mg concentration
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FIG. 4. Effect of Magnesium Rehabilitation on NEL and Audiogenic
Seizure Susceptibility. All comparisons are significant (p<0.05).
Rats were assigned to two groups according to initial NEL and were
fed Mg deficient diet 8 days. N = 10, both groups. One group was
then rehabilitated four days. Seizures included animals running
wildly about the cage. Respective t-values for NEL, serum and CSF
Mg concentrations = 2.45, 12.08 and 7.06. Chi Square for
comparing the percent susceptible to audiogenic seizure = 7.80.
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FIG. 5. Comparison of Several Parameters among Three Treatment
Groups in Experiment 3. Two groups of rats were fed Mg deficient
diet 12 days. A third group was fed control diet 12 days. N = 8, all
groups. One deficient group was injected with MgCl, (0.1 ml of 5%
MgCl,.6H,0 per 20 gm rat weight). The other deficient group and
the control group were injected with equiosmolar NaCl. NEL was
determined at 3 min postinjection; audiogenic seizure susceptibility
was determined at 5% min postinjection; and CSF and blood were
collected at about 8 min postinjection. (a) Values indicated by
similar letters differed significantly (#<0.05). Respective LSD 0.05
for NEL, CSF and serum Mg concentrations = 14.2, 0.18 mEq/L
and 0.65 mEq/L. Respective Chi Square values for comparisons
between the percent susceptible to audiogenic seizure of two
deficient groups and the control group = 5.86 and 4.88.

tonic-clonic seizures in response to the bell. The relation-
ship between seizure susceptibility and NEL from a group
by group comparison was strong (R? = 0.76; p<0.001).

The effects of dietary rehabilitation are shown in Fig. 4.
Rats rehabilitated for four days with control diet had
terminal CSF and serum magnesium concentrations of 1.89
and 2.38 mEq/L, respectively, as compared with 1.22 and
0.84 mEq/L for the deficient group. NEL was significantly
reduced among the rehabilitated rats. None of the rehabili-
tated rats was susceptible to audiogenic seizures.

NEL was significantly lower for magnesium deficient
rats injected with MgCl, than for deficient rats injected
with saline (Fig. 5), but they were still susceptible to
audiogenic seizure. Serum magnesium was greatly elevated
as a result of the MgCl, injection, while CSF magnesium
increased only slightly. Compared with a control group,
those injected with magnesium exhibited significantly more
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seizure susceptibility, higher serum magnesium concen-
tration, and lower CSF magnesium concentration.

DISCUSSION

Under the conditions of our experiments, magnesium
deficiency in weanling rats causes an increase in NEL which
is reversible. Differences in NEL appear after 8 days on a
deficient diet and are clearly evident by 12 days (Fig. 2).
Extreme deficiency, however, tends to reduce NEL by
inducing spontaneous seizures in the activity chamber;
while seizing, rats are unable to move about. Elevated NEL,
as a result of magnesium deficiency, is reduced by dietary
rehabilitation (Fig. 4).

There is a strong relationship between NEL and audio-
genic seizure susceptibility when magensium intake is
controlled by diet (R?=0.76; Fig. 2 and 3); increased NEL
occurs concurrently with increased audiogenic seizure
susceptibility. Deficient animals, rehabilitated on a control
diet, show both reduced NEL and audiogenic seizure
susceptibility (Fig. 4). Changes in NEL do not coincide
with changes in audiogenic seizure susceptibility, however,
when deficient rats are injected IP with magnesium raising
the serum magnesium concentration to 6.6 mEq/L, pro-
vided CSF magnesium concentration remains low (1.4
mEq/L) (Fig. 5). Under these conditions those injected
with magnesium show reduced NEL while maintaining
seizure susceptibility. _

NEL appears to be a more sensitive estimate of generalized
CNS excitability than audiogenic seizure susceptibility
during the earlier stages of magnesium deficiency. Signifi-
cant increases in the index were observed by Day 8, while
increases in seizure susceptibility were not evident before
Day 12 (Figs. 2 and 3). This opens the possibility that some
kind of activity measure might be devised which could
assess the effects of marginal magnesium deficit before the
more serious symptoms of hallucinations, delerium tremens
and convulsions develop.

Discomforture from retro-ocular puncture or IP injec-
tion tends to reduce the effectiveness of NEL as an
excitability index by increasing within group variability.
Some rats, normally highly excitable, just sit. Others move
about more. The adverse effects of this discomforture may
be minimized by comparing final NEL values with the
initial.

With dietary manipulation of magnesium intake, NEL
and audiogenic seizure susceptibility appear to reflect
changes in CSF magnesium concentration (Figs. 1, 2 and 3).
Differences in serum magnesium concentration in rats fed
magnesium deficient diet are evident in two days (Fig. 1)
[7,8]. A decrease in CSF magnesium concentration occurs
more slowly. We demonstrated this decrease after eight
days and found a concurrent increase in NEL. These
observations and those of others [6, 7,9, 14, 37] show that
hyperexcitability relates to CSF magnesium but not to
serum magnesium concentration. Lat and Gollovid-Hémon
[28] found that NEL is a good indicator of generalized
CNS activity as reflected in hippocampal slow wave
activity. Our data suggest that NEL may be a good
indicator of increased CNS activity due to magnesium
deficiency.

Very high serum magnesium (6.57 mEq/L) lowers NEL,
even though audiogenic seizure susceptibility of magne-
sium-deficient rats may remain high due to low CSF
magnesium concentration (Fig. 5). Under these conditions
NEL appears to be a poor indicator of CNS activity. It has
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been suggested (8, 21, 42, 46] that a block due to elevated
serum magnesium concentration may occur at the neuro-
muscular junction. This would reduce the effects of
efferent impulses upon the musculature. Thus, even though
CNS activity may remain high, a behavioral activity index
would yield low values.

Possible neurological mechanisms [17, 26, 38] leading
to the behavioral effects of magnesium deficiency are: (1)
increased ease of transmission across synapses of the CNS;
and, (2) axonal effects resulting in lowered depolarization
thresholds. Both mechanisms serve to make nerve cells
more sensitive to stimulation from whatever source and
more susceptible to premature firing. That the nervous
system becomes overly responsive to stimulation as a result
of magnesium deficiency has been amply demonstrated,
although the precise connection between the nutritional
insult, CNS excitability and behavior has yet to be
elucidated. Our data, showing that NEL increases as a result
of magnesium deficiency, suggest, along with the obser-
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vations of other researchers [16, 27, 28], that altered
intake of some nutrients plays an important role in CNS
excitability. A note of caution is urged in assuming that an
activity index reflects CNS excitability in all cases, how-
ever, since some treatments (Experiment 3) may dampen
the activity response while considerable CNS excitability
remains,

To summarize: Magnesium deficiency in weanling rats
causes an increase in NEL. This effect is reversible by diet.
There is a strong relationship between NEL and audiogenic
seizure susceptibility except when serum magnesium con-
centration is very high. Both NEL and audiogenic seizure
susceptibility relate inversely to CSF magnesium concen-
tration except in the case of very high serum magnesium. In
this instance, NEL is depressed while seizure susceptibility
remains. Possible mechanisms explaining the effects of
magnesium on NEL and audiogenic seizure susceptibility
have been briefly discussed.
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