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A great number of studies have recently appeared dealing with convulsive
seizures which may be induced in rats by a brief exposure to intense auditory
stimulation. Animals, apparently healthy, have been found to show rather con-
sistent seizure patterns characterized by hyperactivity, convulsions, and a coma-
tose recovery period when they have been maintained on standard laboratory
diets.2 Despite the diverse experimental situations in which seizures have been
observed (see the review by Finger, 12), there has been a general agreement that
the same pathological disorder is under consideration and that sound is the most
effective means of precipitating it.

A series of studies in this laboratory (52, 53, 54, 55) has produced evidence
relating to the nutritional basis for such sound-induced seizures in the rat. A
standardized auditory test situation has been used which permits the early detec-
tion as well as the repeated induction of the seizure pattern.

Patton, Kara, and Longenecker (56) recently found that spontaneous convul-
sive seizures appeared toward the end of lactation in young rats suckling from
mothers maintained since parturition on purified diets deficient in pyridoxine
but supplemented with thiamin, riboflavin, pantothenic acid, and choline. These
seizures seemed identical with the seizures previously studied in this laboratory
and also seemed similar to those observed in pyridoxine deficient rats by previous
workers (1, 4). While pyridoxine supplements quickly alleviated or prevented
the spontaneous seizures in these young animals, they failed to offer continued
protection against latent sensitivity which appeared when these rats were ex-
posed to standard auditory tests over extended periods of time. A continuum of
sensitivity, ranging from spontaneous and fatal seizures through a latent convul-
sive state, easily precipitated by sound, was thus observed. However, in view of
the relatively high levels of pyridoxine necessary to obtain reduced levels of sen-
sitivity in these animals it seemed possible that other dietary factors may have
been of importance in the etiology of the seizures.

The distinctive pattern of the attack and the peculiar effectiveness of sound as
a precipitating agent drew attention to the strikingly similar symptoms of mag-

*
1 This investigation is part of a research program supported by a grant from the Buhl

Foundation.
Part of the data given in this paper was presented at the Cleveland meeting of the Ameri-

can Chemical Society, April, 1944.
1 Probably the first mention of this pattern of abnormal behavior in the rat was the brief

description given by Donaldson (7) in 1924.
319



3 2 0 R. A. PATTON AND HERBERT E. LONOENECKER

nesium tetany in the rat which were first described by McCollum and Orent in
1931 (46). A series of studies (28, 29, 30, 47, 48) followed in which the sympto-
matology and widespread pathological changes associated with magnesium
deficiency were investigated.1 Young rats, 35 to 45 grams in weight, were found
to show marked peripheral vasodilatation three to five days after being restricted
to a diet extremely low (1.8 parts per million) in magnesium. Such animals
became increasingly sensitive to sound, and at the time vasodilatation began to
subside (11th to 14th day) auditory stimuli such as the rustling of paper or the
sound of an air-blast were sufficient to precipitate seizures. At the onset of the
attack the animal raced in a circle finally falling in tonic-clonic convulsions. A
high percentage of the animals succumbed to the first attack.

Associated with these neuromuscular symptoms were extremely low plasma
magnesium levels which sometimes showed a rise during the convulsive attacks.
There was no alteration in alkali reserve as determined by CO2 capacity, and the
plasma calcium, phosphorus, and chlorides were within the normal range. The
animals usually died in convulsions before food intake showed a significant drop
or the effects of inanition were in evidence. The acute hyperemia of the surface
blood vessels, the violent and fatal seizures, and the associated blood changes
comprised a syndrome distinct from other forms of tetany. Hoobler, Kruse, and
McCollum (26) concluded that the tetanic symptoms were clearly associated with
a low concentration of magnesium ions in the blood, although the work of Tufts
and Greenberg (61) and Duckworth and his collaborators (10, 11) have since
indicated that tissue changes may be involved as well.

Extended studies of magnesium deficiency have been made by Greenberg et al.
(17, 18, 62). Two stages of the deficiency were found: first, vasodilatation and
hyperexcitability; second, malnutrition, cachexia, and kidney damage. The
earlier stage included circular running, tonic-clonic convulsions, and a comatose
stage during which the animals frequently died. The onset of the symptoms
could be significantly delayed by the addition of liver extract to the diet. On the
other hand a suboptimal intake of the vitamin B-complex (alcoholic extract of
yeast) or a high calcium content in the diet greatly aggravated the symptoms.

The physiological antagonism between calcium and magnesium had been pre-
viously studied by Day, Kruse, and McCollum (5) who found that the symptoms
of magnesium tetany in the dog were prevented by a concomitant deficiency of
calcium. In these experiments both serum magnesium and calcium levels fell to
levels usually indicative of tetany. Likewise Duckworth, Godden, and Warnock
(10) found that in calcium and magnesium deficient rats vasodilatation was de-
layed and diminished, that the labile reserves of the bones were more easily
mobilized for the use of the soft tissues, and that the animals survived longer than
those deficient in magnesium alone. Duckworth and Godden (11) offered an
explanation of the two-phase'nature of the symptoms of magnesium deficiency in

* Detailed reviews of the role of magnesium in animal nutrition have been made by Mc-
Collum (40), Greenberg (20), Duckworth (9), and Maynard and Loosli (39). Of special
interest for the present experiments are those studies which have devoted some attention to
the symptom complex designated as magnesium tetany.
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terms of a rapid initial mobilization of the magnesium reserves of the blood for the
use of the soft tissues, followed by a cessation of mobilization.

* A detailed study has been made by Greenberg, Boelter, and Knopf (21) of the
relation of certain dietary and hormonal factors to the production of tetany in the
rat. Although the tetanic attacks of animals on different dietary regimens were
similar there was a difference in response to various sensory stimuli. Convulsive
attacks could be induced by shock but not by the sound of an air-blast in animals
subjected to a deficiency in both vitamin D and calcium, or animals with healing
rickets. Both shock and sound were effective in precipitating seizures associated
with parathyroidectorny while sound alone was effective in inducing magnesium
tetany.

Greenberg (20) has pointed out that in many studies of magnesium deficiency
there has been difficulty in obtaining vitamin supplements low in magnesium.
Inadequate control of vitamin supplements, particularly members of the vitamin
B-complex, as well as the effects of inanition, have complicated other experiments.
It was suggested that deficiencies in the vitamin B-complex may have been in-
volved in magnesium tetany or that certain of the effects may have been due to a
synergistic relation between magnesium deficiency and a lack of certain vitamins.4

Thus it is known that rather similar sound-induced or spontaneous convulsive
symptoms are common to both pyridoxine and magnesium deficiencies. There
is in addition the indication that certain members of the vitamin B-complex may
participate in the production of magnesium tetany. These considerations have
suggested the production of an experimental condition which would allow the
symptoms of animals deficient in magnesium, or in pyridoxine, to be compared
with those shown by a third group subjected to a concomitant deprivation of both
these substances. It could thus be ascertained whether a concomitant deficiency
of both substances would nullify or intensify the convulsive symptoms known to be
associated with the lack of either alone. There would be in addition the oppor-
tunity to compare the seizure patterns with those observed during the course of
previous studies. A descriptive analysis of seizure patterns associated with in-
creasing stages of deficiency is also presented.

EXPERIMENTAL

Ninety-eight albino rats with relatively uniform genetic and dietary backgrounds were
used in these experiments. When procured* they were 21 days of age and averaged 35 to 40
grams in weight. All animals were individually housed in cages with raised, screen bottoms
to prevent refection. The experimental groups were carefully equated with respect to sex,
littermates, and weight.

* The results of preliminary experiments by Rothermel (31) have indicated that
pyridoxine deficiency has no direct effect on the magnesium content of the plasma. Plasma
magnesium values were found to be within the normal range at a time when pyridoxine
deficient rats were showing convulsive symptoms. No significant interrelationship was
found by Sullivan and Evans (59) between magnesium deficiency and deficiencies of the
vitamin B-complex.

1 Sprague-Dawley, Inc., Madison, Wisconsin.
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The components of the basal experimental diet used (in gm. per 100 gm.) were sucrose 71,
casein (SMA vitamin-test) 18, fat (Crisco) 5, salt mixture (Kline 27) 4, and cod liver oil
Mead's). To each 100 grams of this mixture vitamins in the amounts indicated below were,
added.*- T

Thiamine.Mg 750
Riboflavin,Mg 760
Pantothenic acid.pg 1000
Pyridoxine,Mg 600
Choline, mg 60

Both ad lib and paired-feeding control groups received the diet as shown. With different
experimental groups the diet was modified by the omission of magnesium,' or of pyridoxine,
or by the omission of both magnesium and pyridoxine.
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Auditory Tests. The apparatus in which standard auditory tests were given has been
previously described (52). All animals were tested individually for two minutes every other
day throughout the experimental periods.

Magnesium Deficient Diets. A group of 20 animals showed a uniform sequence
of vasodilatation, hyperirritability, and a latent susceptibility to convulsions
after being maintained from five to nine days on the magnesium deficient diet.

• The vitamins used in these experiments were generously provided through the courtesy
of Merck & Company, Inc., Itahway, New Jersey.

7 The procedure for the mixture of dietary components has been previously described
(56).

• Modification of the magnesium content was accomplished by omitting the MgSOi from
the salt mixture with a consequent adjustment of the sucrose content of the diet. No at-
tempt was made to eliminate more magnesium than that omitted from the salt mixture.
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Seizures consisting of circular hyperactivity, and tonic-clonic convulsions could
from this time on be regularly elicited by a brief exposure to sound. The number
of seizures appearing in this group, during two minute tests given every other day,
is shown in figure 1. An increasing severity of attack was evidenced by both the
severity of the convulsion and its latent period. The initial seizures in this group
were usually characterized either by violent circular running, or running plus
clonic convulsive movements. In subsequent seizures a severe tonic phase was
predominant, and both the hyperactivity and clonic convulsive movements de-
creased in duration. The average latent period for the initial convulsions in these
animals was 58 seconds, decreasing to 7 seconds by the fourth seizure and there-
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after becoming almost simultaneous with the onset of auditory stimulation. The
death of animals in this group resulted either during sound-induced or
spontaneous seizures after from 10 to 24 days on the diet (figure 1). The average
daily food intake of the animals in this group and their weight curve are shown in
figures 2 and 3.

An additional group of 10 magnesium deficient animals displayed symptoms
similar to those described above. All animals in this group became sensitive by
the seventh day. Vasodilatation disappeared and hyperirritability quickly de-
creased in 80 per cent of the animals when magnesium was replaced in their diets
immediately after the first sound-induced seizure was observed. Complete pro-
tection was afforded eight animals by the eleventh day, and no further seizures
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were observed during a 30-day testing period. Two animals, however, continued
to show sporadic and less severe seizures throughout this period.

A control group of 10 animals received the basal diet on a paired-feeding basis
with the magnesium deficient group. Similar auditory tests throughout the same
experimental period revealed no evidence of sensitivity in these animals. An
additional group of 10 animals received the basal diet on an ad lib basis. Com-
plete protection against sound-induced seizures was afforded these animals during
a 50-day period. The growth curve and the average daily food intake of animals
in this group are shown in figures 2 and 3.

Magnesium and Pyridoxine Deficient Diets. Twenty animals were maintained
on the basal diet modified by the omission of both pyridoxine and magnesium.
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Under these conditions the usual symptomatic course of magnesium tetany was
somewhat altered. The extreme vasodilatation, a characteristic symptom of
magnesium deficiency, was not observed in 50 per cent of the group. In the re-
maining 10 animals it tended to be delayed, less severe, and more variable.

The incidence of convulsions and the death rate of this group throughout the
46-day period are shown in figure 1. Sensitivity was delayed in this group, and
less severe seizures were evidenced by a survival period longer than that shown
by the animals deficient in magnesium alone. The growth curves average daily
food intake and for these animals are also shown in figures 2 and 3.

Ten paired-feeding control animals for the pyridoxine and magnesium deficient
group showed no evidence of sensitivity during the 46-day testing period.
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In order to determine the effects of a more prolonged period of pyridoxine de-
ficiency upon the course of magnesium tetany, eight animals were maintained for
ten days on the pyridoxine deficient diet. Auditory tests revealed no evidence of
sensitivity during this time. This group was then divided into two groups of four
animals each, with the following procedures and results:

Pyridoxine was replaced in the diet of one group and magnesium was omitted.
These animals averaged 50 to 60 grams in weight at this time, and no observable
change occurred in the usual course of the tetany. Acute vasodilatation
appeared at about nine days, and sound-induced seizures, at from seven to nine
days. The death of all animals in this group occurred after from 24 to 32 days.

The remaining four pyridoxine deficient animals were continued on a diet from
which magnesium as well as pyridoxine was omitted. Sound-induced seizures
appeared in the group after from seven to nine days, however vasodilatation was
never observed in three animals and appeared only slightly for two days in the
fourth. In marked contrast with the previous group all of these animals survived
a 60-day test period.

Pyridoxine Deficient Diets. An additional experimental group of 10 animals
was maintained on a pyridoxine deficient diet. During a 60-day testing period
only two animals showed sporadic signs of sensitivity. These seizures were char-
acterized by violent circular running, followed occasionally by clonic convulsive
movements of the head and extremities.

DISCUSSION

The symptoms of acute magnesium tetany which have been observed in these
experiments conformed to descriptions previously given by other investigators
(17, 28). Latent tetany was present in these animals at the time vasodilatation
appeared (about five days), and progressively more severe seizures could be pre-
cipitated by auditory stimulation. The increasing severity of attack was evi-
denced by the decreasing latent period, the form of the seizure, and the rapid
death rate for the group.

During the relatively short period required for magnesium deficiency to run its
course, only a low level of sensitivity appeared in the pyridoxine deficient group.
This was in accord with previous studies (1) showing that a long time deprivation
of pyridoxine is necessary before convulsive symptoms occur. Shorter periods of
deficiency have been found to produce neuromuscular symptoms in young animals
if their mothers are maintained through pregnancy or from parturition on diets
lacking pyridoxine (4, 56).

With the foregoing considerations in mind it might be expected that a con-
comitant deficiency of both these substances would lead to an intensification of
the symptoms associated with a lack of either alone. Such was not found to be
the case. Vasodilatation was either alleviated or absent in animals deficient in
both magnesium and pyridoxine. Convulsive seizures, although present, seemed
more variable in form and much less severe than those characteristic of
magnesium tetany. These changes in symptomatology were even more pro-
nounced if a relatively short period of pyridoxine deficiency preceded the double
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deficiency. There was the indication that the vasodilatation characteristic of
magnesium deficiency was delayed or entirely prevented by a concomitant de-
ficiency of pyridoxine. Whereas the entire group of magnesium deficient animals
became sensitive and showed an average survival of 17 days, the pyridoxine-
magnesium deficient group showed an average survival of 27 days. Two animals
in this latter group showed no evidence of sensitivity.

From a consideration of the food intake and the growth curve for the
magnesium deficient group, it is evident that the more severe symptoms of mag-
nesium tetany occurred despite a faster growth rate and a somewhat higher food
intake than shown by the rats deficient in both magnesium and pyridoxine.

The basal control diet used apparently affords normal young animals complete
protection against seizures. Thus, even in spite of reduced food allowance, no
trace of sensitivity appeared in the paired-feeding control groups for any of the
deficient groups during the time limits specified. The group permitted to feed
ad lib on this diet was likewise protected. It is interesting in this connection that
this diet is apparently not adequate to meet the increased demands of lactation.
Although the parturient females fed a similar diet in a previous experiment (56)
showed no trace of sensitivity, mild seizures could be induced in the young ani-
mals when they were continued on the diet for some time after weaning.

Seizure Patterns. During the present experiments as well as in previous studies it has
been apparent that seizure patterns of increasing severity were correlated with advancing
stages of deficiency. Thus with different experimental groups, responses to sound exposure
have been observed to range from the startle reflex shown by normal animals to the violent
and fatal tonic-clonic convulsions characteristic of acute magnesium deficiency. Severe
spontaneous seizures occurring in the absence of demonstrable sensory stimulation have
been common to both magnesium and pyridoxine deficiencies. The attacks characteristic
of earlier stages of magnesium deficiency are not observably different from those previously
found by Patton, Karn, and King (55) to be associated with inanition accompanying vitamin
Bi deficiency, or from those occurring in some colony animals subjected to auditory stimula-
tion (51).

Supplementing the detailed descriptions of acute magnesium tetany previously given by
other investigators, the observable stages of sensitivity will be described below as revealed
by regular auditory tests from the beginning of deficiency. The swiftness and violence of
magnesium tetany tends to obBcure well defined stages of sensitivity in some animals; how-
ever, these stages may clearly be seen in a reverse order as severely deficient animals become
less sensitive when magnesium is added to their diet. Although the division of seizures into
stages of severity is an arbitrary one, it should be borne in mind that the responses form
a continuum in which the sequence of events remains rather constant in a developing
deficiency.

The successive stages referred to above may be summarized as follows. Not every animal
passes through each of these clearly defined stages but they have been discerned in many
series of experiments.

Stage 1—Normal startle pattern attendant upon sudden auditory stimulation.
Stage 2—Marked startle response followed by exopthalmos, piloerection, urination, and

defecation. There may be vigorous face rubbing or periods when the animal becomes sud-
denly immobile with fixed, bulging eyes. While in this state there is an observable impair-
ment of the breathing rhythm with an occasional unilateral closure of an eye or twitch of an
ear. Brief rotary movements often occur.

Stage 3—Peculiar sidewise, jerky steps become a mild, incoordinated running. These
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movements are generally in a circular direction. There are often whirling movements
around the transverse axis of the body. The pupils are widely dilated but react to bright
light. With the cessation of the running, there follows a catatonic stage during which the
animals may be moulded into various postures which they will maintain for long periods of
time. There is an impairment of corneal, placing, and righting reflexes.

Stage 4—The running stage may culminate in a brief tonic extensor spasm with the head
dorsiflexed or held to one side. The deviation of the head is toward the direction in which
the animal has been running and the limbs are in extension on the same side. More fre-
quently the head is ventroflexed and buried between the outstretched paws. The
hind limbs are extended forcibly, propelling the animal against the sides of the testing cham-
ber. Sharp cries are coincident with the extensor thrusts of the limbs, and the sides of the
cage or other animals may be attacked vigorously. Such periods of hyperirritability may
last as long as fifteen minutes. Vasodilatation shown by magnesium deficient rats in this
stage of sensitivity may be seen to lessen when the animals are handled roughly and oc-
casionally disappears abruptly during the initial part of the seizure.

Stage 5—Characteristic of acute magnesium deficiency, the above sequence of reactions
culminates in and is overshadowed by a severe tonic convulsion. A very short period of
hyperactivity and a few initial clonic movements are succeeded by an uninterrupted tonic
contraction of all the bodily musculature, the extensors predominating. The eyes are
closed, the ears laid back, the forepaws are held rigidly to the sides while the hind limbs are
in extension. Such rigidity seems similar to that shown by a decerebrate preparation.
There follows a second clonic stage and a comatose recovery period of variable duration.
Wide pupillary dilatation is unresponsive to light during the tonic phase, but contraction
may be observed shortly after the onset of the second clonic stage. During the tonic stage
there is also a cessation of breathing and marked cyanosis, and there may be ejaculation and
vomiting. During the second clonic stage there is excessive salivation, the secretion of
tears, and the occasional appearance of a reddish watery substance from the orbit of the
eye.9 As the convulsive state increases in intensity with successive seizures the initial hy-
peractivity is shortened and the catatonic after period is less in evidence.

With the approach of the terminal stages of magnesium deficiency, in which the animals
are beginning to exhibit convulsive movements spontaneously, the sound-induced seizures
occur almost simultaneously with the onset of the buzzer. At this time an interesting
phenomenon may occasionally be demonstrated. If the buzzer is allowed to sound for only
a fraction of a second the animal shows a violent startle reaction. A few seconds later in the
absence of any auditory stimulation a delayed clonic seizure begins which shows a typical
and well defined "march" in a cephalo-caudad direction. Successively more severe clonic
jerks involve the jaws, ears, and head, and may then be seen to involve forepaws, trunk,
hind limbs and tail. The tonic rigidity and a second clonic phase may follow. Similar
delayed seizures have been observed occasionally in previous studies (56, 56).

Stage 6—Spontaneous tonic-clonic convulsions preceded by circular running may occur
in the terminal stages of magnesium deficiency. Such seizures occur in the absence of
known sensory stimuli and may terminate fatally. Seizures may also be induced by
handling but have not been observed to result from a galvanic shock, bright light, or rota-
tion.

In their cage behavior animals at this stage show exopthalmos, abnormal postures,
ataxia, and swaying of the head and body. The acute vasodilatation shown in earlier stages
of deficiency has disappeared, and the animals show a marked pallor.

* We have observed that this picture seems identical with that resulting from the sub-
cutaneous injection of acetylcholine into a normal rat (300ng per kilo). The acetylcholine
was furnished by Hoffman-Laltoche, Inc., Nutley, New Jersey. Such symptoms have been
previously described in some detail, and the reddish substance appearing from the orbit of
the eye has been identified as a mixture or protoporphyrin and coproporphyrin from the
Harderian gland (60).
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Involvement of the Nervous System in Tetany. There has been some disagree-
ment among various investigators as to the site in the nervous system which is
primarily responsible for the syndrome of tetany. Evidence in support of a periph-
eral theory involving the myoneural junction has been offered by Dragstedt
(8), Hartridge and West (22), and West (63). On the other hand Noel-Paton,
Findlay and Watson (49, 60) have shown that the neuromouscular symptoms
following thyro-parathyroidectomy were due primarily to an involvement of the
central nervous system.

There is no doubt but that the symptoms of magnesium tetany are closely
associated with low plasma levels of magnesium. However, the relative slowness
with which the acute symptoms of the deficiency respond to magnesium injec-
tions (17, 61) or, as in the present experiments, to the addition of magnesium to
the diet indicates in addition some tissue involvement in which pathological
changes are less quickly reversible.

Tufts and Greenberg (61) were unable to prevent magnesium tetany with sub-
paralytic injections of curare. Sub-paralytic doses of sodium amytal, however,
were found to prevent convulsions in magnesium deficient rats subjected to the
sound of an air-blast.10 By the use of convulsant drugs known to affect certain
levels of the nervous system these investigators attributed magnesium tetany to
an involvement of the pons or midbrain, which possibly also affected the central
reflex connections of the cochlear nerve. The drug picrotoxin, for which a de-
creased threshold was found in magnesium deficient animals, is known to affect
hypothalmic centers involving both sympathetic and parasympathetic branches
of the autonomic nervous system (16). Gellhorn and Feldman (15) demon-
strated a marked effect on the normal balance of the autonomic centers in mag-
nesium deficient rats. The excitability of the sympathetico-adrenal system was
found to be increased while that of the vago-insulin system was depressed.
Lindsley, Finger, and Henry (33) studied electroencephalographic and heart rate
changes in susceptible colony rats subjected to auditory stimulation. Some in-
dication of physiological conditions underlying the seizures was given by evi-
dences of both autonomic and electrocortical discharge. The autonomic mani-
festations were occasionally observed without the cortical discharge and without
the convulsive attack. In studies involving a number of dietary deficiencies
Greenberg, Boelter, and Knopf (21) presented evidence that the syndrome of
tetany involves the central nervous system at a point higher than the spinal cord.
These experiments involved the protective action of the barbiturates, the hind
limbs, and the failure of sub-paralytic doses of curare to prevent attacks.

The foregoing evidence is not sufficient to localize precisely specific central
nervous lesions associated with magnesium deficiency or to explain the effective-
ness of auditory stimulation in inducing tetanic attacks. These indications,
however, together with the vasomotor disturbances, the predominantly tonic
form of the convulsions, and the evidences of widespread autonomic discharge

11 Masserman (38) has shown that sodium amytal and other baributrates when used as
anesthetics selectively abolish the excitability of hypothalamic nuclei. Skeletal neuromus-
cular responses to excitation of the motor cortex were unaffected.
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indicate that hypothalamic centers may be primarily involved. If it is assumed
that an existing ionic imbalance in the blood affects the central nervous system in
accordance with its vulnerability or functional demands it is of interest that hy-
pothalamic nuclei are served by a vascular supply six times more extensive per
sq. mm. of tissue than the cerebral cortex (3,13). The morphological character-
istics as well as the comparative anatomical evidence suggests that the neurons of
the anterior group are especially sensitive to chemical or thermal changes in the
blood (Fulton, 14). In acute magnesium deficiency there would be the possibility
that increased metabolic demands or circulatory impairment attendant upon
sudden and intense sensory stimulation might render acute an already hypersen-
sitive condition of nervous tissue and thus precipitate a seizure. The functional
proximity of these centers to the central connections of the cochlear branch of the
eighth nerve might have some bearing on the effectiveness of sound in
precipitating attacks of magnesium tetany.

It is probable that no single etiological factor invariably precedes the neuro-
muscular symptoms of tetany and that a number of different factors may
influence its development. However, evidence in the literature lends weight to
the assumption that the basic physio-chemical reactions in the central nervous
system associated with the convulsive discharge may be essentially the same
despite a number of diverse contributing causes (McQuarrie, 43; Cobb, 2). A
number of workers have favored the hypothesis that convulsive symptoms such
as those common to epilepsy, tetany, or hyperinsulinism are dependent upon some
disturbance of the cell membrane surfaces within the central nervous system.
McQuarrie and his collaborators (41,42) have expressed the belief that a "leakage
of potassium from the cells" accompanied by an increased permeability on the
surface of the nerve cells is a primary etiological factor in the epileptic discharge.
Direct evidence in favor of such a hypothesis has resulted from the experiments
of Spiegel and Spiegel-Adolph (58). Physiological procedures, which are known
to increase the tendency to convulsions, were found to be accompanied by an
increase in brain cell permeability; anti-convulsant drugs exerted an opposite
effect.

Because of the widespread occurrence of magnesium in natural foodstuffs and
the relatively low requirements, neuromuscular symptoms specifically at-
tributable to deficiencies of this substance have not generally been noted except in
experimental animals. There have been, however, a few clinical reports of tetany
in patients with low plasma magnesium values (Denis and Talbot, 6; Hirschfel-
der, 23; and Hirschfelder and Haury, 24). In these studies it was not absolutely
certain that other known causes of tetany were ruled out. In a recent report
Miller (44) has given a careful description of tetany in a child with low plasma
magnesium values. It was suggested that low magnesium may be associated in
man as in infra-human animals with the development of tetany.

The treatment of epileptics with magnesium salts has been tried because of the
high percentage of magnesium in the brain and low blood magnesium in some
patients. It was reported that the frequency of attacks decreased in some cases.
Blood and spinal fluid levels of magnesium as well as of calcium and phosphorus
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were found to be within the normal range in epileptics during the intervals be-
tween seizures by Greenberg and Aird (19). There was some indication of a
greater degree of variation than normal. In epileptics not having seizures
Hirschfelder and Haury (25) found the plasma magnesium, potassium, and cal-
cium normal, but if plasma was collected just before attacks a low magnesium and
a high potassium value was frequently found. A high K: Mg ratio was the most
frequent deviation from normal. Madsen (37) found serum calcium to be high
immediately before attacks. Hirschfelder and Haury found that the administra-
tion of two grams of MgCl four times a day for three months to ten epileptic
patients did not result in a significant decrease in seizures. These authors, point-
ing out that some actions of magnesium are antagonized by potassium, failed to
observe any increase in seizures in 14 other patients given two grams of KC1 three
times a day for three months.

In conclusion a word should be said regarding the hypothesis advanced by
Maier and his co-workers (34, 35, 36) that "conflict" resulting from forced reac-
tion in a problem situation is a basic determinant of convulsive seizures in the rat.
In such problem situations seizures were always found to be associated with some
form of auditory stimulation. Sound was stated to be a necessary aspect of the
"conflict" as seizures were not observed when electric shock was substituted for
the air-blast. Seizures associated with auditory stimulation alone were also
attributed to "conflict" or "emotional stress" rather than to an abnormal reflex
response to sound. The control of nutritional factors was not mentioned in these
studies, but food refusal or decreased food intake in experimental animals was
mentioned.

A careful review of the available evidence (see Finger, 12) shows rather clearly
that while the problem may have implications for the study of convulsive disor-
ders it bears no demonstrable relationship to the classical studies of "animal
neuroses" of which the work of Pavlov (57), and Liddell (32) are outstanding
examples. Morgan and Waldman (45), in a critical examination of Maier's early
work, showed that if the variable of sound intensity was kept constant the addi-
tion of a "conflict" resulted in no more seizures than those associated with sound
alone.

While concepts such as "conflict" seemed entirely unnecessary for an under-
standing of the etiology of the seizures, there is certainly the possibility
that somatic changes attendant upon a problem or fear-producing situation might
precipitate a convulsion in a susceptible animal. Even this possibility has not
yet been demonstrated in experimental situations uncomplicated by sound or
shock either of which alone may be effective in inducing tetanic attacks. There
is little evidence to indicate that such stimulating conditions can account in any
satisfactory manner for the development of the susceptibility itself.

The results of the present experiments emphasize a great number of previous
studies indicating that such seizures are basically dependent upon the nutritional
state of the organism. Controlled alterations in the diet used in the foregoing
experiments made it possible to protect, produce, or cure such sensitivity in a
high percentage of normal animals. In a manner not yet understood sound ap-
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pears to function in a particularly effective manner in inducing attacks. Sound
does not, however, seem to be a necessary condition for the appearance of seizures
in deficient animals. The descriptive term "audiogenic" as applied to the sei-
zures (45) would seem of limited value in view of the spontaneous seizures ob-
served in acutely deficient animals.

Differences in the stimulating conditions to which deficient animals are exposed
might be expected to modify their susceptibility. The results of the present
experiments make imperative an understanding and control of the nutritional
deficiencies and associated physiological changes involved before these effects
may be properly evaluated.

It is felt that an extension of these studies may have implications for an under-
standing of the convulsive mechanism as well as for clinical studies of performance
under conditions of intense sensory stimulation.

SUMMARY

Possible relationships existing between sound-induced convulsive seizures as-
sociated with pyridoxine deficiency and the syndrome of tetany known to be
associated with magnesium deficiency have been studied in the rat. A resonated
buzzer was employed as the sound source during regular auditory tests.

Young rats uniformly showed vasodilatation, hyperirritability, and latent
tetany after being maintained from five to eight days on a diet deficient in mag-
nesium. Severe tonic-clonic convulsions could be regularly elicited in all animals
by a brief exposure to sound. An increasing sensitivity was evident with death
resulting from spontaneous or induced seizures after from ten to twenty-three
days on the diet. Such symptoms disappeared in eighty per cent of a similar
group when magnesium was replaced in the diet.

Paired-feeding control animals were free from such symptoms as were other
control animals maintained ad lib on similar diets to which magnesium had been
added.

The effect of a superimposed deficiency of pyridoxine on the course of
magnesium tetany was also studied. Vasodilatation was either alleviated or
absent in these animals. Less severe seizures were observed as evidenced by the
nature of the convulsions and a somewhat longer survival period than that shown
by animals deficient in magnesium alone.

The observable stages of sensitivity have been described as revealed by regular
auditory tests from the beginning of deficiency. Such responses were observed
to range from the startle reflex shown by normal animals to the violent and fatal
tonic-clonic convulsions characteristic of acute magnesium deficiency.
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